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Abstract 

 

SPECTRA (Sophisticated Plant Evaluation Code for Thermal-hydraulic Response Assessment) is a 

fully integrated system analysis code, that models thermal-hydraulic behavior of Nuclear Power 

Plants, including reactor cooling system, emergency and control systems, containment, reactor 

building, etc. of various reactor types, like BWR, PWR, HTR. It can also be used to assess thermal-

hydraulic response of non-nuclear plants, for example cooling systems of chemical reactors. 

 

The full documentation of SPECTRA consists of the following four volumes: 

 

• Volume 1: Program Description 

• Volume 2: User’s Guide 

• Volume 3: Verification and Validation 

• Volume 4: Code Structure, Development, Hardware and Software Requirements 

 

This report presents Volume 1 of the SPECTRA Code Manuals – Program Description. The 

phenomenological models implemented in the code are described in this volume. The description is 

organized by packages. 

 

The SPECTRA Manuals are freely available in internet and are also supplied together with the 

SPECTRA code. The Volume 1 of the Code Manuals is provided in the file Spectra-Vol1.pdf. 
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Explanation of names and abbreviations 

 

CF  Control Function 

CV  Control Volume 

DIA  Diagnostics file 

ICF  Initial Condition File 

IT  Isotope Transformation 

JN  CV Junction 

MP  Material Properties 

OUT  Output file 

OX  Metal Oxidation 

PLT  Plot file 

RK  Reactor Kinetics 

RT  Radioactive Particle Transport 

SC  1-D Solid Heat Conductor 

SPECTRA Sophisticated Plant Evaluation Code for Thermal-hydraulic Response 

Assessment 

TC  2-D Solid Heat Conductor 

TF  Tabular Function 

TFD  Tabular Function Data file 

TR  Thermal Radiation 
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1 Introduction 

 

SPECTRA (Sophisticated Plant Evaluation Code for Thermal-hydraulic Response Assessment) is a 

fully integrated system analysis code, that models the thermal-hydraulic behavior of Nuclear Power 

Plants, including reactor cooling system, emergency and control systems, containment, reactor 

building, etc. of various reactor types, like BWR, PWR, HTR. It can also be used to assess thermal-

hydraulic response of non-nuclear plants, for example cooling systems of chemical reactors. The full 

documentation of SPECTRA consists of the following four volumes: 

 

• Volume 1: Program Description 

• Volume 2: User’s Guide 

• Volume 3: Verification and Validation 

• Volume 4: Code Structure, Development, Hardware and Software Requirements 

 

This report presents Volume 1 of the SPECTRA Code Manuals – Program Description. The 

phenomenological models implemented in the code are described in this volume. The description is 

organized by packages. 

 

The structure of SPECTRA is shown in Figure 1-1. The structure of the program is described in terms 

of Packages, Models and Equations, defined below. 

 

- "Packages" 

 The total program consists of 20 blocks, referred to as "Packages". Each Package is identified in 

Figure 1-1 by a two character symbol enclosed by "=" signs. The Packages are characterized by: 

 - Each Package resides in a separate subdirectory of the SPECTRA source code directory. 

 - Description of each Package is given in a separate chapter of this report. 

 

- "Models" 

 Packages consist of physical or mathematical models, referred to as "Models". An example of a 

physical Model is the critical flow model. An example of a mathematical Model is a matrix solver 

(i.e. set of procedures to solve a set of linear equations). Models available within each Package are 

shown below, in Figure 1-2 through Figure 1-6. The Models are characterized by: 

 - Each Model is written as a separate file (FORTRAN files with extension .FOR). 

 - Description of each Model is given in this report in a separate section. 

 

- "Equations" 

 Models consist of one or more procedures, referred to in this report as "Equations". For example 

the critical flow Model consists of Equations used for subcooled liquid, superheated steam, perfect 

gas, etc. The matrix solution Model consists of Equations to solve full matrices, sparse matrices, 

tri-diagonal matrices, etc. The Equations are characterized by: 

 - Each Equation is written as a separate code segment (subroutine or function). 

 - Description of each Equation is given in a separate sub-section. 

 

All Packages, except for the Main Program, =SPE=, and the numerical solver, =SL=, are grouped into 

five "Groups of Packages" in Figure 1-1. The Groups of Packages are introduced here for descriptive 

convenience. They have no meaning for the internal code structure. The first two Groups of Packages 

contain physical Models. The next Group contains mathematical Models. 
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The last Group of Packages contains procedures needed for input processing. It should be noted that 

this Group contains only the main I/O procedures. Most of the Packages from the first four Groups 

have their own specific routines for input processing and editing data. 

 

As indicated by the connecting lines in Figure 1-1, the SPECTRA Main Program, =SPE=, interacts 

only with I/O procedures and the Numerical Solver. The task of Main Program is to use the I/O 

Procedures to read input and to initiate the solution by a call to the Numerical Solver. 

 

The Numerical Solver Package is responsible for solving all Equations, using a stable, implicit 

method. As indicated in Figure 1-1, the Numerical Solver interacts with each Package from the first 

four Groups of Packages. All Packages are included in the main iteration loop to obtain the implicit 

solution. The Solver Package is general enough to find solutions of even complex problems. When 

the solution does not converge using the attempted time step, the Solver automatically reduces the 

time step. 

 

Most of the code segments (Equations) from the first three Groups of Packages reflect the real physical 

laws. Subroutines or functions, in which the Equations are coded, contain extensive comments and 

references to literature where the equations can be found. This makes verification and eventual future 

modifications relatively easy. 

 

 

Figure 1-1 SPECTRA code structure. 
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Figure 1-2 shows Packages from the Thermodynamics and Fluid Flow Group. Models available in 

each Package are also shown. The Models are marked by filled bullets (filled squares). The main 

assumptions, made to develop the Models, are marked by empty bullets (empty squares). This Group 

consists of the following Packages: 

 

=CV=   Control Volume Package, described in Chapter 2. The main Models in this Package include: 

mass end energy balance, atmosphere stratification and pool stratification. 

 

=FL=   Fluid Property Package, described in Chapter 3. The gas Model considers six built-in gases, 

treated as real gases, and a number of user-defined gases, treated as ideal gases. Phase 

change is possible only for steam, for which the saturation (liquid/gas) properties are built-

in. In addition to the built-in fluids, user-defined gases (e.g. Ne, Ar, Xe) and liquids (e.g.: 

liquid metals, molten salts) may be used. 

 

=JN=   Junction Package, described in Chapter 4. The Models in this Package are: momentum 

balance, drift flux, vent phenomena, critical flow, wall friction, two-phase pressure drop, 

pump/compressor and turbine Models, and the Model to influence gas composition in a 

junction, for conservative analyses. 

 

=H2=   Hydrogen Burn Package, described in Chapter 11. The Models in this Package are: 

temperature-dependent flammability and ignition limits, hydrogen burns including slow 

deflagrations, fast turbulent deflagrations and detonations. 

 

Figure 1-2 SPECTRA code structure - Thermodynamics and Fluid Flow Packages. 

 

Figure 1-3 shows Packages from the Heat Transfer Group. This Group consists of the following 

Packages: 
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=SC=   1-D Solid Heat Conductor Package, described in Chapter 5. This Package contains one 

Model: 1-D transient heat conduction. Multi-dimensional effects may be simulated be 

connecting several 1-D structures using the so called direct contact conduction model. 

 

=TC=   2-D Solid Heat Conductor Package, described in Chapter 6. This Package contains one 

Model: 2-D transient heat conduction. 3-D effects may be simulated be connecting several 

2-D structures using the so called direct contact conduction model. 

 

=HT=   Basic Heat and Mass Transfer Package, described in Chapter 7. This Package contains the 

main Models for heat transfer from wall surface and pool surface consisting of wall-to-pool, 

wall-to-gas and pool-to-gas sub-models. The above Models use the following individual 

heat transfer Models: natural convection, forced convection, boiling, including nucleate, 

transition and film boiling, condensation, heat transfer in two-phase flow. The Package 

includes also the Model of non-equilibrium vapor generation rate. 

 

=TR=   Thermal Radiation Package, described in Chapter 8. This Package contains net enclosure, 

grey gas approximation radiative heat exchange Models, Models for gas radiation properties 

and surface radiation properties. 

 

 

Figure 1-3 SPECTRA code structure - Heat and Mass Transfer Packages. 
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Figure 1-4 shows Packages from the Miscellaneous Group. This Group consists of the following 

Packages: 

 

=RK=   Reactor Kinetics Package, described in Chapter 9, includes the point kinetics (space-

independent), the nodal point kinetics, and the circulating fuel Models with reactivity 

feedbacks from fuel and moderator temperature changes, void fraction changes, and changes 

of isotope concentrations (for example poisons such as Xe-135). The latter effect is 

calculated by the Isotope Transformation Model. 

 

=RT=   Radioactive Particle Transport Package, described in Chapter 12, includes aerosol transport, 

deposition and resuspension, radioactive isotope chains, fission product release, transport 

sorption of fission product vapors on surfaces. 

 

=OX=   Metal Oxidation Package, described in Chapter 10, includes Models for zircaloy and steel 

oxidation, as well as a general Model for oxidation of any metal. The general Model uses 

parabolic reaction rate. The coefficients for the parabolic reaction rate are defined by the 

user. 

 

=MP=  Material Property Package, described in Chapter 14. This Package defines tables used to 

define properties of materials used for 1-D and 2-D solid heat conductors. 

 

Figure 1-4 SPECTRA code structure - Miscellaneous Packages. 
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Figure 1-5 shows Packages from the Math Procedures Group. This Group consists of the following 

Packages: 

 

=ML=  Math Library Package, described in Chapter 17. This package contains standard models 

taken from the Numerical Recipes in FORTRAN [1]. 

 

=TF=   Tabular Function Package, described in Chapter 15. Tabular functions allow the user to 

define time dependent parameters. All tabular functions are assumed to be functions of time. 

This allows eliminating Tabular Functions from the iteration procedure to obtain the implicit 

solution. Tabular Functions may be defined interactively during program execution. With 

the interactive TF the user or an external code can communicate with SPECTRA during the 

execution; thus allowing the use of SPECTRA as a background code in a plant simulator. 

 

=CF=   Control Function Package, described in Chapter 16. These are general functions, dependent 

on arbitrary arguments. Control Functions are by default included in the main iteration loop 

to obtain the implicit solution. 

 

=EF=   External Data File Package, described in Chapter 18. This package contains functions for 

writing and reading information to and from external files. 

 

Figure 1-5 SPECTRA code structure - Math Packages. 
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Figure 1-6 shows Packages from the I/O Procedures Group. This Group consists of the following 

Packages: 

 

=IO=   SPECTRA I/O Procedures Package. The Package contains the main procedures to read 

input files and write output files. This Package is only a "coordinator" of input and output 

processing. The following Packages: =CV=, =JN=, =SC=, =TC=, =TR=, =TF=, =CF=, 

=H2=, =OX=, =MP=, =SL=, have their own procedures, responsible for reading, checking, 

and writing data belonging to the appropriate Package. 

 

=IN=   Standard Input Procedures Package. The Package contains standard procedures to perform 

preliminary processing of input (remove comments, perform file attachments, etc.). 

 

 

 
 

Figure 1-6 SPECTRA code structure - Input/Output Packages. 
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The last two Packages, not belonging to any of the Groups discussed above, are the Numerical Solver 

Package  (Figure 1-7) and the SPECTRA Main Program. 

 

=SL=   The Numerical Solver Package, described in Chapter 19. This Package is responsible for 

solving the problem using the implicit scheme (the Control Functions may be excluded 

individually or globally from the implicit solution by the user). 

 

=SPE=  The SPECTRA Main Program. The tasks of the Main Program are: 

  -  To initiate reading and processing input. This is done by a call to the main subroutine from 

the =IO= Package. 

  -  To initiate problem solution if the input is read properly. This is done by a call to the main 

subroutine from the =SL= Package. If errors are detected by =IO= Package then Main 

Program terminates the execution and writes an appropriate message. 

 

 

Figure 1-7 SPECTRA code structure - Numerical Solver Package 
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2 Control Volume Package 

 

2.1 Introduction 

 

This section gives a general description of Control Volumes (CV) and their mathematical treatment. 

The same models and solution schemes are used for all Control Volumes. Like in the MELCOR code, 

within the basic Control Volume formulation the treatment is quite general, no specific nodalization 

is built-in. 

 

The discussion of Control Volumes begins with a description of the CV geometry, presented in section 

2.2. Section 2.3 shows what kind of fluids may be present in a Control Volume. Section 2.4 presents 

the mass and energy conservation equations, used by the CV Package. The next section shows how 

the velocities inside a Control Volume are calculated. Section 2.6 presents additional equations, which 

are used for the dispersed components (bubbles and droplets). This include the particle count and the 

particle position equation, which are used to determine the size of the average particle, and the position 

of the average particle in a Control Volume. Finally, section 2.7 contains a discussion of the simplified 

stratification models. 

 

 

2.2 Control Volume Geometry 

 

Generally a Control Volume is intended to represent a physical "room", or a containment 

compartment. A Control Volume geometry is characterized by horizontal cross sections and heights. 

Each Control Volume can be composed of a number of segments, each segment with a different 

horizontal cross section area and a different height (Figure 2-1).  

 

Figure 2-1 Control Volume geometry 
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The cross section areas may have any values. The only restriction required by the code is that the cross 

section areas should be positive. The segments are assumed to be stacked above each other. It is 

assumed that no flow restrictions exist between the segments. No loss factors are associated with 

segment boundaries. 

 

This approach is similar to that taken in MELCOR [46]. It gives a good way to represent rather closely 

the geometrical layout of containment compartments, which are often of irregular shapes. 

 

 

2.3 Control Volume Contents 

 

The materials which can reside in Control Volumes include water, its vapor, and several 

noncondensable gases. The contents of each Control Volume is divided into two fields, referred to as 

pool and atmosphere (Figure 2-2). The pool surface, separating those fields, is assumed to be a 

horizontal plane. Each field is composed of two components: continuous and discontinuous (or 

dispersed) component. 

 

▪ Atmosphere of a Control Volume. 

o Continuous component: gas mixture, composed of noncondensables and water vapor. 

o Discontinuous component: water droplets. 

 

▪ Pool of a Control Volume. 

o Continuous component: water 

o Discontinuous component: bubbles, composed of a gas mixture. 

 

The approach to discontinuous component modelling is based on the assumption that the particles can 

be well represented by their average values: average size and average position. Those quantities are 

calculated by the program using the particle count and particle position equations, described in section 

2.6. The particle movement is tracked using a drift flux model and empirical correlations for the bubble 

rise velocity and the droplet fall-down velocity. 

 

Nonequilibrium is assumed between each of the four components in a Control Volume. That means 

each component is at its own temperature. There are therefore four temperatures in each Control 

Volume (Table 2-1). Each component has its own velocity. The velocity model calculates vertical and 

horizontal velocities for each component in a Control Volume. Thus there are eight velocities in each 

Control Volume (Table 2-1). Note that the assumed positive direction for vertical velocity is always 

towards the pool surface (see Figure 2-2). 

 

The pressure in a Control Volume is defined at the pool-atmosphere interphase. Therefore the 

atmosphere and the pool pressures are always the same. Pressures at certain distance above (or below) 

the pool are obtained, whenever needed, by including the gravity head of the gas (or water) column 

above (or below) the pool surface. The droplet pressure is assumed to be equal to the atmospheric 

pressure. The bubble pressure is obtained by including the gravity head of water column between the 

pool surface and the average bubble position. 
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Figure 2-2 Contents of a Control Volume in SPECTRA 

 

 

Table 2-1 Control Volume thermodynamic parameters 

Field Continuous component Discontinuous component 

Atmosphere gas 

- temperature             Tatms 

- pressure                    patms 

- vertical velocity       vv,atms 

- horizontal velocity   vh,atms 

droplets 

- temperature             Tdrop 

- pressure                    pdrop 

- vertical velocity       vv,drop 

- horizontal velocity   vh,drop 

Pool water 

- temperature             Tpool 

- pressure                    ppool 

- vertical velocity       vv,pool 

- horizontal velocity   vh,pool 

bubbles 

- temperature             Tbubb 

- pressure                    pbubb 

- vertical velocity       vv,bubb 

- horizontal velocity   vh,bubb 

 

 

2.4 Mass and Energy Conservation 

 

The thermal-hydraulic behavior in a Control Volume is governed by the equations of conservation of 

mass and energy. The mass and energy conservation equations take into account several physical mass 

and energy transfer processes which may occur in a Control Volume, as well as the "user prescribed" 

mass and energy sources. 
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The term "Mass Transfer" is used in this section to signify both the mass transfer and the corresponding 

energy (enthalpy) transfer. For example, a condensation mass flux is accompanied by a certain energy 

loss for the atmosphere gas, and energy gain for the condensate liquid. The packages responsible for 

the mass transfer calculations give always both mass transfer and the corresponding enthalpy fluxes. 

The term "Energy Transfer" is used in this section for those processes which do not involve mass 

transfer but pure energy (heat) transfer. For example convective heat transfer from the surface of Solid 

Heat Conductors. 

 

The mechanisms which are taken into account in the mass and energy transfer equations for the 

atmosphere of a Control Volume are graphically illustrated in Figure 2-3. 

 

 

 

 

 

Figure 2-3 Mass and Energy transfer processes in a Control Volume 
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The following mass and heat transfer mechanisms are taken into account: 

 

Mass Transfer:  (M.1) Junction flows 

   (M.2) Condensation or boiling on 1-D and 2-D Solid Heat Conductors 

   (M.3) Nonequilibrium mass transfer (flashing or fogging) 

   (M.4) Interphase mass transfer (evaporation or condensation) 

   (M.5) De-entrainment 

   (M.6) Tabular mass sources 

   (M.7) H2O source, H2, O2 sink due to hydrogen burn 

   (M.8) Gas sources and sinks due to oxidation reactions 

 

Energy Transfer: (E.1) Convection from 1-D and 2-D Solid Heat Conductors 

   (E.2) Thermal radiation 

   (E.3) Interphase energy transfer (convection) 

   (E.4) Energy source to pool due to bubble collapse 

   (E.5) Tabular energy sources 

   (E.6) Energy source due to hydrogen burn 

   (E.7) Energy sources from pumps compressors and turbines 

   (E.8) Energy source due to radioactive isotopes present in CV 

 

Note that the oxidation heat is considered as a heat source for the structures (1-D or 2-D Solid Heat 

Conductor) where the reaction takes place and therefore is not on the list of energy sources for a 

Control Volume. 

 

 

2.4.1 Equation of Mass Conservation 

 

The mass conservation equations for each of the four components, that may reside in a Control 

Volume (i.e. atmosphere, pool, droplets, and bubbles), are written in a general form as: 
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dt
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dt
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Mk,comp mass of the gas No. k, in the component No. comp, (kg), 

Mcomp mass of water in the component No. comp, (kg), 

Wm,k,compmass source of gas No. k for the component No. comp, due to the mass transfer process No. 

m, (kg/s), 

Wm,k,compmass source of water in the component No. comp, due to the mass transfer process No. m, 

(kg/s). 

 

The summation is performed over all mass transfer processes (m = 1, 2, ..., 8), listed above. The 

values of the mass source rates are discussed below for the eight mass transfer processes. 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  27 

▪ Junction flows (m=1) 

 

The junction flow solution is performed by the CV Junction Package, and is described 

below, in section 4.2. The values obtained from the CV Junction Package include velocities 

for all Junctions and all components, as well as the component flow areas. The calculation 

of the component flow areas depends on the water levels in the connecting Control 

Volumes, as well as the atmosphere and pool velocities through the counter-current flow 

limit, as described in section 4.2. Once those parameters are known, the task of the Control 

Volume Package is to distribute the flows among the components present in a Control 

Volume. This task is not trivial, and a certain degree of freedom in modelling is given to 

the user by introducing entrainment indicators. Each of the four components can be assigned 

a different value of entrainment indicator. The default values of all indicators are zero, and 

the actual values vary within the limits: 0.0 - 1.0. The influence of the entrainment indicators 

on the calculations is illustrated in Figure 2-4, and is discussed below. 

 

 

Figure 2-4 Influence of entrainment indicators on distribution of junction flows 
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In case of atmosphere flow through a junction (Figure 2-4.a) the atmosphere entering the 

Control Volume is partitioned between atmosphere and bubbles as follows. 

o If the water level in the receiving CV is below the water level in the Junction, then 

all flow is placed in the atmosphere component of the receiving CV. 

o If the water level in the receiving CV is above the top of Junction, then all flow is 

placed in the bubble component of the receiving CV. 

o In case of intermediate water level the atmosphere flow is partitioned between the 

atmosphere and the bubble components as follows: 

 

aatmsJNbubbCV

aatmsJNatmsCV

FWW

FWW
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=
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The factor Fa is the fraction of the atmosphere gas that is entrained into the pool of the 

receiving CV. The entrained fraction is obtained from the following formula: 
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Here Eatms is the entrainment indicator for atmosphere flow, while AJN,atms, ACV,atms are the 

atmosphere areas in the junction and the control volume, as shown in Figure 2-4. 

 

In case of droplet flow through the junction (Figure 2-4.b) the fraction of droplets entrained 

into the atmosphere of the receiving control volume, Fd, is equal to: 
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Edrop is the entrainment indicator for droplet flow. The above equation is used for ACV,atms ≤ 

AJN,atms. If the water level in the receiving CV is below the water level in the junction, then 

Fd = Edrop. Thus Fd remains always within limits: 0 ≤ Fd ≤ Edrop. 

 

Similar definitions are used in determining the entrainment factors for pool and bubble flow. 

The entrainment factors for pool flow, Fp, and bubble flow, Fb are defined as: 
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AJN,pool, ACV,pool are the pool areas in the junction and the control volume, as shown in Figure 

2-4 (c) and (d). As above, the limits are imposed, such that: 0 ≤ Fp ≤ Epool, 0 ≤ Fb ≤ Ebubb. 
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Test calculations showed that the most accurate results are obtained by using the bubble 

entrainment factor, Ebubb, equal to one, while the other entrainment factors have very little 

influence on overall results, and the values of zero, which lead to minimum entrainment, 

are sufficient. It has to be remembered that presence of droplets and bubbles in a control 

volume results in numerically difficult ("stiff") equations, therefore entrainment should be 

avoided. The bubble entrainment factor, Ebubb, has been observed to have an important effect 

on natural circulation in a pool, consisting of a "chimney" and a "downcomer". In such case 

flow oscillations may sometimes be observed, driven by dragging of bubbles into the 

downcomer. Those oscillations were predicted with Ebubb equal to one. The correctness of 

the predicted flow oscillations have been verified by comparison calculations, performed 

with the TRACG code (see Volume 3). 

 

The overall mass transfer rate due to junction flows into a given Control Volume is obtained 

by summing the values calculated for all junctions which are connected to this Control 

Volume. The general form of the equations defining mass sources due to junction flows 

may be written as follows: 
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where ck,JN,comp is the mass fraction of the gas No. k, in the flow of the component No. comp, 

through the junction JN. The above set of equations looks very regular, because of certain 

symmetries that may be observed. It is easily seen that a sum of the second and third 

equations gives the total liquid flow (pool and droplets) for all junctions connected to a 

given CV. Thus the amount of water that appears in a given CV, in the form of pool or 

droplets, is exactly the same as the mass of water which is being transported through the 

junctions (and thus disappearing from another CV). The same can be said about the flows 

of all gases. The above formulation is therefore conserving mass. 

 

In spite of its regularities, the above set of equations is not the one used by the code. The 

above equations would be used if the bubble collapse models were disabled for all junctions 

(which can be done, but is not recommended - see Volume 2). The bubble collapse model, 

described in section 7.2.5, is used for gas flowing into a pool of a Control Volume. Thus 

the bubble collapse model is used for both, atmosphere flowing into a pool of a CV, and 

bubbles flowing into a pool of CV. During the collapse process steam is partially or totally 

condensed. The uncondensed steam, along with non-condensable gases constitute a mass 

source for the bubbles, while the condensed steam constitutes a mass source for the pool. 

The actual set of equations defining the CV mass sources due to junction flows is written 

as: 
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Wliq,BC-JN,comp is a mass source of liquid, (kg/s), obtained in the process of collapse of bubbles, 

occurring during the flow of component comp (comp = atms, bubb), through the junction JN, 

into a pool of the Control Volume CV. 

 

Wgas,BC-JN,comp is a mass source of gas (non-condensables + uncondensed steam), (kg/s), 

obtained in the process of collapse of bubbles, occurring during the flow of component comp 

(comp = atms, bubb), through the junction JN, into a pool of the Control Volume CV. 

 

The following relation is preserved in the bubble collapse model: 

 

compJNBCgascompJNBCliqccompJN WWFW ,,,,, )( −− +=  

 

This ensures the mass conservation of the final formulation of the equations determining 

W1,comp. In the above equation the term: WJN,compFc is used to signify the input to the bubble 

collapse process, for either atmosphere flow, WJN,atmsFa, or bubble flow, WJN,bubbFb. 

 

▪ Mass transfer on the surface of Solid Heat Conductors (m=2) 

 

The mass transfer on 1-D and 2-D Solid Heat Conductors includes condensation and 

boiling. Boiling occurs when the temperature of the SC/TC surface immersed in water is 

above the saturation temperature. Condensation occurs when the temperature of the SC/TC 

surface above water level is below the saturation temperature at the steam partial pressure. 

Boiling provides a negative mass source for the pool of a control volume, and a positive 

mass source for the bubbles. Condensation provides a negative source of steam for the 

atmosphere of a CV, and a positive source for either droplets or pool of a CV, depending 

on the location of the lower edge of the Solid Heat Conductor relative to the water level. In 

case of condensation a slight additional complication is introduced by modelling of the 

condensate film flowing along several Solid Heat Conductors, stacked one above another. 

Consequently, as the mass source for droplets or pool, only that mass is taken which comes 

from the lowermost SC/TC stack member. 

 

The general form of the equation defining mass sources due to SC/TC mass transfer is 

therefore written as follows: 
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ASC surface area of Solid Heat Conductor SC/TC, (m2) 

Xatms fraction of SC/TC above the pool of control volume, (-) 

Xpool fraction of SC/TC immersed in the pool of control volume, (-) 

mcond, SC condensation mass transfer, (kg/m2/s) 

mboil, SC boiling mass transfer, (kg/m2/s) 

δk, steam Kronecker delta, (-), equal to one if k means steam, and zero for all other gases 

Wliq, BC-SC mass source of liquid obtained in the process of bubble collapse, (kg/s) 

Wgas, BC-SC mass source of gas obtained in the process of bubble collapse, (kg/s) 

 

In the second equation the superscript "drop or pool" means that this term is added either to 

droplet, or to pool, depending on the relative location of the SC/TC lower edge and the pool 

level. The first sum is over the all Solid Heat Conductors, SC', which are not stacked above 

some other heat conductor. The second sum is performed over all SC stacked above SC'. The 

last two equations contain the Bubble Collapse (BC) parameters: Wliq, BC-SC, Wgas, BC-SC. This is 

a consequence of the modelling approach to boiling. The bubbles produced at the boiling 

surface first undergo a bubble collapse process, in which they partially or fully condenses. 

The following relation is preserved in the bubble collapse model: 

 

SCBCgasSCBCliqSCboilpoolSC WWmXA −− += ,,,
 

 

This ensures the mass conservation for the SC/TC mass transfer processes. It is seen that with 

this relation the sum of all four terms defining W2,comp gives zero. 

 

The values of condensation and boiling mass transfer, mcond, mboil, are calculated by using 

correlations present in the Heat Transfer Package (sections 7.1, 7.2.1, 7.2.2). The bubble 

collapse parameters are calculated by the bubble collapse model, present in the Heat Transfer 

Package (section 7.2.5). 

 

▪ Non-equilibrium mass transport (m=3) 

 

Non-equilibrium mass transfer includes non-equilibrium boiling (flashing) and non-

equilibrium condensation (fogging). Flashing occurs when the water temperature is above the 

saturation temperature. Fogging occurs when the gas temperature is below the saturation 

temperature at steam partial pressure. Nonequilibrium mass transfer may occur in each of the 

four components (although it is rather unlikely to occur in droplets and bubbles). 
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Nonequilibrium boiling in a pool results in steam bubbles being suspended in the pool. 

Nonequilibrium condensation in an atmosphere results in water droplets being suspended in 

the atmosphere. In case of droplets steam from the nonequilibrium boiling is added to the 

atmosphere gas. In case of bubbles condensate from the nonequilibrium condensation is added 

to the water pool. 

 

The equations defining mass sources due to nonequilibrium mass transfer are: 
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Vcomp  component volume, (m3) 

cond,comp nonequilibrium condensation mass transfer in the component No. comp 

(comp = atms, bubb), (kg/m3/s) 

boil,comp nonequilibrium boiling mass transfer in the component No. comp (comp = 

pool, drop), (kg/m3/s) 

 

As above, δk, steam is the Kronecker delta, used to distinguish steam from other gases. The 

convention assumed for the nonequilibrium mass transfer model is that the positive values 

always mean evaporation. Therefore: 

0.0

0.0

,
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compboil
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The sources for the gas components (atmosphere, bubbles) are taken with the positive signs, 

while the mass sources for the liquid components (pool, droplets) are taken with the negative 

sign. As it is easily seen, the sum of all four terms defining W3,comp gives zero, which means 

that the overall mass is conserved in the process. 

 

The values of nonequilibrium mass transfer rates, Γcond, Γboil, are calculated by the non-

equilibrium mass transfer model, present in the Heat Transfer Package (section 7.1.14). 

 

▪ Interphase mass transport (m=4) 

 

The four component modelling approach, taken for the CV fluid space representation, 

results in three different interphase boundaries, where mass and energy transfer processes 

occur: 

 

a) Pool - atmosphere. 

b) Droplet - atmosphere. 

c) Bubble - pool. 
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To determine the values of mass and energy transfer at these interphase boundaries one 

needs to know the heat/mass transfer areas. While the pool-atmosphere area is readily 

available from the CV geometry and the water level, the calculation of the two other areas 

is a little more complicated, since it requires knowledge of the particle size. As will be 

described below, the code does keep track of the particle size (section 2.6) which allows to 

determine the required heat/mass transfer areas at any time. 

 

The convention taken for the interphase mass transfer model is the same as in case of 

nonequilibrium mass transfer, that means positive mass transfer means evaporation, while 

negative means condensation. The equations determining mass sources due to interphase 

mass transfer processes are therefore written as: 
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A means interphase area (m2), while min means interphase mass transfer rate, (kg/m2-s). The 

interphase areas of the dispersed components are determined as: 
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N is the particle number and D is the particle diameter, determined as described in section 2.6. 

The mass conservation is fulfilled which may easily be checked by summing up all four terms 

defining W4,comp. 

 

The values of mass transfer rates, min, for each of the three interphase boundaries, are 

calculated by the appropriate model from the Heat Transfer Package (sections 7.2.3, 7.2.4, 

7.2.6). 

 

▪ De-entrainment of droplets and bubbles (m=5) 

 

The following three processes: 

o bubbles flowing to the pool surface, 

o droplets hitting the pool surface (or dry floor), 

o droplets hitting the walls, 

 

are commonly referred to as de-entrainment processes (Figure 2-5). The mass transfer rate 

due to bubble de-entrainment is calculated from the formula: 

 
)( ,,,, apinbubbvbubbbubbapinbubbv vvAW −− −=   
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Figure 2-5 De-entrainment of droplets and bubbles 

 

 

Ain,p-a area of pool-atmosphere interphase, (m2) 

αbubb local volumetric fraction of bubbles at the pool surface, (-) 

ρbubb density of bubbles, (kg/m3) 

vv,bubb vertical velocity of bubbles, (m/s) 

vin,p-a velocity (upwards) of pool-atmosphere interphase, (m/s) 

 

A similar equation is used to calculate vertical de-entrainment of droplets. In case of 

droplets however, the droplet velocity and the pool surface velocities are used: 

 
)( ,,,, apindropvdropdropapindropv vvAW −− −=   

 

αdrop local volumetric fraction of droplets at the pool surface, (-) 

ρdrop density of droplets, (kg/m3) 

vv,drop vertical velocity of droplets, (m/s) 

 

Horizontal droplet de-entrainment occurs due to droplets hitting the walls with the horizontal 

velocity, vh,drop. The area for horizontal droplet de-entrainment, Ah, d-e, is calculated based on 

the CV flow area for the flow in horizontal direction (input parameter) and the actual water 

level, as that part of the horizontal flow area which is above the pool surface. The droplet 

horizontal de-entrainment is equal to: 
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drophdropdropapinEdroph vADW ,,, −=  

 

where drop  is the average volumetric fraction of droplets in the CV atmosphere, and DE is 

a user defined multiplier, introduced to allow more flexibility in modelling horizontal de-

entrainment. 

 

Finally, the equations determining mass sources for each of the four CV components due to 

the de-entrainment processes, are: 
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Here ck is the mass fraction of the gas No. k in bubbles. Again, the formulation is conserving 

mass, since the sum of all W5,comp gives zero. 

 

▪ Tabular mass sources (m=6) 

 

Several mass sources may be present in a Control Volume. The mass source data consists 

of the composition of source, tables of mass flow rates, temperatures, and pressure, as well 

as the source geometry data: elevation, flow area, diameter. Tables defining the parameters 

may be simple functions of time, or (through Control Functions) more complicated 

functions, depending on any calculated variables. 

 

Depending on the source location relative to the actual water level in a Control Volume, the 

fluid from mass sources may enter either into the continuous components (atmosphere, 

pool), or the dispersed components (droplets, bubbles), as shown in Figure 2-6. In case of 

dispersed component sources, the initial size of droplets and bubbles are determined from 

correlations shown in section 2.6, using the flow area and diameter of the source. 

 

In absence of the bubble collapse model the equations determining the mass source for each 

of the four CV components would be written as follows: 
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WMS mass flow rate from the mass source No.: MS, (kg/s) 

xliq, MS mass fraction of liquid in the mass source MS, (-) 

ck, MS mass fraction of gas k, in the mass source MS, (-) 

 

As in case of junction flows, the bubble collapse model is introduced for the gas sources 

which are present in the pool. As a consequence, the actual set of equations defining W6,comp 

as used by the code is as follows: 
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where Wliq, BC-MS is the mass source of liquid, (kg/s), obtained in the process of collapse of 

bubbles, Wgas, BC-MS is the  mass source of gas (non-condensables + uncondensed steam), (kg/s), 

obtained in the bubble collapse process, ck, BC-MS is the gas composition of the bubble at the 

end of the collapse process, calculated by the bubble collapse model (section 7.2.5). 

 

 

Figure 2-6 Tabular mass sources 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  37 

With the relation: 

MSBCgasMSBCliqMSliqMS WWxW −− +=− ,,, )1(  

 

the mass is conserved in the final formulation of the equations determining W6,comp, that 

means the overall mass, which appears in a control volume in various forms (atmosphere, 

pool, droplets, bubbles), is exactly the same as the overall mass being supplied with all 

tabular mass sources. The program keeps track of the supplied masses, by calculating time 

integrals of all mass source rates, which allows to perform an overall check of the overall 

mass conservation at any time. 

 

▪ Hydrogen burn (m=7) 

 

The hydrogen burn reactions are considered as mass sources and sinks for the atmosphere 

gases. The mass sources are: 
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The mass sinks of hydrogen and oxygen, dmH2/dt, dmO2/dt, as well as the mass source of 

steam, dmH2O/dt, are calculated by the hydrogen burn package, described in section 11.4. 

 

▪ Oxidation reactions (m=8) 

 

The oxidation reactions are considered as mass sources and sinks for the atmosphere gases. 

The mass sources are: 

SCkox

CVSC

koxatmsk AWWW −= 


)( 1,1,2,2,,,8   

 

Wox,1 mass transfer rate of the reacting gas per unit surface area, (kg/m2s) 

Wox,2 mass transfer rate of the reaction product gas per unit surface area, (kg/m2s) 

ASC surface area, (m2), of the 1-D or a 2-D Solid Heat Conductor, where the reaction 

occurs; summation is performed over all surfaces present in given CV 

kj Kronecker delta, equal to 1 when gas j is equal to k, zero otherwise 

 

The mass transfer rates are obtained from: 
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m mass of oxidized material per unit surface area (kg/m2) 

n1 stoichiometry ratio 1 – number of moles of the oxidant gas per mole of the oxidized 

material 

n2 stoichiometry ratio 2 – number of moles of the product gas per mole of the oxidized 

material 

Mw,1 molar weight of the gas 1 

Mw,1 molar weight of the gas 2 

Mw,Mt molar weight of the oxidized material 

 

The above formulae for the mass transfer rates, Wox,1 Wox,2, are based on the general 

definition of the oxidation reaction (section 10.3): 

 

2211 GsnMtOxGsnMt +→+  

 

Mt oxidized material 

Gs1 oxidant gas 

Gs2 product gas 

 

 

2.4.2 Equation of Energy Conservation 

 

The energy conservation equations for each of the four components, that may reside in a Control 

Volume (i.e. atmosphere, pool, droplets, and bubbles), are written in a general form as: 
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pQhW

dt

dU comp

comp

n

compn

m

compmm

comp
−+= 

==

8

1

,

8

1

)(  

 

Ucomp internal energy of the component No. comp, (J) 

Wm,comp mass source for the component No. comp, from the mass transfer process No. m, (kg/s). In 

case of gas sources the value is equal to the sum of masses of all individual gases in the 

mixture: 
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=
gasN
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compkmcompm WW
1

,,,  

 

hm,comp specific enthalpy associated with the mass transfer process No. m, (J/kg) 

Qn,comp energy source for the component No. comp, from the energy transfer process No. n, (W) 

pcomp pressure of the component No. comp, (Pa) 

Vcomp volume of the component No. comp, (m3) 

 

Eight mass transfer processes (m = 1, 2, ..., 8), and eight energy transfer processes (n = 1, 2, ..., 8), 

listed above, are taken into account in the energy conservation equation. The term: pcompdVcomp/dt 

represents the work done on the given component. 
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The formulae defining the enthalpy fluxes associated with mass sources, and the heat fluxes from the 

energy sources are given below, for the eight mass sources and the eight energy sources. The 

individual terms of mass transfer processes are very similar to the corresponding terms in the mass 

conservation equation and are therefore introduced here without further explanations. 

 

▪ Junction flows (m=1) 

 

The equations determining energy sources for each of the four components that may reside in 

a Control Volume, are: 
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hJN,comp specific enthalpy, (J/kg), of component comp, flowing through the junction 

JN 

Hliq,BC-JN,comp enthalpy flux, (J/s), of the condensate obtained in the process of collapse of 

bubbles, occurring during the flow of component comp (comp = atms, bubb) 

into a pool of a Control Volume. 

Hgas,BC-JN,comp enthalpy flux, (J/s), of the gas obtained in the process of collapse of bubbles, 

occurring during the flow of component comp (comp = atms, bubb) into a 

pool of a Control Volume. 

 

The meaning of the other symbols is the same as described above, in the discussion of the 

mass conservation equation. The values of enthalpy fluxes: Hliq,BC-JN,comp Hgas,BC-JN,comp, are 

obtained directly from the bubble collapse model, present in the Heat Transfer Package 

(section 7.2.5). 

 

▪ Mass transfer on Solid Heat Conductors (m=2) 

 

The equations determining energy sources for each of the four components that may reside in 

a Control Volume, are: 
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hvap(Tatms) specific enthalpy of steam in the atmosphere, (J/kg) 

hliq(Tcond) specific enthalpy of condensate, (J/kg), (the condensate is typically close to 

saturation and therefore hliq is close to the saturated liquid enthalpy at total 

CV pressure. The condensate is however somewhat subcooled, the degree of 

subcooling depends on the wall temperature, as described in section 7.1.) 

hliq(Tpool) specific enthalpy of water in the pool, (J/kg) 

Hliq, BC-SC enthalpy flux of liquid created in the process of bubble collapse, (J/s) 

Hgas, BC-SC enthalpy flux of gas created in the process of bubble collapse, (J/s) 

 

The above equations do not conserve energy. In case of condensation the difference between 

the energy gained by the liquid, and lost along with the disappearing steam is equal to: 

–mcond(hvap(Tatms)–hliq(Tcond) ). A similar difference is observed in case of boiling. This fact 

does not cause any violation of the energy balance, since exactly the same energy is 

simultaneously deposited or removed from the wall of the Solid Heat Conductor. Therefore 

the overall energy balance, for both Control Volumes and Solid Heat Conductors, is 

preserved. 

 

▪ Non-equilibrium mass transfer (m=3) 

 

Before the equations defining enthalpy sources for nonequilibrium processes are shown, a 

short discussion is necessary to derive the final form of the equations, as used by the code. 

 

Assume that nonequilibrium boiling (flashing) occurs in the pool of a Control Volume. The 

mass transfer rate is equal to: (VΓboil)pool (kg/s). The enthalpy flux of the created steam bubbles 

is: (VΓboil)poolhvap (J/s), where hvap is the saturated steam enthalpy. The enthalpy flux of the 

evaporated water is: –(VΓboil)poolhliq, where hliq is the saturated liquid enthalpy. The difference, 

equal to: (VΓboil)
pool(hvap–hliq), is the energy consumed in the process. This energy is assumed 

to be taken from the water (thus causing the pool temperature to decrease). The energy effect 

of the flashing process may be therefore written as follows: 
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The term defining the energy effect for the pool is simplified, and the final expression is: 
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Similar reasoning may be performed for nonequilibrium mass transfer in other components. 

In case of fogging (nonequilibrium condensation in atmosphere) the mass transfer rate is equal 

to: (VΓcond)atms. The enthalpy flux of the created condensate (fog) is: (–VΓcond)atmshliq 

(remember that positive Γ means evaporation). The enthalpy flux of the condensed steam is: 

(VΓcond)atmshvap. The difference, (–VΓcond)atms(hvap–hliq), is the energy which in this case is 

"released". It is assumed that this energy is deposited in the atmosphere (thus raising the 

temperature of the atmosphere). The energy effect of the fogging process may be therefore 

written as follows: 
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Again, the term for the atmosphere energy is simplified to give: 
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The same reasoning leads to similar terms for nonequilibrium mass transfer processes in 

droplets and bubbles. The final equations defining enthalpy sources due to nonequilibrium 

mass transfer are: 
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As easily seen, the above equations conserve energy, since the sum of all terms is exactly 

equal to zero. 

 

▪ Interphase mass transfer (m=4) 

 

The equations defining enthalpy sources due to interphase mass transfer are: 
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where hliq and hvap are the enthalpies of liquid and vapor, consumed or produced during the 

interphase mass transfer processes. The values of the enthalpies are calculated based on the 

following assumptions: 

 

Pool-atmosphere mass transfer: 

o Evaporation: the appearing vapor and the disappearing water both have the 

temperature of the pool surface 

o Condensation: the appearing condensate and the disappearing steam both have the 

temperature of the atmosphere gas in the vicinity of the pool surface. 

Atmosphere-droplet mass transfer: 

o Evaporation: the appearing vapor and the disappearing water both have the 

temperature of the droplets 

o Condensation: the appearing condensate and the disappearing steam both have the 

local atmosphere temperature at the elevation of the average droplet location. 
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Pool-bubble mass transfer: 

o Evaporation: the appearing vapor and the disappearing water both have the local 

temperature of the pool, at the elevation of average bubble location 

o Condensation: the appearing condensate and the disappearing steam both have the 

temperature of the bubbles. 

 

The net energy effect of the interphase mass transfer processes is equal to the difference 

between the internal energy of vapor and water. This energy is consumed during evaporation, 

or released during condensation. In case of pool-atmosphere mass transfer the energy is 

assumed to be taken from (in case of evaporation) or deposited in (in case of condensation) 

the upper layer of the pool. In case of droplet-atmosphere transfer it is assumed to be taken 

from (or deposited in) the droplets. In case of bubble-pool transfer it is assumed to be taken 

from (or deposited in) the bubbles. The terms defining those energies are shown below, in the 

Interphase energy transfer (n=3). 

 

▪ De-entrainment of droplets and bubbles (m=5) 

 

The equations defining enthalpy sources for each of the four CV components due to the de-

entrainment processes, are: 
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where hdrop and hbubb are the specific enthalpies of droplets and bubbles respectively. Other 

symbols are described above, in the discussion of mass conservation equation. 

 

▪ Tabular mass sources (m=6) 

 

The equations defining enthalpy sources for each of the four CV components due to mass 

sources, are: 
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hgas specific enthalpy of gas, (J/kg) (calculated based on user defined tables of source 

temperature, pressure, and gas composition) 
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hliq specific enthalpy of liquid, (J/kg) (calculated based on user defined tables of source 

temperature and pressure) 

Hliq, BC-MS enthalpy flux of liquid created in the process of bubble collapse, (J/s) 

Hgas, BC-MS enthalpy flux of gas created in the process of bubble collapse, (J/s) 

 

▪ Hydrogen burn (m=7) 

 

The hydrogen burn reactions are considered as mass sources and sinks for the atmosphere 

gases. The enthalpy source is: 
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The mass sinks of hydrogen and oxygen, dmH2/dt, dmO2/dt, as well as the mass source of 

steam, dmH2O/dt, are calculated by the hydrogen burn package, described in section 11.4. 

The enthalpies of hydrogen, oxygen, and steam are calculated for the current pressure and 

temperature, as shown in section 3.5.2 

 

▪ Oxidation reactions (m=8) 

 

The oxidation reactions are considered as mass sources and sinks for the atmosphere gases. 

The enthalpy sources is: 

 

SCkoxox

CVSC

koxoxatms ATphWTphWhW −= 
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Wox,1 mass transfer rate of the reacting gas per unit surface area, (kg/m2-s) 

Wox,2 mass transfer rate of the reaction product gas per unit surface area, (kg/m2-s) 

ASC surface area, (m2), of the 1-D or a 2-D Solid Heat Conductor, where the reaction 

occurs; summation is performed over all surfaces present in given CV 

kj Kronecker delta, equal to 1 when gas j is equal to k, zero otherwise 

hox,1 enthalpy of the reacting gas (J/kg) 

hox,2 enthalpy of the reaction product gas (J/kg) 

 

The oxidation term concludes the discussion of the terms defining enthalpy sources in the energy 

conservation equation. The next terms in the energy conservation equation, Qn
comp, are due to the heat 

transfer processes. Eight such processes are distinguished in the model. These processes are discussed 

below. 

 

▪ Convection from 1-D and 2-D Solid Heat Conductors (n=1) 

 

The energy from the surface of 1-D or 2-D Solid Heat Conductors by convection is deposited 

always in the continuous component (atmosphere and pool) of a Control Volume. If the SC 

surface is partly covered with water then there is a convective heat flux to both atmosphere 

and pool. For each of them a different heat transfer coefficient is calculated, by the appropriate 

heat transfer model. 
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The equations defining the convective energy transfer are: 
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ASC surface area of Solid Heat Conductor SC, (m2) 

Xatms fraction of SC above the pool of control volume, (-) 

Xpool fraction of SC below the pool of control volume, (-) 

mcond, SC condensation mass transfer, (kg/m2/s) 

mboil, SC boiling mass transfer, (kg/m2/s) 

qSC,comp wall heat flux from the surface of a Solid Heat Conduction No. SC, to the component 

No. comp, (comp = atms, pool), (W/m2) 

 

The values of qSC,comp are calculated by the 1-D and 2-D Solid Heat Conductor Packages 

(chapters 5, 6), using the correlations present in the Heat Transfer Package (section 7.1). 

 

If there is no mass transfer (boiling or condensation) on the surface of a Solid Heat Conductor, 

then this term specifies the total wall heat flux from all Solid Heat Conductors. If there is a 

mass transfer process then only a part of the total wall heat flux is entering the continuous 

component, the rest of the heat is being used to support the mass transfer process. For 

example, suppose that a boiling occurs on a surface of a Solid Heat Conductor, with the mass 

flux of mboil, SC=1.0 (kg/m2-s). The evaporation enthalpy (the enthalpy of the produced steam 

bubbles minus the enthalpy of water) is equal to, say 2.0106 (J/kg/s). The overall wall heat 

flux is equal to qSC,pool=2.1106 (W/m2). In this case the major part of the wall heat flux, namely 

2.0106 (W/m2), is used to provide energy for the evaporation process, while the rest (0.1106 

(W/m2) ) is entering the pool of a Control Volume, resulting in an increase of the water 

temperature. 

 

The above formulation of the energy balance allows exact conservation of the overall energy 

in the system being considered. The energy is being transferred from wall to fluid, and from 

one CV component to another, but the total energy which leaves the surface of a Solid Heat 

Conductor is exactly the same as the total energy increase of all fluids in a Control Volume. 

The word "exactly" means here: within the accuracy of the round-off errors of the computer 

arithmetics which, for the double precision arithmetics applied throughout the code means a 

relative error of about 10–15. 

 

▪ Thermal Radiation (n=2) 

 

The radiative heat exchange is calculated by the Thermal Radiation Package (chapter 8), using 

the grey enclosure model with or without a participating gas. The model includes radiation to 

a pool surface. When the model is activated, the pool surface is treated as one of the radiating 

surfaces. The model takes into account aerosols that may be present in the atmosphere. 
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The model calculates radiative heat fluxes for all surfaces, as well as the net energy absorbed 

by the participating gas. The contribution of the thermal radiation to the Control Volume 

energy balance equation is given by: 
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Qgas, TR net radiative heat absorbed by participating gas (and aerosols if present), (W) 

Qpool, TR radiative heat flux from the surface associated with the pool surface (if present), (W) 

 

The values of Qgas, TR and Qpool, TR are calculated by the Thermal Radiation Package, as 

described in chapter 8. The convention in the Thermal Radiation Package is that the heat flux 

is positive when energy is emitted from the surface, therefore the term for the pool energy 

source is taken with the negative sign. 

 

▪ Interphase mass transfer (n=3) 

 

This term includes two parts: 

o the interphase heat transfer, and 

o the energy effect (evaporation enthalpy) of the interphase mass transfer. 

 

It should be noted that although the interphase heat and mass transfer processes are grouped 

here together, they are two different an independent processes and should not be mixed. 

 

The interphase heat transfer process is an example of a typical heat transfer process, driven 

by the temperature difference between two different phases. The value of heat transfer rate is 

determined by the temperature difference and the heat transfer coefficient. The heat transfer 

coefficient is calculated using correlations appropriate for planes (pool-atmosphere 

interphase), droplets (droplet-atmosphere), or bubbles in swarms (bubble-pool), as described 

in chapter 7. 

 

In contrast to the heat transfer process, the mass transfer process is driven by the difference in 

steam concentrations. The mass transfer rate is determined by calculating the appropriate mass 

transfer coefficient, using correlations valid for the process in question (chapter 7). 

 

The equations defining the interphase heat transfer are: 
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where qint, HT are the interphase heat transfer rates, (W/m2), which are calculated by the 

appropriate model from the Heat Transfer Package (sections 7.2.3, 7.2.4, 7.2.6). 

 

The equations defining the energy effect of the interphase mass transfer processes are built 

based on the following assumptions: 

o In case of pool-atmosphere mass transfer the evaporation/condensation energy is 

assumed to be taken from (in case of evaporation) or deposited in (in case of 

condensation) the upper layer of the pool. 

o In case of droplet-atmosphere transfer the evaporation/condensation energy is 

assumed to be taken from (or deposited in) the droplets. 

o In case of bubble-pool transfer the evaporation/condensation energy is assumed to be 

taken from (or deposited in) the bubbles. 

 

As a consequence of those assumptions the energy effects of the interphase mass transfer 

processes are given by: 
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where qint, MT are the enthalpy changes due to interphase mass transfer, (W/m2), hliq and hvap 

are the enthalpies of liquid and vapor, consumed or produced during the interphase mass 

transfer processes. The way the values of those enthalpies are calculated is described above, 

below the equations determining the interphase mass transfer. 

 

The overall term defining the interphase energy transfer, Q3,comp, is a sum of the two terms 

shown above, and thus takes into account both the interphase heat transfer, and the energy 

effect of the interphase mass transfer. 

 

MTHTcomp QQQ ,3,3,3 +=  

 

▪ Heat source for pool due to bubble collapse (n=4) 

 

The bubble collapse model is introduced in four different cases: 

o In case of Junction flows, when an atmospheric gas flows into a pool of the receiving 

Control Volume. 

o In case of Junction flows, when bubbles, being transported along with the pool, flow 

into a pool of the receiving Control Volume. 

o In case of boiling on the surface of a Solid Heat Conductor. 

o In case of tabular mass sources of gases located below the pool surface. 
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In each of those cases the initial stream of gas undergoing the collapse process, Wini, BC , is 

divided into two streams: condensed water, Wliq, BC , and gas, Wgas, BC , (see bubble collapse 

model description, section 7.2.5). The initial enthalpy flux, Hini, BC = Winihini , is replaced by 

the enthalpy fluxes of liquid, Hliq, BC = Wliqhliq , and gas, Hgas, BC = Wgashgas . The difference 

between the initial enthalpy flux and the sum of the final enthalpy fluxes of liquid and gas, 

constitutes the heat released during the bubble collapse process. This heat is assumed to be 

deposited fully in the pool, at the location of the bubble source. 

 

The heat sources from the four bubble collapse processes mentioned above, are grouped here 

together to form the heat source term No. 4 in the energy conservation equation. The equations 

defining energy sources due to the bubble collapse processes are: 
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The above term closes the energy balance for terms involving bubble collapse, and causes the 

energy to be conserved within the accuracy of round-off errors. 

 

▪ Tabular energy sources (n=5) 

 

Several energy sources may be present in a Control Volume. The energy source data consists 

of a table, defining energy source rate versus time, as well as the position of the source relative 

to the bottom of a Control Volume. The table may define the energy source as a simple 

function of time, or (through Control Functions) as a more complicated function, depending 

on any calculated variables. 

 

The energy from the source is deposited always in a continuous component of a Control 

Volume. The location of the energy source, relative to the actual water level in a Control 

Volume, determines whether the source power is deposited in the atmosphere or the pool of 

a Control Volume. 

 

The equations defining the distribution of heat from tabular energy sources, are: 
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where QES is the energy transfer rate, from the tabular energy source No. ES, (W). 
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▪ Hydrogen burn (n=6) 

 

Hydrogen burn gives a heat source to the CV atmosphere. Therefore: 
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The heat of burn is equal to: 

 

810206.12

2

2 ==
dt

dm
Q

dt

dm
Q

H

H

H

burn  

 

QH2 is the heat of burn, equal to 120.6 (MJ/kgH2). dmH2/dt is the burn rate (kg/s), calculated by 

the Hydrogen Burn Package, described in section 11.4. 

 

▪ Heat source due to pumps, compressors, or turbines (n=7) 

 

Pumps, compressors, and turbines provide an energy source (sink) for the control volumes 

downstream the junction in which such machine is installed. If the flow through the junction 

reverses, then a different Control Volume receives the power. 

 

The energy source or sink is given by: 
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The pump or turbine power, Qhydr,atms,JN and Qhydr,pool,JN is calculated as described in sections 

4.6.2.5 and 4.6.3.3. 

 

▪ Decay heat from radioactive isotopes (n=8) 

 

The calculation of decay heat from radioactive isotopes is described in detail in section 

12.3.12 and therefore is not discussed here. 
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2.5 Average Velocities in a Control Volume 

 

Velocities of all components that may reside in a Control Volume are needed to calculate heat transfer 

to Solid Heat Conductors as well as at the interphase boundaries, and to track the movement of 

dispersed components (droplets and bubbles). 

 

Several different models to calculate CV average velocities are applied in the existing codes. The 

model used in RELAP5 [44], defines CV velocities through the following equation: 

 














+==  

CVtoJN CVfromJN

JNJNCVCVCVCV JJAvJ   ,,,,,
2

1
          (RELAP5) 

 

JCV, φ average volumetric flow, (m3/s), of phase φ, in a Control Volume CV 

αCV, φ area fraction for the flow of phase φ, (-) 

vCV, φ average velocity, (m/s), of phase φ, in a Control Volume CV, (m2) 

ACV area associated with Control Volume CV, (m2) 

JJN, φ volumetric flow, (m3/s), of phase φ, in junction JN 

φ phase identifier (liquid or gas) 

 

The sums in the above equation are over all junctions that connect to or from the Control Volume CV. 

 

 

Figure 2-7 CV average velocities in RELAP formulation. 

 

 

This approach has been criticized by the MELCOR developers, by pointing out that the above 

formulation depends on the logical direction of junctions [46]. For example, reversing both the sign 

of a junction velocity and the associated direction of positive flow (as shown in Figure 2-7, JN-2), 

does not preserve the Control Volume flow. While in case a) the CV flow is 1 m3/s, case b), which 

physically is no different from case a), will give the CV flow equal to zero. 

 

This dependence of results on the choice of the positive junction flow direction is a consequence of 

the assumption taken in RELAP5, that all to connections are on the left of a Control Volume, and all 

the from connections are on the right. 
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The formulation, which is applied in the MELCOR code, is [46]: 

 

==
CVinJN

JNCVCVCVCV JAvJ   ,,,,
2

1
           (MELCOR) 

 

where the summation is performed over all junctions connected to or from the Control Volume CV. 

As may easily be checked, the above formulation is independent on the positive flow direction 

assumed for junctions. 

 

The approach taken is SPECTRA is somewhat similar to the one in MELCOR, it has however been 

extended in order to model adequately the transport of dispersed components (droplets or bubbles). 

To model the transport of dispersed components in a Control Volume it is necessary to distinguish the 

vertical and horizontal velocities. As will be shown below, the movement of dispersed components 

(droplets, bubbles) is tracked using the drift flux model, which gives different equations in case of 

vertical and horizontal flow. Therefore two velocities, horizontal and vertical, are used for each 

component present in a Control Volume. 

 

The calculation of the Control Volume average velocities is described in sections 2.5.1 and 2.5.2 for 

the continuous and the dispersed components respectively. In the following discussion the continuous 

components are marked by the superscript Ccomp, while the dispersed components are marked with 

the symbol Dcomp. 

 

2.5.1 Continuous Components 

 

The total volumetric flows of the continuous components are calculated in a similar way as in the 

MELCOR code: 
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CcompmCcomp JJ
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J Ccomp total volumetric flow, (m3/s), of the continuous component (Ccomp = atms, pool), 

Jm,Ccomp volumetric flows, (m3/s), of the continuous component (Ccomp = atms, pool), associated with 

all mass sources relevant for given component). The flows, Jm,Ccomp, are defined as positive 

when the flow is into the control volume, and negative when the flow is out of the control 

volume, independently on the choice of positive junction flow (this additional assumption is 

not needed here, but it is needed for vertical flow calculation, as shown below). 

 

The total volumetric flow, JCcomp, is split into two parts: the vertical flow, Jv,Ccomp, and the horizontal 

flow, Jh,Ccomp. The vertical flow is calculated from: 
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Jv,Ccomp vertical volumetric flow, (m3/s), of the continuous component, 

zm dimensionless distance, characteristic for the mass source m, (-), defined as: 

 

Ccomp

mCcomp

m
Z

ZZ
z

−
=

2/
 

 

ZCcomp height of the continuous component Ccomp, (m), 

Zm distance between the mass source m, and the reference point, (m). The reference points are 

the bottom of CV in case of pool and top of CV in case of atmosphere. 

 

From the above definition of zm it follows that –½ zm  +½, and that the dimensionless distance is 

positive if the center point of the continuous component is closer to the pool-atmosphere interphase 

boundary than the mass source (sources high in atmosphere or low in pool), and negative otherwise. 

 

When both total and vertical flows are known, then the horizontal flow is obtained from the relation: 

 

2

,

2

, )()( CcompvCcomphCcomp JJJ −=  

 

The equation for vertical flow calculation is illustrated by an example consisting of one CV with two 

connecting junctions, JN-1, JN-2. The example is shown in Figure 2-8. 

 

 

 

 

Figure 2-8 Vertical and horizontal velocities in the continuous components. 

 

 

If both junctions are connected exactly in the middle of the component Ccomp then the values of zm, 

are equal to zero for both junctions, and the vertical flow is equal to zero, Jv,Ccomp = 0.0 (Figure 2-8.a). 

In this case the horizontal flow is equal to the total flow, Jh,Ccomp = JCcomp. 
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If junctions are located at the bottom and at the top of CV then the absolute values of both z1 and z2 

are equal to ½. In this case the equation for vertical flow will give the same absolute value of flow as 

the equation for the total flow. In such case the horizontal flow is equal to zero, as shown in Figure 

2-8.b. The sign of vertical flow depends on the component being considered. In case of atmosphere, 

z1 is equal to –½, while z2 is equal to +½, and the vertical flow is equal to: 

 

( ) ( ) CcompJNJNCcompv JJJJ −=−
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in agreement with the convention that defines downwards flow of atmosphere as positive. If on the 

other hand the pool is considered, then according to the convention mentioned above, the signs of z1, 

z2 reverse, and the vertical flow is equal to: 
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again in agreement with the convention that defines upwards flow of pool as positive. 

 

In the case shown in Figure 2-8.c both junctions have intermediate locations. There are nonzero flows 

in both vertical and horizontal direction. Note that as a result of the definition of the dimensionless 

distance, the following relation is always fulfilled: 

 

2

1
z  

 

which, in turn, leads to the following relation between the vertical and the total flows: 

 

CcompCcompv JJ ,  

 

It should be noted that although in the above example only junction flows were considered, the code 

takes into account all mass transfer processes. 

 

The elevations of all those sources are defined through the system geometry entered in input data, in 

particular the elevations of all mass sources are as follows: 

 

▪ Junction flows (m=1) 

 

The source elevation is assumed to be equal to the center elevation of this part of the junction, 

which is above water level, in case of atmosphere flow calculation, and the center elevation 

of this part of the junction, which is below water level, in case of pool flow calculation. 
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▪ Condensation or boiling on Solid Heat Conductors (m=2) 

 

The source elevation is assumed to be equal to the center elevation of this part of the Solid 

Heat Conductor, which is above water level, in case of atmosphere flow calculation, and the 

center elevation of this part of the Solid Heat Conductor, which is below water level, in case 

of pool flow calculation. 

 

▪ Non-equilibrium mass transfer (m=3) 

 

In case of atmosphere the non-equilibrium mass transfer is assumed to occur in the whole 

atmosphere volume, therefore the source location is in the center of the CV atmosphere, thus: 

Z3,atms = ½Zatms, and the source relative elevation, z3,atms, is always equal to zero. 

 

In case of pool the non-equilibrium mass transfer is assumed to occur in the whole pool 

volume only in case of shallow pools, with the depths no greater than Zmax. The source 

elevation is therefore defined as follows: 

For shallow pools (ZpoolZmax): Z3,pool = ½Zpool, which means that the relative elevation, z3,pool, 

is equal to zero. 

 

For deep pools (Zpool>Zmax): Z3
pool = ½(Zpool–Zmax), which means that the relative elevation is 

determined as: z3,pool = (½Zpool – ½(Zpool-Zmax)/Zpool = ½Zmax/Zpool. The value of maximum 

depth at which non-equilibrium bubble source is located, (½Zmax), is by default set to 1.0 m, 

and may be changed by the user through input data (see Volume 2). 

 

▪ Interphase mass transfer (m=4) 

 

In case of pool-atmosphere interphase the source location is at the pool surface elevation. That 

means the relative elevation, z4,Ccomp, is equal to –½ in case of both atmosphere and pool. 

 

In case of droplet-atmosphere interphase, the mass source for the atmosphere flow calculation 

is assumed to be located at the current average droplet position. 

 

In case of bubble-pool interphase, the mass source for the pool flow calculation is assumed to 

be located at the current average bubble position. 

 

▪ De-entrainment (m=5) 

 

The source of gas for the atmosphere flow calculation (in case of bubble de-entrainment), as 

well the source of water for the pool flow calculation (in case of droplet vertical de-

entrainment), are located at the pool surface. Therefore the relative elevation, z5,comp, is always 

equal to –½. 

 

▪ Tabular mass sources (m=6) 

 

The relative elevations of all mass sources are calculated based on the source positions, 

defined in the input data. 
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▪ Hydrogen burn (m=7) 

 

The mass sources associated with hydrogen burn are neglected, and thus the relative 

elevations are set to zero. 

 

▪ Oxidation reactions (m=8) 

 

The mass sources associated with the oxidation reactions are neglected, and thus the relative 

elevations are set to zero. 

 

When the vertical and horizontal flows, Jv
Ccomp, Jh

Ccomp, are known, the corresponding volumetric 

fluxes and velocities may be calculated. The volumetric flux is defined as volumetric flow per unit 

flow area. (Volumetric flux is sometimes referred to in literature as "superficial velocity". It is felt that 

the term volumetric flux is better, since it gives the physical sense of the parameter.) The volumetric 

fluxes are equal to: 
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jv,Ccomp vertical volumetric flux of the continuous component Ccomp, ((m3/s)/m2) =(m/s) 

jh,Ccomp horizontal volumetric flux of the continuous component Ccomp, (m/s) 

Av representative area for flow in vertical direction, (m2), (the value is specified in input) 

Ah,Ccomp representative area for the horizontal flow of the continuous component Ccomp, (m2). 

The total area for flow in horizontal direction, Ah, which is specified in input, is 

divided into two areas, used for the atmosphere and the pool, based on the current 

pool level in CV: Ah,atms = AhZatms/(Zatms+Zpool), and Ah,pool = AhZpool/(Zatms+Zpool). 

 

Finally the velocities of the continuous components are calculated based on known volumetric fluxes 

in the vertical and horizontal direction, as follows: 
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where: αDcomp is the volumetric fraction of dispersed component, (-), (bubbles, droplets). 
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2.5.2 Dispersed Components 

 

The calculation of discontinuous (dispersed) component velocities is based on the drift flux model 

([48], chapter 4) and the assumption that the vertical and horizontal velocities can be treated 

independently, using the one-dimensional drift flux equations. 

 

The discussion of the discontinuous components velocity calculation starts with the derivation of the 

general form of the drift flux equation. Below that discussion, the equations used for the vertical and 

the horizontal flows are shown. 

 

The starting point for the derivation of the dispersed components velocities is the equation defining 

drift flux between the discontinuous component (D) and the continuous component (C). The drift flux, 

jDC, is equal to ([48], section 4.3): 

( )x

DDDC vj  −=  1  

 

αD volumetric fraction of the dispersed component, (-), (bubbles, droplets) 

v Terminal velocity, (m/s), (velocity of a single particle in an infinite, motionless continuous 

component) 

x exponent, depending on the flow regime, (-) 

 

The velocity of the dispersed component, vD, is related to the drift flux by the following equation ([48], 

section 4.4): 

D

DC
D

j
jCv


+= 0  

 

j total volumetric flux, (m/s) 

jDC drift flux, (m/s) 

C0 model constant, (-), depending on the flow regime 

 

To rearrange the above equation, the following basic relations (see [48], section 1.4) are used: 
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In the above equations jC and jD are the volumetric fluxes, (m/s), of the continuous and the 

discontinuous component respectively, vC and vD are the velocities, (m/s), of the continuous and the 

discontinuous component respectively. 

 

Using the above relations and the drift flux equation the equation for the dispersed component velocity 

may be rearranged to give: 
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Since the velocities of the continuous components, vC, are known, then the velocities of the dispersed 

components may be calculated if the values of the terminal velocity, v, the constant C0, and the 

exponent xv, are known. The same general form of drift flux equation is applied for both vertical and 

horizontal flow directions. The equations are shown below. 

 

▪ Vertical velocity 

 

The equation defining vertical velocity of the discontinuous components is written as follows: 
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where the subscripts v are used to signify vertical direction. The indicators Dcomp Ccomp 

were placed in superscripts rather than subscripts to preserve space. The values of 

x  ,C  ,v
Dcomp
v

Dcomp
v0,

Dcomp
v ,

 depend on the flow regime, and are calculated differently for the 

bubbly and drop flows. The values may also be defined for each Control Volume through 

input data. 

 

▪ Horizontal velocity 

 

The equation defining horizontal velocity of the discontinuous components is written as 

follows: 
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where the subscripts h mean horizontal direction. For the horizontal flow the values: 

C  ,v
Dcomp

h0,
Dcomp

h ,
 are assumed to be equal to zero and one respectively, but may be changed for 

each Control Volume by input. With the default values, the above equation reduces to: 

v = v
Ccomp
h

Dcomp
h . 

 

The fact that the drift flux model parameters may be defined on input, allows the user a 

flexible modeling of the dispersed component flow. If, for example, a spray system is 

modeled, for which an average horizontal velocity of droplets is known, then the following 

definition: 
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2.6 Treatment of Dispersed Components 

 

Two methods are available in SPECTRA for dispersed components (bubbles and droplets): a 

simplified treatment and a detailed treatment. 

 

▪ Simplified treatment 

 

Note that the simplified treatment is by definition used in the homogeneous Control Volumes 

(see section 2.8). With the simplified treatment of the dispersed components (droplets, 

bubbles), the code assumes constant particle diameters and average particle positions. This is 

the default option, giving fast but less accurate results for bubbles/droplets. The bubble 

diameter is calculated using flow regime maps, similar to those used by RELAP. Two 

regimes: bubbly flow and slug flow are distinguished. Different correlations are used for the 

bubbly and the slug flow regimes. The flow regime boundaries are determined as follows: 

2/:

2/:
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−

BS

BS

slug

bubbly
 

 

Here αBS is the transition void fraction and α is the interpolation zone (default 0.05). The 

transition void fraction depends on mass flux: 

 

o Low flow, G < G1,BS (default G1,BS =2000 (kg/m2-s) ) 

 

BSBS ,1 =  

 

α1,BS is the transition void fraction for low flow (default value 0.25) 

 

o High flow, G < G2,BS (default G2,BS =3000 (kg/m2-s) ) 

 

BSBS ,2 =  

 

α2,BS is the transition void fraction for high flow (default value 0.5) 

 

o Transition flow, G1,BS  < G < G2,BS 
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In case of bubbly flow the bubble diameter is obtained using the Taylor instability model (see 

2.6.1). In case of slug flow the bubble diameter is obtained from Ishii Mishima correlation 

[124]: 

hydbubb DD = 88.0  

Dhyd hydraulic diameter 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

58  K6223/24.277594  MSt-2402 

▪ Detailed treatment 

With this approach for each dispersed component two additional equations are used: 

 

▪ The particle count equation, used to determine the size of the average particle 

▪ The particle position equation, which is a sort of a volumetric balance of sources 

and sinks along the vertical axis, and is used to calculate the average position of 

the dispersed components. 

 

The two additional equations required for the discontinuous component: particle count and 

particle average position, are described in sections 2.6.1 and 2.6.2 respectively. 

 

2.6.1 Particle Count 

 

If the detailed treatment of dispersed components is used, then to determine the representative 

(average) size of the dispersed particles the particle count equation is used. To write the particle count 

for a given component in a Control Volume, one needs to know the number of particles per second 

produced from each source of the dispersed component. Each source has its own characteristic size of 

the particles that are created by it. The models used to determine particle sizes from different sources 

are described below in this section. With the average size of the particle and the mass flux of particles 

known for the given source, the number of particles per second for the source is calculated. 

 

With the number of particles per second known from each source one can "count" particles in the 

Control Volume. Finally, knowing the total number of particles and the total mass of particles (from 

the mass balance equation) the average particle size is calculated. 

 

The particle count equations have the following form: 
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NDcomp total number of particles (in code a real number), of the dispersed component Dcomp (Dcomp 

= drop, bubb) 

Sm,Dcomp number of particles per second, produced by the source m, (s-1) (source strength) 

 

The summation is made over all relevant sources for a given discontinuous component (see section 

2.4). The calculation of the source strength is discussed below for each of the eight mass source types. 

With a known total number of particles, the current volume of a single particle is obtained as: 
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where MDcomp is the total mass (kg) of the discontinuous component Dcomp, ρDcomp is the density 

(kg/m3) of the discontinuous component Dcomp. With V0,Dcomp known, the single particle diameter is 

assumed based on the assumption that the particles form regular spheres: 

 

3
,0,0 /6 DcompDcomp VD =  

 

The source strength, Sm,Dcomp, for each particular source is obtained from the general formula: 
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where ρm,Dcomp is the density (kg/m3) of particles created at the source m, while V0,m,Dcomp is the volume 

(m3) of a single particle created at the mass source m. The densities of particles are easily obtained 

from the fluid property routines, when the source parameters (pressure, temperature, composition) are 

known. The calculation of the single particle volume is somewhat more complicated, and is discussed 

below for each of the mass sources. 

 

▪ Junction flows (m=1), and tabular mass sources (m=6) 

 

The two terms: junction flows and tabular mass sources, are treated in very similar manner, 

since they both represent similar physical phenomenon; fluid flow from some other part of 

the system into a given Control Volume. One important difference is that in the first case the 

mass transfer rates are determined by the junction flows, calculated by the CV Junction 

Package, while in the second case they are determined by the user, via tabular or control 

functions. There is another difference. Junctions transport four components (atmosphere, 

droplets, pool, bubbles). Therefore a distinction must be made between for example bubbles 

created by atmosphere flow into a pool, and bubbles being simply transported from the pool 

of one Control Volume to another. The tabular mass sources supply only two components: 

gas or liquid (or both), which are considered to be continuous components prior to injection, 

and which, upon injection, are distributed among CV components depending on the source 

position, as shown in Figure 2-6. Therefore the masses from tabular sources are treated in the 

same way as the junction sources from the continuous components. 

 

Transport of discontinuous components through junctions 

This case includes droplets being transported through junctions along with atmosphere flow, 

and bubbles being transported along with the pool flow. The particles which appear in the 

given CV have the same dimension as the particles in the source CV (upstream the junction). 

Thus: 

DcompSourceDcompm DD ,,0,1,0 ==
 

 

Droplets created due to junction flow of pool to the atmosphere of a Control Volume, and 

tabular sources of liquid located in the atmosphere of a Control Volume 

A set of correlations is available to determine the source of droplets created when water is 

injected into the atmosphere of a Control Volume. Those correlations rely on fluid properties 

as well as geometrical parameters, like flow area and diameter. The parameters are supplied 

with the input data for all junctions, as well as the tabular mass sources. 
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The correlation set consists of: 

 

o Small flows 

The Kutateladze and Styrikovich [161] formula is applicable for small flow ([48], 

equation 12.1): 

K-S:  
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g gravity acceleration, (m/s2) 

σ surface tension, (N/m) 

ρliq liquid density, (kg/m3) 

ρgas gas density, (kg/m3) 

D source diameter, (m) 

 

The droplet diameter is limited by the wavelength of the Taylor instability ([48], 

section 12.5). Therefore the maximum droplet diameter is set by the Taylor instability 

model [162]: 
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o Jet flows 

When the liquid velocity through the orifice is increased the critical velocity for 

transition to jetting is soon exceeded, and the liquid leaves the orifice in a form of jet, 

which, as shown by Rayleigh [163], is always unstable and breaks into individual 

droplets. The liquid velocity required for the formation of the liquid jet, is calculated 

based on the Kutateladze and Styrikovich equation [161] (reproduced from [48], 

equation 9.8) with the roles of the gas and the liquid reversed: 
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Droplets which are produced in this way have a diameter which, according to Wallis, 

is equal to 1.9 times the diameter of the orifice ([48], section 12.2): 

 

Wallis:  DD dropm 9.1,1,0 ==
 

 

o Atomization 

If the jet velocity is very large the jet becomes violently unstable and breaks into a 

shower of very small droplets. This regime is called atomization ([48], section 12.2). 

An important parameter for determining the stability of a single droplet is the Weber 

number, We, based on the relative velocity and the gas density ([48], equation 12.4): 
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 dropgasliqgas Dvv
We

,0

2)( −
=  

 

vliq liquid velocity, (m/s) 

vgas gas velocity, (m/s) 

 

The critical value of the Weber number is 12 ([48], section 12.3). Thus the drop 

diameter during atomization is calculated from: 

 

2,0 12
liqgas

drop
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D



=  

 

In the above equation the gas velocity is neglected since in typical conditions when 

the We number is used the gas velocity is expected to be small, compared to the 

velocity of the liquid jet. 

 

Bubbles created due to junction flow of atmosphere to the pool of a Control Volume, and 

tabular sources of gas located in the pool of a Control Volume 

A set of correlations is available to determine the source of bubbles created when atmosphere 

is injected into the pool of a Control Volume. The correlation set consists of: 

 

o Small flows 

Kutateladze and Styrikovich [161] formula is applicable for small flow ([48], 

equation 12.1): 
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g gravity acceleration, (m/s2) 

σ surface tension, (N/m) 

ρliq liquid density, (kg/m3) 

ρgas gas density, (kg/m3) 

D source diameter, (m) 

 

o Large flows 

In case of large flows the bubble diameter is determined by the volumetric flow rate. 

The Davidson equation [175] is used to calculate the bubble volume, Vb, (reproduced 

from [48], equation 9.5): 

Davidson:  
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Qgas volumetric flow, (m3/s) 

g gravity acceleration, (m/s2) 
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o Jet flows 

When the gas velocity through the orifice is made sufficiently high the gas leaves the 

orifice in a form of jet, which eventually breaks into individual bubbles. The gas 

velocity required for the formation of the gas jet is calculated by two equations. In 

case of small diameters the Kutateladze and Styrikovich equation [161] is used 

(reproduced from [48], equation 9.8): 
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For large orifice diameters the Bugg and Rowe equation [176] is used: 
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where Fr is the orifice Froude number, (-), and g is the gravity acceleration, (m/s2). 

Bubbles which are produced in this way have a diameter which, according to Wallis, 

is about twice the diameter of the orifice ([48], section 9.2): 

 

Wallis:  DD bubbm == 0.2,1,0
 

 

▪ Condensation or boiling on Solid Heat Conductors  (m=2) 

 

The size of droplets, which may be created at the lower edge of a Solid Heat Conductor in 

case of condensation, is calculated using the Taylor instability model. Therefore: 
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In case of nucleate boiling the equation proposed by Fritz and Ende [177] is used: 
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where θ is the contact angle which, in general, depends on both fluid properties and surface 

conditions. The contact angle is an input parameter, with the default value of 96. Because of 

difficulties in finding the values of the contact angle, the default value was selected to give 

the same bubble size as the Taylor instability model. Therefore θ = (2.0/0.0208)  96. 

 

In case of film boiling, the Taylor instability model is used to determine the initial bubble 

size). 
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▪ Nonequilibrium mass transfer (m=3) 

In case of nonequilibrium boiling (flashing) the diameter of the created bubbles is calculated 

using the Taylor instability model. In case of nonequilibrium condensation (fogging) the 

diameter of the created droplets is set to a constant value. The value is 510–4 m. Typical 

droplets of fog are of course smaller than that, however very small droplets may cause 

numerical convergence problems, which will slow down the calculations. Therefore relatively 

large fog particles are assumed for general application, with the possibility of re-definition of 

the value on input, if the users wishes to make a study the influence of fog particle size on the 

results. 

 

▪ Interphase mass transfer (m=4) 

Since the interphase mass transfer consists of evaporation or condensation at the surface 

dividing phases, there is no particle source. The source strength for this term is always zero. 

 

▪ De-entrainment (m=5) 

De-entrainment processes are the processes of removal of the existing discontinuous 

components from the continuous components. Therefore the particle sizes, associated with 

this term, are simply equal to the current sizes of the particles present in the Control Volume: 

DcompDcompm DD ,0,5,0 ==
 

 

2.6.2 Particle Position 

 

If the detailed treatment of dispersed components is used, then the following procedure is used to 

determine the representative (average) position of the dispersed particles. The average position of 

particle is defined as the position for which the total volumes of particles above and below are equal. 

Consider a volume VDcomp of dispersed particles, moving with vertical velocity vv,Dcomp, in an 

environment with volumetric sources and sinks. The vertical movement of the average particle 

position is in this case given by: 
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ZDcomp elevation of the average position of the dispersed component, (m). The reference (zero) 

elevation is assumed to be the bottom of Control Volume for bubbles and the top of Control 

Volume for droplets. The positive direction for ZDcomp is the same as the positive direction for 

vertical velocity: upwards for bubbles and downwards for droplets. 

Jm,Dcomp volumetric flow, (m3/s), of the discontinuous component, associated with mass source m 

(negative in case of mass sink). 

Zm position of the center point of mass source m, (m). The reference elevation and positive 

direction for Zm are the same as for ZDcomp. 

V Dcomp total volume of the dispersed component Dcomp, (m3) 

 

The summation is made over all relevant sources for a given discontinuous component (see section 

2.4). 
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The derivation of the above equation is quite simple. If one considers a coordinate system associated 

with the current average particle position, and moving with the vertical velocity of vv,Dcomp, then the 

equation will take the form: dZDcomp/dt=Σ(Jm,Dcomp/VDcomp)Zm. Replacing the derivative by the finite 

difference this may be written as: ΔZDcomp=Σ(Jm,DcompΔt/VDcomp)Zm, or finally: 
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8
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, )/(
m

DcompDcompmmDcomp VVZZ  

 

where ΔVm,Dcomp=(Jm
DcompΔt) is the volume added at source m, during the time step. 

 

According to the definition of average, the right hand size of the last equation represents the average 

value of Z, weighted by volumetric strengths of all sources, and thus represents the middle point of 

the total volume of the component Dcomp or, in other words, the average location of the component 

Dcomp. 

 

The location of all sources, Zm, has to be known to evaluate the particle position equation. Assumptions 

taken in defining the source elevations for all sources have already been discussed in section 2.5.1, at 

the discussion of the continuous components vertical velocity calculation. Note that the equation used 

for vertical velocity calculation uses the dimensionless elevations, zm, while the particle position 

equation uses the dimensional elevations, Zm (m). 

 

Results obtained with the dispersed particle modelling are illustrated by two simple examples, shown 

below. 

 

The first example consists of one Control Volume at the atmospheric pressure, filled up to 5 m with 

pool at 315 K. Dry nitrogen bubbles are injected with the rate of 0.1 kg/s, at the elevation of 2 m (using 

tabular mass sources), during the period 0 - 150 s. Figure 2-9 shows the calculated water level and the 

average bubble position for the times t<200 s. Initially the injected bubbles are present near the source 

and pool swelling is observed. At about 30 s first bubbles reach the pool surface. From this moment a 

slow decrease in pool level is observed, since bubbles are disappearing through the pool surface. 

Finally a stable situation is reached, when the amount of injected bubbles is the same as the amount 

of bubbles flowing through the surface. The average bubble position stabilizes approximately in the 

middle between the source location and the pool surface. When the source is stopped at 150 s, the 

bubbles remaining in the pool rise up, and finally disappear about 10 s later. 

 

It may easily be checked that this time is consistent with the calculated bubble velocity, which is about 

0.3 m/s. At 150 s the average bubble is about 1.5 m below the pool surface, which means that the 

lowest bubble is about 3 m below the pool surface. The transport time is therefore (3 m)/(0.3 m/s) = 

10 s, and indeed the last bubbles are expected to disappear from the pool at about 160 s - Figure 2-9. 
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Figure 2-9 Results of the dry vent example problem 

 

 

In the second example problem the pool level is 4 m, the pool is nearly saturated, and a few 

steam/hydrogen bubbles are injected at the bottom of the pool at the time t=0.0 s. The bubble diameter 

is plotted in Figure 2-10. Instead of plotting the bubble diameter as a function of time, it is plotted as 

a function of bubble average position: Dbubb(t) = Dbubb(Zbubb(t) ). It is seen that near the pool surface 

the bubbles rapidly grow, which is a consequence of intensive evaporation into the bubbles, as the 

bubble pressure decreases along with the decreasing submergence. The results of this example 

problem are verified by comparison with the results of analytical bubble thermodynamics model, 

presented in [159]. The results obtained by Powers [159] are shown in Figure 2-11. It is seen that the 

results are in good agreement. 

 

The particle position equation requires the knowledge of particle vertical velocity. As shown in section 

2.5.2 the particle velocities are calculated using the drift flux model, which uses three parameters: 

terminal velocity, v, the constant C0, and the exponent x. Those parameters are calculated using 

correlations appropriate for droplets and bubbles. The correlations used for droplets and bubbles are 

described in the next two sections. 
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Figure 2-10 Bubble diameter, SPECTRA results 

 

 

Figure 2-11 Bubble diameter [159] 
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2.6.3 Droplet Velocities 

 

This section gives a description of the parameters needed for the drift flux equation in case of droplet 

flows. Two sets of parameters are described. First the vertical flow parameters: the droplet terminal 

velocity, v,v,drop, the constant C0,v,drop, and the exponent xv,drop, are described. Next the horizontal flow 

parameters: v,h,drop, C0,h,drop, and xh,drop, are described. (NOTE: the drift flux model parameters C0 and 

x are described in section 2.5.2.) 

 

▪ Region 1, Small droplets 

 

The Hadamard [164] and Rybczynski [165] correlation is used (reproduced from [48], 

equation 12.28). Compared to the correlation for bubbles the roles of liquid and gas are 

reversed: 
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where g is the gravity acceleration (m/s2), ρ is density (kg/m3), η is viscosity, (kg/m/s), and Dd 

is the droplet diameter. The appropriate value of the exponent for this region is xv,drop = 2.0 

([48], section 12.6). The value of constant C0,v,drop is equal to 1.0 (see section 2.5.2 for 

definition of C0 and x). 

 

▪ Region 2, Surface tension dominant 

 

In this region the equation recommended by Wallis is used (see [48], sections 12.5 and 8.2): 
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with the value of the drag coefficient, CD, equal to 0.44 for Re > ~1000. For Reynolds numbers 

below ~1000 the drag coefficient is given by Schiller et al. [166]: CD = 

(24/Re)(1+0.15Re0.687). With this definition of CD the calculation of the droplet velocity must 

be performed iteratively, since the velocity depends on the drag coefficient, CD, which itself 

is a function of velocity (through the Reynolds number). To avoid iteration the following 

approximations for CD have been derived: 
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The approximation formulae for Re < 1000 give good agreement with the formula 

recommended by Wallis - see Figure 2-12. 
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Figure 2-12 Approximations of drag coefficient for low (Re<30) and high (Re>30) Re numbers 

 

 

The above approximations allow to obtain an explicit expression for the droplet velocity, by 

substituting Re = v∞ Dd ρgas / ηgas : 
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Here CD,Re→∞ is the value appropriate for Re → ∞, namely CD,Re→∞ = 0.44. The drag coefficient 

may be defined by the user (input parameter CDRGCV in the record 161000 - Volume 2). 

The numerical coefficients are equal to: 

 

- first formula: 4/(327.0)  0.44 

- second formula: 4/(36.9)  0.44 

- third formula: 4/3 
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The boundary values of Reynolds numbers only approximate numbers. Selection of 

correlation is performed by choosing the one that gives maximum value of the drag coefficient 

(i.e. minimum velocity). This provides smooth transition from one region to another. 

 

The appropriate value of the exponent for this region is xv,drop = 2.0 ([48], section 12.6). The 

value of constant C0,v,drop is equal to 1.0 (see section 2.5.2 for definition of C0 and x). 

 

▪ Region 3, Large distorted droplets 

 

In this region the Levich equation ([167], page 431) is used (reproduced from [48], equation 

12.32): 

(Levich): 
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The appropriate value of the exponent for this region is xv
drop = 2.0 ([48], section 12.6). The 

value of constant C0,v,drop is equal to 1.0 (see section 2.5.2 for definition of C0 and x). 

 

Selection of correlation 

 

Among the three correlations, shown above, this correlation is selected which gives the lowest value 

of the droplet terminal velocity. This method provides a smooth trasition from one correlation to 

another (continuity of the velocity function). The final droplet terminal velocity is plotted in Figure 

2-13. 

 

For horizontal velocity calculations the following values of the parameters v,h,drop, C0,h,drop, and xh,drop, 

are assumed: 
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With these values the drift flux equation reduces to (see section 2.5.2): 

 

atmshdroph vv ,, =  

 

That means droplets are moving in the horizontal direction with the same velocity as atmosphere. 

Typically droplets have a relatively high inertia and they are expected to have a relatively small 

horizontal velocity. On the other hand in cases like for example a spray system injecting droplets at 

some angle, the horizontal velocity may be relatively large. It is not possible to take into account all 

situations. Therefore the above settings are considered as a good first approximation, while 

simultaneously a user is encouraged to change the parameters to values more appropriate for his 

particular problem. 
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Figure 2-13 Droplet terminal velocity 

 

2.6.4 Bubble Velocities 

 

This section gives a description of the parameters needed for the drift flux equation in case of bubble 

flows. Two sets of parameters are described. First the vertical flow parameters: the bubble terminal 

velocity, v,v,bubb, the constant C0,v,bubb, and the exponent xv,bubb, are described. Next the horizontal flow 

parameters: v,h,bubb, C0,h,bubb, and xh,bubb, are described. 

 

▪ Region 1, Small bubbles 

 

The Hadamard [164] and Rybczynski [165] correlation is used (reproduced from [48], 

equation 9.14): 
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where g is the gravity acceleration (m/s2), ρ is density (kg/m3), η is viscosity, (kg/m/s), and Db 

is the bubble diameter (m). 

 

The appropriate value of the exponent for this region is xv,bubb = 2.0 ([48], section 9.3). The 

value of the constant C0,v,bubb is discussed below. 

 

▪ Region 2, Intermediate-small bubbles 

 

In this region the Peebles and Gerber equation [168] is used (reproduced from [48], table 9.1): 

(P-G): 

28.152.0

76.0

,,
2

33.0 






















=

b

liq

liq

bubbv

D
gv




 

 



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  71 

Although the above equation was written originally for CGS units, it is also correct in SI units. 

The appropriate value of the exponent for this region is xv
bubb = 1.75 ([48], section 9.3). 

 

▪ Region 3, Intermediate bubbles 

 

In this region the Peebles and Gerber equation [168] is used (reproduced from [48], table 9.1): 
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The value of the exponent for this region has been set to 1.6, an intermediate value between 

the Region 2 and Region 4 values: xv,bubb = 1.75 and 1.50 respectively. 

 

▪ Region 4, Intermediate-large bubbles 

 

In this region the Zuber equation is used (reproduced from [48], equation 9.34): 

 

(Zuber):  

4/1

2,,

)(
53.1













 −
=

liq

gasliq

bubbv

g
v




 

 

The appropriate value of the exponent for this region is xv,bubb = 1.5 ([48], section 9.3). 

 

▪ Region 5, Large bubbles 

 

In this region the Davies and Taylor equation [169] is used (reproduced from [48], equation 

9.19): 

(Davies): 2/00.1,, bbubbv gDv =  

 

The value of exponent for this region has been set to 1.5, the same as in region 4. 

 

In case of large bubbles the influence of the containing walls is taken into account. The 

equation of Collins [170] is used, which is valid for Region 5. The equation gives the ratio of 

real terminal velocity to the terminal velocity in an infinite medium, v,v,bubb(D→), and is 

reproduced from [48], section 9.3): 
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where D is the diameter of the container, (m), which in the code is an input parameter, with 

the default value equal to square root of the horizontal cross section area. 

 

Selection of correlation 

 

The following method is used to select the correlation: 

• In the large diameter regions: Region 3, 4 and 5, the correlation is selected that gives the 

largest bubble velocity. 



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

72  K6223/24.277594  MSt-2402 

• Out of the small diameter regions: Region 1, and 2, and the large diameter regions, the 

correlation is selected that gives the smaller bubble velocity. 

 

The selection scheme may be written as: 

 
)]5.,4.,3.(,2.,1.[,, egRegRegRMaxegRegRMinv bubbv =

 

 

With this selection scheme the application ranges of correlations are in agreement with the ranges 

calculated as shown in [48], table 9.1. The final bubble terminal velocity is plotted in Figure 2-14. 

 

 

Figure 2-14 Bubble terminal velocity 

 

For the calculation of the distribution parameter, C0, several correlations are available. Two 

correlations are implemented in the code. 

 

▪ Zuber and Findlay correlation [171]. The distribution parameter, C0, is equal to: 

 
2.1,,0 =bubbvC  

 

▪ Sun et al. correlation [172]. The distribution parameter, C0, is equal to: 
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For calculations one of the two correlations must be selected. The selection of correlation is based on 

an input  parameter. The default selection is Zuber and Findlay. 
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For the horizontal velocity calculations the following values of the parameters v,h,bubb, C0,h,bubb, and 

xh,bubb, are assumed: 
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With these values the drift flux equation reduces to (see section 2.5.2): 

 

poolhbubbhbubbh vCv ,,,0, =  

 

In the earlier SPECTRA version the default setting was C0,v,bubb = 1.0, which means that bubbles are 

moving in the horizontal direction with the same velocity as pool. Several test calculations and 

comparisons with RELAP showed that use of C0,v,bubb > 1.0 gives better results, therefore this is the 

current default setting. 

 

 

2.6.5 Alternative Correlation for Terminal Velocity of Particles 

 

An alternative correlation for the terminal velocity of particles may be requested by the user (input 

parameter MODVI - Volume 2). The model, if activated, is applied for the following particles: 

 

• bubbles, 

• droplets, 

• particles suspended in the liquid pool. 

 

The applied convention concerning positive direction of particle velocity in a CV is: 

 

• bubbles: up (towards the pool surface or junction) 

• droplets: down (towards the pool surface or junction) 

• particles: up (towards the pool surface or junction) or down (towards 

junction or a solid structure - sedimentation), depending on the density of 

particles (DENART - Volume 2) compared to the density of the liquid. 

 

The model is based on the drag coefficient. The terminal velocity is obtained from: 
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Here g is the gravitational acceleration (m/s2), ρ is density (kg/m3), η is viscosity, (kg/m/s), D is 

diameter. Subscripts p refers to particle, while f to fluid. Five regimes are distinguished (in contrast to 

the default droplet model - section 2.6.3, which has three regimes). The correlations for drag 

coefficient are based on Morsi et al. [204]. The correlations from [204] are not used directly; instead 

the following approximation, leading to an explicit formula for terminal velocity (section 2.6.3), is 

used: 
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Where Re = v∞ Dp ρf / ηf . When CD is substituted by this formula, the terminal velocity is obtained 

explicitly as: 
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The coefficients that were used in different regimes are shown in Table 2-2. In the first two ranges the 

same approximations as used in section 2.6.3, are used: 

 

• Range 1: CD = 27 / Re0.8           Re <     30 

• Range 2: CD = 6.9 / Re0.4   30 < Re < 1000 

 

The approximations 1 and 2 are compared to the function from Schiller et al. [166] in Figure 2-15. In 

this range Morsi et al. [204] are using three correlations: Re < 10, 10 < Re < 100, and 100 < Re < 

1000. Comparison of Schiller and Morsi functions for 1 < Re < 1000 is shown in Figure 2-19. For 

1000 < Re < 5000 Morsi used: CD = 0.357 + 148.62/Re – 475000/Re2, which is also shown in Figure 

2-15. 

 

In the next three ranges the following approximations are used: 

 

• Range 3: CD = 0.575 / Re0.05       1,000 < Re <   10,000 

• Range 4: CD = 0.235 ∙ Re0.06     10,000 < Re < 100,000 

• Range 5: CD = 0.470   100,000 < Re 

 

Comparison of the developed approximations with the functions from Morsi et al. [204] is shown in 

Figure 2-16 (the asymptotic value, for Re→∞, was shifted from 0.52 to 0.47, to be in agreement with 

the generally recommended value for a sphere - Figure 12-5). The approximations developed for 

SPECTRA agree very well with the functions from Morsi et al. [204]. 

 

The boundary values of Reynolds numbers given above are only approximate numbers. Selection of 

correlation is performed by choosing the minimum of 4 and 5 and then the maximum of 1, 2, 3, and 

the above mentioned minimum: Max (1, 2, 3, Min (4, 5) ). This provides smooth transition from one 

region to another. 

 

The value of CD is plotted in Figure 2-18 for the full range of Reynolds numbers. For comparison, 

Figure 2-17 shows CD for the default correlation (section 2.6.3). 
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Figure 2-15 Terminal velocity correlation, approximations 1, 2, and 3 

 

 

Figure 2-16 Terminal velocity correlation, approximations 3, 4, and 5 
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Figure 2-17 Default correlation for droplets, 3 ranges of Re, section 2.6.3 

 

 

Figure 2-18 Alternative correlation (droplets, bubbles, particles), 5 ranges of Re 
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Figure 2-19 Comparison of Schiller et al. [166] and Morsi et al. [204] correlations 

 

 

 

Figure 2-20 Particle diameter, as used by the correlation 
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The range of applicability is particle diameter Dp < 0.02 m. The effective diameter used in the 

correlation is not larger than 0.02 m. In order to avoid a sharp change of the calculated values at the 

cut-off value, a special procedure is defined to ensure smooth transition from the linear range, where 

Dp,eff = Dp and the maximum range, where Dp,eff = Dp, max, as shown in Figure 2-20. 

 

All coefficients used in the five regions are shown in Table 2-2. For comparison, Table 2-3 shows the 

coefficients used in the default correlation for droplet terminal velocity (section 2.6.3). The 

coefficients are obtained from: 
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CD,Re→∞ is introduced for flexibility. This is a user-defined input (CDRGCV, VINFRT, VINPRT, see 

Volume 2). This is also the asymptotic value of CD, for Re→∞. With this parameter the user may shift 

the whole line, shown in Figure 2-18, up or down. This adds to the modeling flexibility. 

 

 

Table 2-2 Values of constants in the alternative terminal velocity correlation (Figure 2-18) 

 
 

 

Table 2-3 Values of constants in the default droplet terminal velocity correlation, sec. 2.6.3 
(Figure 2-17) 

 
 

  

CD (Re→∞) = 0.47

Approx. A 4/(3A) A' b 2-b B' X Y Z

(1) 27.00 0.049383 0.023210 0.80 1.200 0.833 1.80 0.20 0.80

(2) 6.90 0.193237 0.090821 0.40 1.600 0.625 1.40 0.60 0.40

(3) 0.900 1.48148 0.69630 0.10 1.900 0.526 1.10 0.90 0.10

(4) 0.235 5.67376 2.66667 -0.06 2.060 0.485 0.94 1.06 -0.06

(5) 0.470 2.83688 1.33333 0.00 2.000 0.500 1.00 1.00 0.00

CD (Re→∞) = 0.44

Approx. A 4/(3A) A' b 2-b B' X Y Z

(1) 27.00 0.049383 0.021728 0.80 1.200 0.833 1.80 0.20 0.80

(2) 0.44 3.03030 1.33333 0.00 2.000 0.500 1.00 1.00 0.00
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When using the alternative correlation, the user may activate an option to tabulate the drag coefficient 

versus Reynolds number (CDRGCV>1000). The terminal velocity is obtained from: 
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with CD defined by a tabular function providing CD = f(Re) for the whole relevant range of Reynolds 

numbers. The argument for this function will be the Reynolds number, Re = v∞ Dp ρf / ηf . The values 

obtained from the Tabular Function will be limited to the range of 10–2 < CD < 102.  

 

An option with CD tabulated for the entire range of Reynolds numbers is available for droplets and 

bubbles only. In case of particles, a constant value may be used (section 12.2.4) by setting VINPRT > 

1000, VINFRT > 1000. This is done for every size section. The drag coefficients are equal to: 

 

• CD = const. = VINPRT – 1000 (CV pool) 

• CD = const. = VINFRT – 1000 (pool flow through JN) 

 

On top of the drag coefficient correlation, a correlation specific for very small particles may be used, 

as follows.  

small
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Here Csmall is the user-defined constant (CSMLCV). This correlation is applicable for very small 

particles, Dp < ~10–4 m. The best estimate value of Csmall is 1.0. If a positive value is provided, then the 

correlation is used if the absolute value obtained from this correlation is smaller than the absolute 

value obtained from the drag of the correlation. 
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2.6.6 Particle Distribution 

 

The local volume fraction of a dispersed component is needed in a number of cases. For example, to 

calculate bubble de-entrainment one needs to know the local void fraction at the pool surface. In case 

of bubble or droplet transport through a junction one has to know the local volumetric fractions of 

those components at the junction elevation. 

 

The equation of particle position, described in section 2.6.2 provides the position of the average 

particle in the continuous component. From this value the local volumetric fractions must be deduced. 

This is done using mathematical functions, called here "shape functions". The local volumetric 

fraction of the dispersed component Dcomp at the elevation Z, is equal to the average volumetric 

fraction of this component, multiplied by the value shape function, f, which depends on the elevation, 

Z, average particle position, ZDcomp, and height of continuous component, ZCcomp: 

 

),,()( CcompDcompDcompDcomp ZZZfZ =  

 

The shape functions depend on the local elevation Z, as well as the average particle position, ZDcomp, 

and the height of the continuous component, ZCcomp. The functions were selected based on the 

following criteria: 

 

- The average values must be kept: 
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- Local void fraction should be a smooth function of all variable parameters: Z, ZDcomp, ZCcomp. 

- If the average position of the dispersed component is in the middle of the continuous 

component, ZDcomp=ZCcomp/2, then the distribution is uniform, f = 1.0. 

 

- If the average position of the dispersed component is in the ipper part of the continuous 

component, ZDcomp<ZCcomp/2, then the distribution should decrease to zero at the elevations 

close to about 2ZDcomp. 

 

A combination of a linear and an elliptical functions was selected to represent the dispersed component 

distribution, since with those functions it is possible to construct in a simple way the shape functions 

that fulfill all the requirements mentioned above. 

 

The distribution functions are shown in Figure 2-21. The equation determining the shape function f is 

shown below for the case when particle position is close to the interphase (Case (A) in Figure 2-21). 
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where Z1 is equal to: Z1 = ZDcomp(1 + 4/π). 

 

 

Figure 2-21 “Shape functions” for calculation of local fractions of dispersed components. 

 

2.6.7 Treatment of Dispersed Components in the Pool 

 

There is a difference in treatment of the dispersed component in the pool (bubbles) compared to the 

dispersed component in the atmosphere (droplets). In the atmosphere, all droplet sources are taken 

directly to the discontinuous component mass and energy equations. In the pool however, the bubble 

models are divided into two groups, applied in two "zones" in which the bubble behavior is different: 

 

▪ Bubble collapse in the injection zone 

 

In the vicinity of the bubble source, bubble collapse is assumed to occur. Typically bubble 

collapse occurs if steam rich bubbles enter a relatively cold pool. The condensation of steam 

during bubble collapse is quite rapid and proceeds until the bubble equilibrates with the 

surrounding pool. There is a separate model for bubble collapse heat and mass transfer 

available in the Heat & Mass Transfer Package (section 7.2.5). The properties of bubbles, 

used for the bubble collapse calculations, are those specific for the individual bubble source. 

Bubble collapse is assumed to occur instantaneously, at the location of the source. This 

assumption is justified in Volume 3 (see also section 7.2.5). 
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▪ Average bubble zone 

 

When the bubble collapse process is finished, the bubbles begin their rise up towards the pool 

surface. The equilibrated bubbles are taken as a source into the pool discontinuous component 

equations. Thus, following the bubble collapse, the bubbles from all sources present in the 

pool of a Control Volume are "averaged", and represented by their average properties: bubble 

diameter, velocities, etc. The Heat & Mass Transfer Package contains a separate model for 

the heat and mass transfer during the bubble rise up period (section 7.2.6). 

 

A separate treatment is provided for bubbles created at boiling surfaces. When the pool temperature 

is clearly below saturation, then the bubbles fully condense, since pure steam bubbles cannot exist in 

the subcooled water environment. If the bubble collapse was used when the pool is close to, or at 

saturation temperature, then the bubbles would still be collapsing totally, since boiling surfaces are 

located at some depth below the pool surface, where saturation temperature is higher. In this case 

nonequilibrium bubbles would be created near the pool surfaces. This approach would introduce 

additional numerical stiffness into the equations, and would not be physically correct. To provide a 

more "smooth" treatment of bubbles from boiling surfaces, the following procedure is applied. 

 

When the pool subcooling is smaller than the limit ΔTBC (default value of ΔTBC is equal to 0.5 K - 

Volume 2) then the bubble collapse at boiling surfaces is switched off. Just switching off the collapse 

model would not be much helpful, since a very quick condensation of bubbles placed near the SC 

elevation would be calculated by the model for bubble mass transfer (section 7.2.6). Therefore it is 

additionally assumed that the bubbles rise up in a plume of relatively warm water (Figure 2-22). 

Normally the water temperature which the bubbles "see" is equal to the pool average temperature (or 

the pool local temperature, at the average bubble location, if stratification models are active). In the 

case shown in Figure 2-22, the pool temperature is: Tpool > Tsat(patms) – ΔTBC. In such cases the water 

temperature "seen" by the bubbles is equal to the warm plume temperature, assumed to be equal to the 

saturation at the average bubble location, Tsat(pbubb). 

 

Additional options in the program allow to define the location of boiling bubbles. The bubbles are 

created at the SC/TC surface elevation, but not deeper than a certain maximum depth (default value is 

2.0 m - Volume 2). This parameter compensates for the fact that in fully developed boiling, the bubble 

collapse model is switched off. Additional consequences which the warm plume model has on the 

calculation of the boundary fluid temperature for Solid Heat Conductors are described in section 5.5 

and 6.3. 

 

Figure 2-22 Warm plume 
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2.7 Stratification Models 

 

Stratified conditions are created in a containment if a source of light fluid is located in the upper part 

of the containment fluid volume (of course the inverse situation, heavy fluid injected into lower part, 

would also promote stratification, but is of no importance for containment safety). 

 

The light fluid may be created in various ways. In case of a severe accident, hot hydrogen is produced 

in the core. This hydrogen may be released to the containment through a break in the reactor coolant 

system. If the break is located high in the containment, stratified conditions will be promoted in the 

containment atmosphere. The light fluid may be created not only by mass sources but also by energy 

sources. For example, if steam is vented into the suppression pool, the heat of condensation warms up 

the water, creating light fluid near the pool surface, and thus promoting stratification of the pool. Also 

hydrogen recombiners may promote stratification in the containment atmosphere. The energy released 

during recombination may be sufficient to decrease the gas density (due to the temperature increase), 

in spite of the consumption of hydrogen. 

 

The development of stratified layers is illustrated in Figure 2-23. If the source of light fluid is located 

in the lower part of the containment (Case A) then a circulation flow develops, driven by the density 

difference between the fluid column in the left part (with the source), and the right part. In this case 

the circulation flow continues until the whole containment is relatively well mixed. If the source is 

located high (Case B), then initially the density difference drives the circulation flows, just as in the 

previous case. However, soon enough the volume of light fluid in the upper part of the right part 

becomes sufficiently large to balance the light gas in the left part. The driving force ceases to exist, 

and circulation practically stops. The stratified layer of the light gas remains in the upper part of the 

containment. 

 

Figure 2-23 Influence of source location on development of stratified conditions 
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From the above discussion one may get an impression that a simple rule of thumb: "source is high in 

the containment", allows to determine whether stratification will occur. It is however not that simple. 

Probably everyone has experienced the difficulty in heating up a cold room using a relatively small, 

electrical heater. The warmer air rises up, as a warm plume, and creates a stratified warm layer near 

the ceiling, while the floor is still freezing. The same mechanism is observed during long term venting 

of gases from a PCCS unit into the suppression pool. The upper part of the pool is heated even if the 

vent submergence is large, because the warm water rises to the pool surface as a plume, and deposits 

the energy there. 

 

Analyzing stratification is quite complicated. There is no doubt that the "Lumped Parameter" type 

codes will not be suitable to analyze stratification, since the containment compartments are represented 

typically by large, perfectly mixed, control volumes. The results might be to some extend improved 

by dividing the compartments into a number of relatively small control volumes. The LP codes 

however do not provide a sufficiently accurate flow solution. The codes typically use one-dimensional 

momentum equation (section 4.2), which is not suitable for a detailed analysis of three-dimensional 

effects. 
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For a detailed analysis one has to solve the three-dimensional Navier-Stokes equation, with a 

turbulence model. The most widely used is the k-ε model [173]. Such codes are typically referred to 

as "CFD codes", or "field codes". Recently a growing interest in CFD codes and their application to 

containment analyses, is observed. However, the application of field codes is a developing 

methodology requiring a great deal of experience, further validation efforts, and the proof of the codes' 

predictive capability for full-plant analysis [174]. 

 

Since a really accurate tool for the analysis of stratification has to involve the CFD solution technique, 

the best strategy would be to superimpose a fine grid on the Control Volumes, and solve the Navier-

Stokes equation. The inclusion of such model into the SPECTRA code would be preferred, but it 

would require substantial effort to build such model and to integrate it into the existing numerical 

scheme without losing the main merits of the current code: relatively fast calculations, solution with 

no mass or energy errors. Therefore the concept of CFD Volumes in SPECTRA is left as an eventual 

option for the future, while the present version contains some simple, parametric models, which allow 

to perform a sensitivity study and estimate an error being made by the lack of detailed stratification 

models. 

 

The present stratification models were intended to perform a parametric study, in order to obtain a 

conservative estimation of the containment pressure. The degree of stratification in each Control 

Volume can be controlled by the user, with certain input parameters, "stratification parameters" (see 

Volume 2). Apart from the model controlled by the user, an option is included in the code to calculate 

the stratification parameters internally. This was done to obtain a model which is independent of the 

user, and may be considered as the "SPECTRA best estimate model" for stratification analysis. 

 

The model consists of three parts: 

 

- Thermal stratification of the atmosphere 

The temperature of the atmosphere of a Control Volume is assumed to be a linear function of 

elevation. 

)(TSPf
dZ

dT

atms

atms =  

 

The local temperature at any elevation is calculated based on the average atmosphere 

temperature (which is a results of the energy conservation equation), and the temperature 

gradient dTatms/dZatms, which is determined by the Thermal Stratification Parameter, TSP. The 

Thermal Stratification Parameter is either defined by user (in case of conservative analysis), 

or calculated by the code (in case of best estimate analysis). 

 

- Thermal stratification of the pool 

The temperature of the pool of a Control Volume is assumed to be a linear function of 

elevation determined by the Pool Stratification Parameter, PSP. 
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- Density stratification of the atmosphere 

Thew volumetric concentrations of gases in the Control Volume atmosphere are assumed to 

be a linear function of elevation. 

 

)(
,

DSPf
dZ

dx

atms

atmsk
=  

 

The local gas fractions at any elevation are calculated based on the average fractions (which 

are obtained from the mass conservation equations), and the density gradient dxk,atms/dZatms, 

which is determined by the Density Stratification Parameter, DSP. The Density Stratification 

Parameter is either defined by the user (see Volume 2), or calculated by the code. 

 

The description below show the stratification parameters are obtained in case of best estimate analysis, 

that is when the stratification parameters are left to be calculated by the code. 

 

The method used to calculate the thermal stratification parameters is to divide a Control Volume into 

an upper and a lower halve, and write a sort of an energy balance for both halves. Warm sources in 

the upper part and cold sources in the lower part promote stratification. Additionally a plume model 

is available. When a plume model is activated then the same procedure is applied for the stratification 

calculation, except that the source for which the plume model is activated is considered to be located 

in the upper part of the fluid volume, independently of its physical location. A criterion is present to 

switch off the plume model when the flow rate from the source becomes very rapid. This is done to 

simulate mixing induced by an incoming jet of fluid. Here a few examples are shown to illustrate how 

the model works. 

 

The first example consists of a single Control Volume and a heater/cooler, represented by a Solid Heat 

Conductor. The temperature of the heater is first linearly increased from the initial temperature of 370 

K to 400 K (between 20 s to 250 s), and then linearly decreased to 350 K (between 250 s and 480 s). 

Three cases are considered: 

 

▪ Case 1: Heater placed high; SC-101 is located near the top of CV-101 

▪ Case 2: Heater placed low; SC-201 is located near the bottom of CV-201 

▪ Case 3: Heater placed low; SC-201 is located near the bottom of CV-201, plume model is 

activated for the heater 

 

Results for cases 1, 2, and 3, are shown as visualization picture in Figure 2-24 and time dependent 

graphs in Figure 2-25, Figure 2-26, and Figure 2-27. In the first case (Figure 2-25) the SC-101 is at 

the top of the CV and when its temperature increases, it causes an increase of gas temperature only in 

the upper part of CV. The temperature at the bottom of CV remains unchanged. When SC-101 

temperature decreases, and SC acts as a cooler for CV atmosphere, it first cools down the warm gas 

in the upper part of CV, and then (after about 430 s) it cools down the whole gas volume uniformly. 
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Figure 2-24 SC-Plume test, t = 250 s (maximum heater temperature). 

 

 

 

 

Figure 2-25 Temperatures: CV bottom, CV top, heater surface, heater at the CV top. 
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Figure 2-26 Temperatures: CV bottom, CV top, heater surface, heater at the CV bottom. 

 

 

 

Figure 2-27 Temperatures: CV bottom, CV top, heater surface, heater at the CV bottom + 
plume model. 
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In the second case (Figure 2-26) the SC-201 is at the bottom of the CV and when its temperature 

increases, it heats up uniformly the whole gas space. When SC-201 temperature decreases, and it acts 

as a cooler for CV atmosphere, it cools down only the gas in the lower part of CV. The temperature 

of the gas in the upper part remains unchanged. 

 

In the third case (Figure 2-27) the SC-301 is at the bottom of the CV, but as a result of the active 

plume model the upper part of the atmosphere heats up when SC-301 temperature increases (similarly 

as in the first case). After a while also the lower part heats up, which is different from the case 1. When 

SC-301 temperature decreases, and it acts as a cooler for CV atmosphere, it cools down only the gas 

in the lower part of CV (as in the second case). 

 

The visualization picture shows the temperatures in all three cases at the time when the heater 

temperature reaches maximum (250 s). It is seen that in the first case only the upper part of CV-101 

is heated, in the second case all CV-201 is heated. In the third case the whole volume of CV-301 is 

heated but due to the plume the highest temperatures are observed at the top of CV. 

 

The second example is a simple model of a small "containment", shown in Figure 2-28. The model 

consists of five Control Volumes representing the containment compartments, and one CV 

representing the environment. Connections between the containment compartments are provided by 

six junctions. The seventh junction represents leakage from the containment to environment. The 

leakage was included in the model to keep the containment pressure approximately constant and avoid 

gas temperature rise due to compression, which would make the results somewhat more difficult to 

interpret. Five Solid Heat Conductors are used to represent the containment walls and structures. 

 

 

Figure 2-28 Nodalization for containment stratification test 
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Hot (500 K) hydrogen is injected into CV-002 in the period 500  1500 s. Calculations were performed 

for three cases: 

 

▪ perfect mixing in Control Volumes 

▪ best estimate stratification in Control Volumes 

▪ maximum stratification in Control Volumes 

 

The results of perfect mixing run are shown in Figure 2-29 and Figure 2-33. As a result of the 

hydrogen injection a natural circulation flow develops, driven by the density difference between CV-

002 and CV-003 (Figure 2-33). The accuracy of the flow solution for this case has been confirmed by 

separate calculations of the same example problem with the MELCOR code [46] (Figure 2-34). The 

circulation flow persists during the whole injection time, and results in quite good mixing of the gas 

in the containment (Figure 2-30). 

 

Results of the best estimate stratification run are shown in Figure 2-31 and Figure 2-35. Most of the 

hydrogen is in the upper part of the containment; circulation flows are very small (Figure 2-35). 

Results of the maximum stratification run are shown in Figure 2-32. In this case the hydrogen is almost 

exclusively located in the upper part of the containment. 

 

The stratification model in SPECTRA allows the user to perform a conservative estimation of 

containment behavior by using different assumptions concerning stratification. Examples of such use 

of the stratification model are ISP-42, PANDA Tests, as well as the analysis of the SWR-1000 reactor 

and PANDA BC tests. Those analyses are shown in Volume 3. 
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Figure 2-29 Hydrogen concentrations, SPECTRA, perfect mixing case. 

 

Figure 2-30 Hydrogen concentrations, MELCOR 
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Figure 2-31 Hydrogen concentrations, SPECTRA, “best estimate” stratification case. 

 

Figure 2-32 Hydrogen concentrations, SPECTRA, maximum stratification case. 
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Figure 2-33 Circulation velocities, SPECTRA, perfect mixing case 

 

 

 

Figure 2-34 Circulation velocities, MELCOR 
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Figure 2-35 Circulation velocities, SPECTRA, best estimate case 

 

 

2.8 Homogeneous Control Volumes 

 

An option is provided to treat selected or all Control Volumes as homogeneous Control Volumes. In 

a Homogeneous CV only pool and atmosphere exist in a Control Volume. Atmosphere and pool are 

assumed to be homogeneously mixed. This approach is similar to the one taken in RELAP5 for 

example. The thermodynamics parameters in a homogeneous Control Volume are limited to: 

 

▪ p pressure, (Pa)  CV-XXX-Pres-atms 

▪ Tgas gas temperature, (K) CV-XXX-Temp-atms 

▪ Tliq liquid temperature, (K) CV-XXX-Temp-pool 

▪ α void fraction, (-)  CV-XXX-VolF-atms 

 

Note that for homogeneous CV-s the plotable volume fractions and mass fractions are limited to: 

 

▪ CV-XXX-VolF-atms void fraction (volume fraction of atmosphere gas) 

▪ CV-XXX-MasF-atms mass fraction of atmosphere gas 

 

Other volume and mass fractions, (-bubb, -drop -pool), as well as the pool level, should not be used 

as output and plot parameters. Similarly the flow parameters are limited to gas and liquid: 

 

▪ vgas gas velocity, (m/s) JN-XXX-Velo-atms 

▪ vliq liquid velocity, (m/s) JN-XXX-Velo-pool 
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Figure 2-36 Flow regime maps for homogeneous Control Volumes 

 

The flow regime map applied for homogeneous volumes is shown in Figure 2-36. The flow regimes 

include four basic flow regimes, namely bubbly, slug, annular, and mist, with three intermediate, 

transition flow regimes. The following flow regimes numbers are used: 

 

 1.0 bubbly flow  1.5 bubbly-slug transition 

 2.0 slug flow  2.5 slug-annular transition 

 3.0 annular flow  3.5 annular-mist transition 

 4.0 mist flow 

 5.0 stratified flow  5.5 transitions between stratified and other regimes 

 

The flow regime map is determined by the following parameters: 

 

▪ α1,BS void fraction for bubbly-slug transition in low mass flux region (default α1,BS=0.25) 

▪ α2,BS void fraction for bubbly-slug transition in high mass flux region (default α2,BS=0.5) 

▪ G1,BS low mass flow limit (default G1,BS=2000 kg/m2-s) 

▪ G2,BS high mass flow limit (default G1,BS=3000 kg/m2-s) 

▪ ΔαBS “width” of the bubbly-slug transition (default ΔαBS=0.05) 

▪ α1,SA void fraction for slug-annular transition (default α1,SA=0.9) 

▪ ΔαSA “width” of the slug-annular transition (default ΔαSA=0.02) 

▪ α1,AM void fraction for annular-mist transition (default α1,AM=0.99) 

▪ ΔαAM “width” of the annular-mist transition (default ΔαAM=0.01) 
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The bubble diameter is calculated in each flow regime as described below. 

 

▪ Bubbly flow (Flow regime 1.0) 

 

In this flow regime the bubble diameter is obtained using the Tylor instability model: 
2/1
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2
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▪ Slug flow 

 

In this flow regime the bubble (or rather the slug) diameter is obtained using Ishi-Mishima 

correlation (applicable for pipes): 

 

hydIMb DDD == 88.0  

 

It is assumed that for geometries other than circular pipes the bubble diameter may be obtained 

from the same formula using the hydraulic diameter. The following limits are imposed on the 

hydraulic diameter: 

 
0.12  hydTI DD  

 

Therefore the maximum size of a slug is 0.88 m. 

 

The interface area in the bubbly and the slug flow regimes is obtained from: 
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Here VCV is the total volume of CV, and α is the void fraction. The formula follows from a bubble 

count in a volume VCV with the fraction α occupied by the bubbles: 
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The total interface area of Nb bubbles is equal to: 
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▪ Annular flow 

 

The interface area for an annular flow in a pipe with diameter Dhyd and length L is equal to: 

 
LDA hydi =   
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Since the total volume VCV = π Dhyd
2/4·L , the interface area is given by: 
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It is assumed that for geometries other than circular pipes the interface area may be obtained 

from the same formula, using the hydraulic diameter. 

 

▪ Mist flow 

 

The interface area in the mist flow regime follows from a droplet count in a volume VCV with 

the fraction (1–α) occupied by the droplets: 
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The droplet diameter in the mist flow is obtained from: 

 

fogd DD =  

 

Here Dfog is the diameter of droplets created in a non-equilibrium condensation process 

(fogging). The default value of Dfog is 10–4 m (input parameter DFOGCV). 

 

▪ Stratified flow 

 

Stratified flow may occur only in Control Volumes with horizontal flow. A horizontal flow 

in a Control Volume is indicated in input deck by the parameter IHORCV (see Volume 2). If 

the parameter is not set, the code automatically detects horizontal flow conditions by 

comparing horizontal and vertical velocity components in a Control Volume. The conditions 

for horizontal flow are checked when the horizontal velocity exceeds the vertical velocity by 

a factor of Chor: 

horverhor Cvv   

 

Here Chor is a user-defined parameter (CHORCV) with a default value of 2.0. In the horizontal 

flow volumes the stratified flow is possible. It occurs when the mass flux and the velocity 

difference are below certain critical values: 

 

stratGG   

stratliqgas vvv −  

 

Here Gstrat and Δvstrat are user-defined parameters (GSTRCV, VSTRCV) with default values 

of 3000.0 kg/m2-s and 1.0 m/s respectively. In case of stratified flow the interface area is equal 

to the horizontal cross section area of the Control Volume. 
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3 Fluid Property Package 

 

3.1 Introduction 

 

The Fluid Property Package contains properties of subcooled water, superheated steam, and several 

non-condensable gases. Steam as well as noncondensables are treated as real gases, the virial equation 

of state is used for the latter. 

 

This section provides a brief discussion of the fluid property data package. The description is divided 

into three parts. The first part, shown in section 3.2, describes the saturated properties of steam and 

water. Next, the method of calculating subcooled water properties is described in section 3.3. Finally, 

section 3.5 gives a description of gas properties. 

 

 

3.2 Steam/water Saturation Properties 

 

The saturation properties are calculated using tabulated data, obtained from [29]. Tabulated data are 

preferred over using approximation functions, since the calculations are faster on a digital computer, 

at the expense of larger memory requirement. The memory size is practically unlimited on modern 

computers. The property data are tabulated for the range from 0.01C to 373.976C. The properties 

may be obtained by a call to the procedures with one of the following arguments: 

 

• Temperature, (K)   T 

• Pressure, (Pa)    p 

• Enthalpy of saturated liquid, (J/kg) hsat.liq 

 

The properties which are being returned by the saturated steam/water property routines consist of two 

out of the three parameters listed above (the third one is an input parameter), as well as: 

 

• Enthalpy of saturated vapor, (J/kg)   hsat.vap 

• Density of saturated liquid and vapor, (kg/m3)  ρsat.liq  ρsat.vap 

• Entropy of saturated liquid and vapor, (J/kg/K)  ssat.liq  ssat.vap 

• Dynamic viscosity of saturated liquid and vapor, (kg/m/s) ηsat.liq  ηsat.vap 

• Thermal conductivity, (W/m/K)    ksat.liq  ksat.vap 

• Specific heat, (J/kg/K)     cp, sat.liq ,  cp, sat.vap 

• Prandtl number (ηcp/k), (-)    Prsat.liq  Prsat.vap 

• Density derivative, (kg/m3/K)    ∂ρsat.liq/∂T ∂ρsat.vap/∂T 

• Thermal expansion coefficient for saturated water, (1/K) βsat.liq= (1/ρsat.liq)(∂ρsat.liq/∂T) 

• Surface tension between liquid and vapor phase, (N/m) σliq-vap 

 

The properties are calculated using third order (cubic) interpolation between the nearest tabulated 

values. The third order interpolation ensures continuity of the function and its first derivative (see 

section 17.1). 
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The density derivatives are obtained based on the assumption that the derivative may be well 

represented by finite difference, as follows: 

 

T

TTT

TT 
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The temperature difference, ΔT, used to calculate derivatives is assumed as 0.1 K. The densities at 

temperatures T and T+ΔT, are calculated using third order interpolation. 

 

 

3.3 Water Properties 

 

Properties of subcooled water depend generally on both temperature and pressure. The pressure 

dependence is however very weak, and may be neglected in practical calculations. The assumption 

taken in building the water property routines was that all properties, except for density and internal 

energy, are independent of pressure and are therefore represented by their saturation properties: 

 
)(),( . TXTpX liqsatliq =  

 

In the above equation X is a replacement symbol, representing all liquid properties listed in section 

3.2, except for the density and the enthalpy. The density is calculated as follows: 
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where the ratio of saturated water density to the actual water density is calculated using the method of 

Thomson [30]: 
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where Tcrit and pcrit are the critical temperature and pressure respectively. The values of Tcrit and pcrit, 

as well as the values of constants, a, b, c, ..., in the Thomson's model are obtained from [31]. The 

values of critical parameters are: 

 

• Tcrit = 647.3 K 

• pcrit = 2.212107 Pa 

 

The values of the model constants are shown in Table 3-1. 
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Table 3-1 Values of constants in the Thompson model 

a b c d e 

–9.070217 62.45326 0.1988366 –135.1102 157.8569 

 

 

The present version of SPECTRA does not use the Thompson model to calculate the water density. It 

was found out that use of this model resulted in flow problems in the water flow solution. Therefore 

the model is currently deactivated and the density is obtained from: 

 
)(),( . TTp liqsatliq  =  

 

Thus the liquid is assumed to be incompressible. Application of the compressibility resulted in 

“phantom flows”. In order to prevent the phantom flows the gravity head in the flow solution should 

be calculated using an effective water density of: 
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This may be done in a future version of the code, if necessary. 

 

The specific enthalpy and specific internal energy of water are obtained from: 
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The fluid property package offers two methods of getting the water properties, using different sets of 

input arguments: 

 

• Pressure and temperature as input arguments (subroutine WATERT): 

 

),(: TpfropertiesPWATERT =  

 

• Pressure and internal energy as input arguments (subroutine WATERU): 

 
),(: liqupfropertiesPWATERU =  

 

While the first method is quite straightforward, the second requires an internal iteration to calculate 

the properties. The iteration continues until the desired convergence is achieved (relative error between 

the assumed and the calculated internal energy is less than 10–9). The second method is more useful in 

practice. Since it is the internal energy which is obtained from the energy balance, the second method 

allows to obtain quickly all properties for the new energy. 
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3.4 Alternative Fluid (Liquid Metals, Molten Salts, etc.) Properties 

 

The alternative fluid may be specified in SPECTRA instead of water. In such case water properties 

are replaced by the properties of the alternative fluid. This option is included primarily for analyzing 

liquid metals. 

 

When the alternative fluid is used, the user must supply the saturation properties of the desired fluid. 

These are defined by two tables, giving the thermodynamic and the thermo-physical properties versus 

temperature. The temperature may be expressed in Kelvin or degree Celsius. The tables include: 

 

• Thermodynamic properties: 

o Temperature, (K or ˚C)     T 

o Saturation pressure, (Pa)     psat 

o Enthalpy of saturated liquid and vapor, (J/kg)  hsat.liq hsat.vap 

o Density of saturated liquid and vapor, (kg/m3)  ρsat.liq ρsat.vap 

o Entropy of saturated liquid and vapor, (J/kg/K)  ssat.liq ssat.vap 

 

• Thermo-physical properties: 

o Dynamic viscosity of saturated liquid and vapor, (kg/m/s) ηsat.liq ηsat.vap 

o Thermal conductivity of sat. liquid and vapor, (W/m/K) ksat.liq ksat.vap 

o Prandtl number of saturated liquid and vapor (ηcp/k), (-) Prsat.liq Prsat.vap 

o Surface tension, (N/m)     σliq-vap 

 

Only selected tables need to be filled-in (see Volume 2). The user may omit some, or even all the 

tables. In such case the missing tables are filled-up using the built-in water properties. Since the 

alternative fluid is intended to represent liquid metal coolants, typically only the saturated liquid 

properties need to be entered, while the saturated vapor properties may be omitted. An example of 

defining liquid lead as an alternative fluid is provided in Volume 3. 

 

Note that when the alternative fluid (liquid metal) is defined, it is used in all Control Volumes and 

therefore liquid water is not available. If the user wishes to perform calculations with a model in which 

both liquid metal and water are needed, then the model must be split into two parts, one containing 

liquid metal and one containing water. The two models may then be run in parallel using the 

synchronized option in the EDF Package (section 18.2). An example of such synchronized run with 

liquid metal on the primary side and water on the secondary side is shown in Volume 3. 

 

As mentioned above, typically the alternative fluid is only used in terms of liquid, while vapor 

properties are not defined. Therefore any evaporation should be avoided (steam does not properly 

represent the properties of the vapor of given metal). This includes evaporation from a pool surface, a 

droplet surface, and evaporation into a bubble, all of which are automatically disabled by the input 

procedures (see Volume 2). Secondly, boiling is prevented by setting the maximum liquid temperature 

to a value of ten Kelvins below the saturation: T ≤ Tsat(p) – 10.0. 

 

Furthermore the critical flow model in SPECTRA is appropriate for water as a liquid. Therefore for 

the liquid metal calculations the critical flow model is deactivated by setting the limiting velocity to a 

large number (see Volume 2). 
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3.5 Gas Properties - Built-in Gases 

 

The built-in gas property data base contains properties of five non-condensable gases: hydrogen, 

helium, nitrogen, oxygen, and carbon dioxide, as well as the properties of steam. All gases are treated 

as real gases. For non-condensable gases the virial equation of state is used. Steam properties are 

calculated using a method based on Helmholtz function, described in [29]. 

 

The equations defining gas properties are relatively complicated, in some cases involve iterative 

calculations, and therefore are time consuming. To save computing time the properties were pre-

computed, and tabulated in a large data base as functions of temperature and pressure. During 

calculations the properties are obtained by bi-linear interpolation between the nearest tabulated points. 

This method is very fast, specifically since the data are tabulated in regular intervals, and consequently 

no search is needed to find the nearest data points. A disadvantage of this method is a rather large 

memory requirement. The relatively large memory requirement is not a serious disadvantage of the 

method. Modern computers come with practically infinite memory. 

 

3.5.1 Gas Property Data Base 

 

The following properties: 

 

- Density, (kg/m3):   ρ = ρ(p, T), (equation of state) 

- Internal energy, (J/kg):   u = u(p, T) 

- Viscosity, (kg/m/s):   μ = μ(p, T) 

- Thermal conductivity, (W/m/K):  k = k(p, T) 

 

are pre-computed and tabulated in the gas property data base. Properties of the following six gases are 

defined in the data base: 

 

- hydrogen, H2,  - nitrogen, N2, 

- helium,  He,  - oxygen,  O2, 

- steam,  H2O,  - carbon dioxide, CO2. 

 

The gas property data base is shown schematically in Figure 3-1. The properties are tabulated for the 

temperature range from 270.0 K to 3070.0 K, and for the pressure range from 1.0105 Pa to 2.1107 

Pa. An extrapolation scheme is provided for low pressures, so that the data base effectively covers 

pressures from 0 to 2.1107 Pa. 

 

The properties are tabulated for temperatures every 10.0 K, and pressures every 1.0105 Pa (the 

pressure dependence of gas properties is rather weak, therefore this large pressure spacing is 

considered adequate - see Volume 3 – Verification and Validation. The data base consists of 281 

temperature points, and 210 pressure points. 

 

The properties of steam are extrapolated into the subcooled, meta-stable region, so there is no problem 

in obtaining properties if steam is somewhat subcooled. This may occur in calculations, because of 

the non-equilibrium treatment of fluids in Control Volumes. 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  103 

 
 

Figure 3-1 Gas property data base. 

 

 

The methods of calculation of the properties which are defined in the data base are described below 

for each property. The discussion is limited to non-condensable gases. The steam properties were 

obtained using the program listed in [29].  

 

- Density, ρ(p,T) 

 For all gases except for steam the density has been calculated using a virial equation of state. For 

steam the density has been calculated using Helmholtz function [29]. 

 

 The virial equation of state ([31], equation 3-5.1) is used to calculate the specific volume: 
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 where: p - pressure, (Pa), 

     R - individual gas constant, (J/kg/K), 

     T - temperature, (K), 

     v - specific volume, (m3/kg), 

     Z - gas compressibility, (-), 

     B - second virial coefficient (function of temperature), (m3/kg), 

     C - third virial coefficient (function of temperature), (m6/kg2), 

     D - fourth virial coefficient (function of temperature), (m9/kg3). 
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 The virial equation may also be written as a power series of p instead of v ([31], equation 3-5.2): 
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 Sometimes it is written in the form: 
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 where the virial coefficients, B', C', D', are of course expressed in different units. Often the virial 

equation is truncated to contain only the second virial coefficient: 
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 The virial equations used to calculate gas densities are discussed separately for two groups of gases. 

First, the equations used for hydrogen, helium, and carbon dioxide are described. Next, the 

equations used for nitrogen and oxygen are described. 

 

 Gases: H2, He, CO2 

 The virial equation of state truncated to the second virial coefficient is used for these gases. The 

second virial coefficient is calculated using the following polynomial ([32], p.6-28): 
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 where Bm is in (m3/kmole). Since the virial coefficient is in "molar units", it is given here with the 

subscript m. The constants a1, a2, a3, a4, a5, are taken from [32] (pages 6-28 through 6-37) and are 

reproduced in Table 3-2. The factor 10-3 is the conversion from (cm3/mole) to (m3/kmole). 

 

 

Table 3-2 Polynomial coefficients to calculate second virial coefficient, [32]. 

 

Gas 

a1 

cm3/mole 

a2 

cm3/(mole K) 

a3 

cm3/(mole K2) 

a4 

cm3/(mole K3) 

a5 

cm3/(mole K4) 

H2 15.4 –9.0 –0.2 0.0 0.0 

He 12.0 –1.0 0.0 0.0 0.0 

CO2 –127 –288 –118 0.0 0.0 
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 Since the virial coefficient is in "molar units", the molar gas constant, Rm, must be used to obtain 

the compressibility factor: 
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 When the second virial coefficient, Bm(T), is known, the density is obtained from: 
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 Gases: N2, O2 

 The virial equation in the form of the power series of pressure with second, third and fourth virial 

coefficients is used. The equation has the form: ([39], chapters 7 and 8): 

 
32 )(')(')('1 pTDpTCpTBZ +++=  

 

 where: p  - pressure, (atm), (the pressure in (Pa) is divided by 1.01325105, to obtain the 

atmospheres), 

     B'  - second virial coefficient, (atm-1), 

     C'  - third virial coefficient, (atm-2), 

     D'  - fourth virial coefficient, (atm-3). 

 

 The virial coefficients, B', C' and D', are tabulated in [39], for temperatures between 100 and 3000 

K. The second and third virial coefficients, B' and C', were obtained through the Lennard-Jones 

potential. The fourth virial coefficient was fitted empirically (see [39], pages 297 and 369). The 

virial coefficients are calculated using cubic interpolation between tabulated data points. The virial 

coefficients, as calculated by the cubic interpolation, are shown in Figure 3-2 (a) and (b). The gas 

density is obtained from: 
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- Specific internal energy, u(p,T) 

 The specific internal energy is calculated as: 
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 where: cp  - isobaric specific heat, (J/kg/K), 

     Tref  - reference temperature, (K), for all non-condensable gases assumed to be equal 

to 0 K. 

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

106  K6223/24.277594  MSt-2402 

 

 

Figure 3-2 Virial coefficients for nitrogen (a) and oxygen (b). 

 

 

 The specific heat, cp(T) is calculated using the following polynomial ([31], Appendix A, page 657): 

 

( )32
310

)( TCTCTCCTc DCBAp +++=


 

 

 where μ is molecular weight and Ci are the polynomial coefficients, given in [31], Appendix A, 

pages 661 - 668. The values are reproduced in Table 3-3. 

 

 

Table 3-3 Polynomial coefficients to calculate specific heat, [31]. 

 

Gas 

CA 

(J/mol/K) 

CB 

(J/mol/K2) 

CC 

(J/mol/K3) 

CD 

(J/mol/K4) 

H2 2.714101 9.27410-3 –1.38110-5 7.64510-9 

He 2.080101 0.0 0.0 0.0 

N2 3.115101 –1.35710-2 2.68010-5 –1.16810-8 

O2 2.811101 –3.68010-6 1.74610-5 –1.06510-8 

CO2 1.980101 7.34410-2 –5.60210-5 1.71510-8 
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- Viscosity, μ(p,T) 

 Low pressure gas viscosity is calculated using the method of Chung et al. [40], or the method of 

Lucas [41]. For gases other than the quantum gases (H2 and He) the method of Chung et al. is used. 

For quantum gases the method of Chung et al. is not valid. Therefore for those gases the method 

of Lucas is used. The equations of both methods are shown in [31]. 

 

 After the low pressure viscosity has been calculated using one of the methods presented above, the 

influence of pressure on viscosity is calculated. To account for the pressure influence on the gas 

viscosity the method of Richtenberg is used [42]. In this method the viscosity ratio, η/ηp0, is 

calculated based on the reduced pressure, reduced temperature and dimensionless dipole moment. 

The equations of the Richtenberg method are shown in [31]. 

 

- Thermal conductivity, k(p,T) 

 Low pressure thermal conductivity is calculated using the method of Miller et al. [43]. The 

conductivity is obtained from the following formula: 

 

32

0 )( DTCTBTATk p +++==  

 

 where: kp0  - gas thermal conductivity at low pressure, (W/m/K), 

     A, B, ... - polynomial coefficients. 

 

 The values of polynomial coefficients, A, B, C, D, are shown in [31]. For the six gases being 

considered they are reproduced in Table 3-4. 

 

 

Table 3-4 Polynomial coefficients to calculate low-pressure thermal conductivity. 

 

Gas 

A, 

(W/m/K) 

B, 

(W/m/K2) 

C, 

(W/m/K3) 

D, 

(W/m/K4) 

H2 8.09910-3 6.68910-4 –4.15810-7 1.56210-10 

He 3.72210-2 3.89610-4 –7.45010-8 1.29010-11 

H2O 7.34110-3 –1.01310-5 1.80110-7 –9.10010-11 

N2 3.91910-4 9.81610-5 –5.06710-8 1.50410-11 

O2 –3.27310-4 9.96610-5 –3.74310-8 9.73210-12 

CO2 –7.21510-3 8.01510-5 5.47710-9 –1.05310-11 

 

 

To account for the pressure influence on the gas conductivity the method of Stiel and Thodos 

[35] is used. In this method thermal conductivity, k, is equal to ([31], section 10-5, page 521): 

 
),,,,,()(),( 0 wcritcritcritcritp MvvZpTfTkTpk = →

 

 

Tcrit critical temperature, (K), 

pcrit critical pressure, (Pa), 

Zcrit critical compressibility, (-), 

vcrit critical specific volume, (m3/kg), 

v specific volume, (m3/kg), 

Mw molar weight, (kg/kmole). 
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The equations defining the pressure dependent multiplier, are shown in [31]. 

 

- Thermal conductivity of Helium, k(p,T) 

It was found out that the method describe above does not provide a sufficient accuracy in case 

of Helium. Therefore, for this gas, the formula from KTA rules [202] is used. The formula is: 

)1021(71.083 9

)10123.11(10682.2),( pTpTpk −−− −

+=  

 

The improvement of accuracy of this formula, compared to the formerly used formula from 

[31], is discussed in Volume 3. 

 

The properties of all gases, as calculated by the methods described above, are shown in graphs below; 

each graph gives of the following properties: 

 

• Compressibility, defined as: Z = pv/RT. The value of compressibility is a measure of deviation 

of the gas density from the density given by the ideal gas equation of state. 

 

• Ratio of the constant volume specific heat at given temperature, cv(T), to the specific heat at 

low temperature, cv(T0), where T0 is the lower-most temperature data point in the SPECTRA 

Fluid Property Data Package (T0 = 270.0 K). In case of steam the internal energy is shown 

instead of the specific heat ratio. This is because steam properties are generated without using 

specific heat. The steam internal energy data table is obtained directly, while in case of all 

other gases the internal energy data tables are obtained by integrating the specific heat. 

 

• Dynamic viscosity. 

 

• Thermal conductivity. 

 

The above properties are shown for six gases available in the Fluid Property data tables, H2, He, H2O, 

N2, O2, CO2. 

 

• H2. 

Hydrogen properties are shown in Figure 3-3. It may be observed that in the range of 

parameters considered, hydrogen behaves very much like a perfect gas. Deviation from the 

perfect gas equation of state is below 10% in the considered pressure range. Almost no 

influence of pressure on the thermal properties is observed. 

 

• He 

Helium properties are shown in Figure 3-4. Helium, like hydrogen, behaves like a perfect gas. 

Deviation from the perfect gas equation of state is below 8% in the considered pressure range. 

Almost no influence of pressure on thermal properties is observed. 

 

• H2O 

Steam properties are shown in Figure 3-5. The compressibility of steam decreases close to 

the saturation line. In the subcooled steam range the density was extrapolated in such way that 

the compressibility smoothly levels with increasing subcooling. A similar extrapolation in the 

subcooled range was applied for the thermal conductivity. In case of internal energy and 

viscosity a simple linear extrapolation of properties in subcooled range is used. For practical 

application the extrapolated values are not important, since subcooled steam will quickly 

condense and only very small subcooling may be encountered. Nevertheless the data points 

in the data tables had to be filled. This was done to obtain reasonable and safe extrapolated 
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properties, so that, should a significant subcooling ever been encountered, the property 

calculating subroutines should not fail in calculating the state and the obtained values should 

be in reasonable agreement with the values expected based on observations. 

 

• N2 

Nitrogen properties are shown in Figure 3-6. Deviation from the perfect gas equation of state 

is, for the considered range of pressure, up to about 7 %. Some small influence of pressure on 

viscosity and thermal conductivity is observed, specifically for low temperatures. 

 

• O2 

Oxygen properties are shown in Figure 3-7. Deviation from the perfect gas equation of state 

is the largest for temperatures close to 0°C. At this temperature the maximum deviation is 

almost 10%. The influence of pressure on viscosity and thermal conductivity is similar to that 

observed for nitrogen. 

 

• CO2 

Carbon dioxide properties are shown in Figure 3-8. Deviation from the perfect gas equation 

of state is quite large for low temperatures. Above 200°C the deviation does not exceed 10%, 

but below that temperature it becomes larger. The influence of pressure on viscosity and 

thermal conductivity is significant especially below 200°C. 
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Figure 3-3 Properties of H2. 
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Figure 3-4 Properties of He. 
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Figure 3-5 Properties of H2O. 
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Figure 3-6 Properties of N2. 
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Figure 3-7 Properties of O2. 
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Figure 3-8 Properties of CO2. 
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3.5.2 Calculation of Gas Properties 

 

As mentioned above, the gas property subroutines are built based on the assumption that not only 

steam, but all gases are treated as real gases. One consequence of this assumption is that a simple 

relation between the gas partial pressure, pk, and the molar fraction, xk: 

 

pxp kk =  

 

is only approximately correct, and cannot be used to determine partial pressures of gases. The 

discussion below shows how the gas pressures are calculated from the basic definitions, using the gas 

property data tables described in the previous section. 

 

The following definitions are assumed: 

 

vccVMkgasofdensity

MMckgasoffractionmass

MVvmixturegasofvolumespecific

VMmixturegasofdensity

kkkk

kk

//

/

/1/

/

===

=

==

=







 

 

Mk mass of gas k, in given component (atmosphere or bubbles) in a Control Volume, (kg) 

M total mass of gases in given component of a Control Volume, (kg) 

V total volume of given component in a Control Volume, (m3) 

 

In the symbols used in this section the superscripts comp, referring to the component number, are 

skipped for simplicity. One has to remember that, since this section discusses the gas properties, the 

CV components to which it applies are the atmosphere and bubbles. 

 

Note that the definitions stated above are general, and are valid whether the gas is ideal or not. The 

gas property data tables provides the relation between the gas density and the gas partial pressure, as: 

 

),( Tpkkk  =  

 

where pk is the partial pressure of gas k, (Pa), and T is the temperature of gas mixture, (K). The meaning 

of the above equation is, that if temperature and all partial pressures are known, then the gas densities 

are obtained from the data tables, by a simple bi-linear interpolation between the tabulated points. (It 

should be noted that because of the shape of the density function: ρ~p; ρ~1/T, the density is 

interpolated in the pressure "direction", while 1/ρ is interpolated in the temperature "direction"). 

 

Similarly the internal energy of the mixture can be obtained by a straightforward bi-linear 

interpolation, if temperature and all partial pressures are known: 

 

),( Tpuu kkk =  
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In practice one has to solve an inverse problem: the gas densities are known (since the masses are 

known from the mass conservation equation), and the internal energy is known (from the energy 

conservation equation), and one needs to find the "state" of the mixture, that is to determine 

temperature, all partial pressures, and finally all physical properties of the mixture. In such case an 

iterative solution is needed. As a first step the temperature is guessed. Use is made of the following 

relations: 

( ) ( )krefGkk

N

k

kk TTTuuucu
gas

,

1

−=
=

 

 

TG first guess of gas temperature, (K) 

Tref, k reference temperature of gas k, (K) 

uk specific internal energy of gas k, (J/kg) 

 

The above equations lead to the following formula for the first guess of the gas temperature: 

 





=

=










+

=
gas

gas

N

k

k
k

N

k

kref
k

k

G

T

u
c

T
T

u
cu

T

1

1

,

 

 

As a next step, the total pressure and the individual gas partial pressures are guessed, using the perfect 

gas law, as: 

GkGk

G

G

pxp

v

RT
p

=

=

,

 

 

pG first guess of gas pressure, (Pa) 

pk,G first guess of a partial pressure of gas k, (K) 

R gas constant, (J/kg-K), obtained from: kk RcR =  

 

With the guessed values of the gas partial pressures, the temperature of mixture is calculated. This is 

done using the following relation: 


=

=
gasN

k

Gkkk Tpucu
1

, ),(  

 

Since the internal energy, u, is known, the temperature is obtained from the above equation, by 

performing inverse interpolation of the internal energy tables. 

 

With the calculated temperature and known gas densities, the partial pressures are calculated for each 

gas, by inverse interpolation of the density tables. The total pressure is then calculated as the sum of 

partial pressures. The calculated pressure is compared to the guessed value. If the relative difference 

between the calculated and assumed pressure is smaller than the convergence criterion, equal to 10–8, 

the iteration is terminated. If not, the calculated values of partial pressures are assumed as the next 

guess, and the procedure continues, by re-calculating the gas temperature by performing inverse 

interpolation of the internal energy tables, etc. Usually 5 to 10 iterations are sufficient to obtain the 

desired accuracy. 
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To provide an easy way of obtaining gas properties for any combination of input parameters, which 

may be encountered during the calculation procedure, five subroutines are provided, which use 

different methods to calculate gas properties. 

 

• Partial pressures and temperature as arguments (subroutine GASEQP): 

 

GASEQP Properties = f ( pk , T ) 

 

In this case properties are obtained by a bi-linear interpolation in the gas property data base. 

The method is very fast, since no iteration is required. The method is used for example during 

input processing, to get the properties of gases for which temperature and composition have 

been specified in the input data. 

 

• Specific volume, internal energy, and mass fractions as arguments (subroutine GASEQV): 

 

GASEQV Properties = f ( v , u , ck ) 

 

In this case iterative calculation is required. The calculation procedure is described above. 

This is the most frequently used method during transient calculations. The arguments: v, and 

ck, are obtained from the masses of all gases (using the definitions shown above). The masses 

are obtained from the mass balance. The energy balance provides the internal energy, u. 

 

• Pressure, temperature, and mass fractions as arguments (subroutine GASEQT): 

 

GASEQT Properties = f ( p , T , ck ) 

 

In this case iterative calculation is required. The calculation procedure is similar to the one 

described above. This subroutine is used frequently by the heat and mass transfer models, for 

example to obtain fluid properties at the film temperature, etc. It is also used for bubble 

property calculation, should GASEQV fail to obtain consistent results. The bubble component 

is the most difficult one to solve. As a result of huge overall area for heat and mass transfer, 

and practically no heat capacity, the equations for the bubble component are very "stiff". It 

sometimes happens that GASEQV fails to calculate bubble properties. In such case the 

subroutine GASEQT is used, as an emergency measure, to prevent time step cut and continue 

the iterations. The gas temperature, required by GASEQT, is set to the pool temperature (the 

bubble temperature is typically very close to the pool temperature). 

 

• Pressure, internal energy, and mass fractions as arguments (Subroutine GASEQU): 

 

GASEQU Properties = f ( p , u , ck ) 

 

This subroutine is used for the bubble thermodynamics calculation. During the first step in 

the thermodynamics calculation, the bubble properties are obtained from this subroutine, with 

the pressure determined by the current bubble submergence. During the final step the bubble 

properties are obtained in a "standard" way, from the GASEQV, described above. 

 

• Specific volume, temperature, and mass fractions as arguments (Subroutine GASEQC): 

 

GASEQU Properties = f ( v , T , ck ) 
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This subroutine is presently never used by the code, but has been built for completeness and 

for possible future use. 

 

All five subroutines provide the same results, within an accuracy determined by the iteration 

convergence criteria, which is a relative error of 10–8. This has been verified by extensive automatic 

testing of all five subroutines, in which a random number generator was used to provide input 

arguments. 

 

The parameters that are returned by the five subroutines are as follows. First, three out of the six 

parameters listed below (the remaining three are input arguments): 

 

Temperature, (K),    T 

Pressure, (Pa),     p 

Specific volume, (m3/kg),   v 

Specific internal energy, (J/kg),   u 

Partial pressures of individual gases, (Pa), pk 

Mass fractions of individual gases, (-),  ck 

 

Next, the following properties are obtained: 

 

Density, (kg/m3),    ρ 

Enthalpy, (J/kg),     h = u + p × v 

Viscosity, (kg/m/s),    μ 

Thermal conductivity, (W/m/K),   k 

Isobaric specific heat, (J/kg/K),   cp = h / T 

Isochoric specific heat, (J/kg/K),   cv = u / T 

Prandtl number, (-),    Pr = μ cp / k 

Thermal expansion coefficient, (1/K),  β = 1/T 

Diffusion coefficient, (m2/s),   D 

 

The properties of a gas mixture are not always easily obtained from the individual gas values. In case 

of internal energy it is assumed that the value for the gas mixture is simply equal to the average 

weighted by mass fractions: 


=

=
gasN

k

kk ucu
1

 

 

In case of thermal properties of gases the above assumption cannot be used and special procedures are 

needed. Below three methods are described, used to calculate: 

 

• Viscosity of gas mixture 

• Thermal conductivity of gas mixture 

• Diffusion coefficient in gas mixture 
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3.5.2.1 Viscosity of a Gas Mixture 

 

The viscosity of a mixture of gases is calculated using the method of Wilke [33]: 
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μmix viscosity of the gas mixture, (kg/m-s) 

μi viscosity of the gas i, (kg/m-s) 

xi mole fraction of gas i in the mixture, (-) 

Mw,i molar weight of the gas i, (kg/kmole) 

 

If the mole fractions, xi, are replaced by the mass fractions, ci, using the relation: 
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the equation becomes (see [46]): 
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This formula is used by the Fluid Property Package to calculate the dynamic viscosity of a gas mixture. 

 

3.5.2.2 Thermal Conductivity of a Gas Mixture 

 

The thermal conductivity of a mixture of gases is calculated using the relation proposed by Wassiljewa 

[34], modified by Mason and Saxena [36]: 
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ki is the individual thermal conductivity of gas i, and Φij is the same as above. Again the mole fractions 

are replaced by mass fractions and the final expression for the thermal conductivity of a mixture 

becomes [46]: 
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This formula is used by the Fluid Property Package to calculate thermal conductivity of a gas mixture. 

 

 

3.5.2.3 Diffusion Coefficient of a Gas Mixture 

 

The diffusion coefficient is calculated using the relation, sometimes called the Blanc's law, between 

the diffusion coefficient in the gas mixture and the binary diffusion coefficients [37], [31]. The 

equation is: 
1

1 ,

,

−


= −

−

















= 
gasN

ij
j jiC

j

mixiC
D

x
D  

 

DC,i-mix diffusion coefficient of the gas i in the gas mixture, (m2/s) 

DC,i-j binary diffusion coefficient for the i – j system, (m2/s) 

xj mole fraction of gas j in the mixture, (-) 

 

The method is general and may be used to calculate the diffusion coefficient for any gas present in 

the gas mixture. Currently the program calculates only diffusion coefficients for steam in the gas 

mixture, other coefficients are not needed. Steam diffusion coefficients are needed to calculate the 

Sherwood number, used in mass transfer correlations (see Chapter 7). 

 

The binary diffusion coefficients are calculated using the method of Fuller et al. [38]. The original 

equation of Fuller is: 
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The original equation was using diffusion coefficients in cm2/s, pressure in bar and temperature in 

K. In order to apply pressure in Pa the right hand side of the formula must be multiplied by 105. In 

order to obtain diffusion coefficients in m2/s the right hand side of the formula must be multiplied 

by 10–4. Thus the conversion factor to SI units is 10. Including the square root of 2 gives the total 

multiplier of 10/21/2 = 7.07, and the final value of the coefficient is 0.00143×7.07 = 1.011×10–2. The 

final equation is: 
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DC,i-j diffusion coefficient, (m2/s) 

T temperature, (K) 

p pressure, (Pa) 

Mw,i molar weight of gas i, (kg/kmole) 

Σi molecular diffusion volume of gas i, given in Table 3-5 

 

 

Table 3-5 Molar weights and molecular diffusion volumes 

Element MW Σ Compound MW Σ 

H2 

He 

H2O 

2.01588 

4.00260 

18.0153 

6.12 

2.67 

13.1 

N2 

O2 

CO2 

28.0134 

31.9988 

44.0098 

18.5 

16.3 

26.9 

 

 

Further discussion of the binary diffusion coefficients is provided in section 3.6.4. There are other 

methods of calculating diffusion coefficients. For example temperature correlations are being used. 

The correlations have usually the form: 

 

p

T
AD

B

C =  

 

In SPECTRA the method of Fuller and the Blanc’s law is used because they offer a general 

formulation, which is applicable for any gas mixture, while the correlations are given for a particular 

gas mixture. The correlations are used for example by MELCOR (RN Package, reference [46]), 

where two correlations are available, one for the steam-air mixtures and one for the steam-hydrogen 

mixtures. 

 

• Steam-air: 

p

T
DC

9.1
5107931.4 = −

 

• Steam-H2: 

p

T
DC

68.1
41060639.6 = −

 

 

Results of these correlations are compared to the results of the method applied in SPECTRA in 

Figure 3-9 and Figure 3-10. It is seen that a very good agreement is obtained. 
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Figure 3-9 Comparison of steam-air diffusion coefficients. 

 

 

 

Figure 3-10 Comparison of steam-H2 diffusion coefficients. 
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3.6 Gas Properties - User-Defined Gases 

 

On top of the built-in gases, user-defined gases are available. The total number of gases (built-in + 

user-defined) is 20. The user-defined gases are treated as semi-perfect gases. The perfect gas equation 

of state is used. The specific heat, the viscosity, and the thermal conductivity, are assumed to be 

functions of temperature. 

 

The user has to define the following parameters: 

 

• Molar weight, Mw, (kg/kmol) 

• Molecular diffusion volume, Σ, (-) 

• Specific heat, cp(T), (J/kg-K) 

• Viscosity, μ(T), (kg/m-s) 

• Thermal conductivity, k(T), (W/m-K) 

 

The data is used by the program to compute the following parameters: 

 

• Density, ρ(T, p), (kg/m3), section 3.6.1 

• Internal energy, u(T), (J/kg), section 3.6.2 

• Dynamic viscosity, μ(T), (kg/m-s), section 3.6.3 

• Thermal conductivity, k(T), (W/m-K), section 3.6.3 

• Diffusion coefficient, DC(T, p), section 3.6.4 

 

3.6.1 Equation of State, ρ(T, p) 

 

The ideal gas equation of state is used for all user-defined gases: 

 

RT

p
=  

ρ density, (kg/m3) 

p pressure, (Pa) 

T temperature, (K) 

R individual gas constant, (J/kg-K) 

 

The individual gas constant is obtained from: 

w

u

M

R
R =  

 

Ru universal gas constant (=8314.51), (J/kmol-K) 

Mw gas molar weight, (kg/kmol) 
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3.6.2 Internal Energy, u(T) 

 

The user has to provide a specific heat table, cp(T), and the value of the internal energy at the 

reference point, uref (T0) (J/kg). The specific heat is assumed to be a function of temperature only 

(influence of pressure on internal energy of the user-defined gases is ignored). This is justified for 

most gases (see for example the specific heat of H2 (Figure 3-3), He (Figure 3-4), N2 (Figure 3-6), O2 

(Figure 3-7). 

 

The reference point, T0, is assumed to be the first point in the specific heat data table. The internal 

energy is calculated by integrating the specific heat data provided by the user, as: 

 

 −+=

T

T

pref dTRTcuTu

0

'])'([)(  

 

R individual gas constant, (J/kg/K) 

 

 

3.6.3 Thermal Properties, Viscosity, μ(T), Conductivity, k(T) 

 

The thermal properties, dynamic viscosity and thermal conductivity, are calculated as functions of 

temperature (influence of pressure on the thermal properties of the user-defined gases is ignored). This 

is justified for most gases (see for example the viscosity and conductivity of H2 (Figure 3-3), He 

(Figure 3-4), N2 (Figure 3-6), O2 (Figure 3-7). 

 

The values of μ(T), k(T), are obtained from linear interpolation of the tabulated data. Once the values 

for individual gases are obtained, the mixture properties are obtained from the equations shown in 

sections 3.5.2.1 and 3.5.2.2. 

 

 

3.6.4 Binary Diffusion Coefficient, DC(T, p) 

 

The diffusion coefficient is calculated from (see section 3.5.2.3): 
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DC,i-j diffusion coefficient, (m2/s) 

T temperature, (K) 

p pressure, (Pa) 

Mw,i molar weight of gas i, (kg/kmol) 

Σi molecular diffusion volume of gas i, given in Table 3-6. The data shown in Table 3-6 has 

been used to develop the following correlations that may be used for other materials: 
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• elements:  
66.0

3.1~ wM  

• compounds:  
66.0

5.2~ wM  

 

Results obtained with the above correlations are shown in Figure 3-11 against the data from Table 

3-6. Once the values for the individual gases are obtained, the mixture properties are obtained from 

the equations shown in section 3.5.2.3. 

 

Table 3-6 Molar weights and molecular diffusion volumes ([31] Table 11-1, [32] page 1-7) 

Element MW Σ Compound MW Σ 

C 

H 

O 

N 

F 

Cl 

Br 

I 

S 

He 

Ne 

Ar 

Kr 

Xe 

12.01 

1.01 

16.00 

14.00 

19.00 

35.45 

79.90 

126.90 

32.06 

4.00 

20.18 

39.95 

83.80 

131.30 

15.90 

2.31 

6.11 

5.43 

14.70 

21.00 

21.90 

29.80 

22.90 

2.67 

5.98 

16.20 

24.50 

32.70 

H2 

D2 

N2 

O2 

Air 

CO 

CO2 

N2O 

NH3 

H2O 

SF4 

Cl2 

Br4 

SO2 

2.02 

4.03 

28.00 

32.00 

28.01 

28.80 

44.01 

44.00 

16.02 

18.02 

108.06 

70.91 

159.80 

64.06 

6.12 

6.84 

18.50 

16.30 

19.70 

18.0 

26.90 

35.90 

20.70 

13.10 

71.30 

38.40 

69.00 

41.80 

 

 

 

Figure 3-11 Diffusion volumes - data and correlations: Σ = 1.3·Mw
0.66, Σ = 2.5·Mw

0.66 
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4 Junction Package 

 

4.1 Introduction 

 

A Junction is a connection between two Control Volumes, through which fluids may be transported 

from one CV to another. No fluid volume is associated with a Junction itself. Consequently a Junction 

represents just an opening between two Control Volumes. Junctions are characterized by their flow 

area, flow direction, height (which is related to the flow direction), as well as momentum length, 

friction length etc. Since Junctions represent just openings, the bottom and top elevation of each 

junction must lie within the elevations of both Control Volumes which it connects. Examples of the 

junction connections are shown in Figure 4-1. 

 

 

Figure 4-1 Junction geometry 

 

This concept of a Junction is somewhat different than the concept of a Flow Path in the MELCOR 

code [46], where a Flow Path can be connected to the Control Volumes at different elevations. It is 

felt that, although the approach taken in MELCOR allows the user more flexibility in setting up a 

nodalization, it results in a somewhat non-physical treatment of fluid, which is transported 

instantaneously from one elevation to another (with no intermediate stage, since no mass is associated 

with a Flow Path). There are several implications of such treatment, which users are often unaware of, 

and which may lead to an inappropriate choice of the nodalization scheme. The present approach is 

considered safer and easier for physical interpretation. 

 

Consistent with the treatment within Control Volumes, the CV Junction Package recognizes four 

components: atmosphere, droplets, pool, and bubbles. All of these components are transported through 

a junction. The velocities of those components are determined differently in case of continuous 

components (atmosphere, pool) and dispersed components (droplets, bubbles). 
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In case of continuous components a momentum equation is written for each component flowing 

through a junction. The flow solution is performed by pressure linearization in order to obtain the 

"flow matrix", which allows to find simultaneously the flows in all junctions. The flow solution based 

on this concept is commonly applied in many computer codes, for example MELCOR [46], MAAP 

[47], etc. The flow solution method is described in section 4.2. Several special type junctions are not 

included in the flow solution matrix. Those are junctions with user defined flow, junctions where 

critical flow occurs, and junctions for which flow is forced by pumps or fans. The treatment of such 

junctions is given below, in sections 4.4 and 4.6. 

 

 

4.2 Junction Flows 

 

The description of the junction flow solution is provided in three parts. In the first part, shown in 

section 4.2.1, the method used to calculate the flows of continuous components, atmosphere and pool, 

is described. Next, the method to determine velocities of the dispersed components, is described in 

section 4.2.3. Finally, calculation of a pool level in a junction, and the flow areas for all components, 

is discussed in section 4.2.4. 

 

4.2.1 Flow Solution for Continuous Components - Method 1 - FFM 

 

Before the flow equation is introduced, a short discussion is needed to explain how the pressure 

distribution within a Control Volume is calculated. As mentioned in section 2.3, pressures in a Control 

Volume are defined at the pool-atmosphere interphase. The pressure at any other elevation, for 

example Z meters above the reference point, is typically obtained by taking into account the gravity 

head of the fluid column: 
ZpgpZp refref −= )()(   

 

where the subscript ref means value at the reference point (pool-atmosphere interphase, or CV bottom 

in absence of pool). In case of gas flows, the flows occur typically at very small pressure differences. 

In such case the formulation shown above may cause artificial circulation flows. Such flows may 

occur for example in case of two volumes, connected by two junctions at different elevations, as shown 

in Figure 4-2. 

 

In the case shown in Figure 4-2 (a) the bottom elevations of CV-1 and CV-2 are the same, and no flow 

occurs. However, if the bottom elevations are different, as in Figure 4-2 (b), then the pressures (defined 

in absence of pool at CV bottom) are slightly different in stable conditions (pCV-1 > pCV-2). This results 

in slightly different densities (ρCV-1 > ρCV-2), and finally different pressure gradients: (dp/dZ)CV-1 = gρCV-

1 > (dp/dZ)CV-2 = gρCV-2. This fact will cause circulation flow from CV-1 through JN-1 to CV-2, and 

back through JN-2, which will not decrease in time. 

 

The circulation flows described above are known as "phantom circulation flows" and have been 

observed also in the MAAP code [47]. 
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Figure 4-2 Nodalization for phantom circulation flow test 

 

 

The solution suggested in MAAP Manuals is the use of the following differential equation: 

 

)(
)(

refpg
dZ

Zdp
=  

 

Which for the ideal gas has the following solution: 
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This formulation is used in the SPECTRA code to determine the pressure change due to atmospheric 

static gravity head in a CV. The formulation allows to minimize the phantom circulation flows. 

 

The general concept of calculating the pressure correction due to static gravity heads for atmosphere 

and pool is illustrated in Figure 4-3. The elevation change is always taken between the reference point, 

and the center of that part of the junction, which is within the given component (atmosphere or pool). 

In case of atmosphere, the equation shown above is used. In case of pool, a simple form: gρZ, is used, 

in which the density is taken as an average of pool and bubbles. The final equations for the pressures 

at the junction elevation, in the upstream and downstream Control Volumes are: 
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Figure 4-3 Fluid pressure at junction elevation 

 

 

In the above equations subscripts U and D are used to indicate the Control Volumes upstream and 

downstream of junction JN respectively. Note that the reference pressures for atmosphere and pool of 

a Control Volume are the same (section 2.3). Therefore: 

 

atms
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The equations governing the flow of atmosphere and pool through junctions are derived from the basic 

one-dimensional equation of motion: 

 

= F
dt

mvd )(
 

 

where m is fluid mass, v is velocity, and ΣF is the sum of all forces acting on fluid. The equation is 

written for a fluid volume: AL, where A is the flow area (m2), and L is the momentum (or inertial) 

length (m). The momentum length and the total area of junction are input parameters. A discussion on 

defining the momentum length is provided in section 4.5. The value of the area for a given fluid 

component may change in time, as a consequence of a varying water level in the junction. If the 

derivative, dA/dt, can be neglected, then the equation is written as: 

 

= F
dt

dv
LA  

 

Three forces are taken into account in the equation. These are pressure force, wall friction, and 

interphase friction. 

ntifricpres FFFF ++=  
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The individual terms are equal to: 

 

• Pressure force 
)( DUpres ppAF −=  

 

where pU and pD are the upstream pressure and downstream pressures, equal to the reference 

pressures in the upstream and downstream CV's, corrected for the static gravity head, as 

shown above. 

 

• Wall friction 
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vv
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K form loss factor, (-), either constant or given by a Control Function 

fwall wall friction factor, (-), calculated as described in sections 4.3.1, 4.3.2 

ρ density, (kg/m3) 

Df diameter, (m), used for friction calculation, an input value for the code, which in 

general may be different than the "physical" diameter, which is used to determine 

bottom and top elevations 

Lf length, (m), used for friction calculation, an input value for the code, which in general 

may be different than the inertial length, L. A discussion on defining the friction 

length and the inertial length is provided in section 4.5. 

 

• Interphase friction 
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fint interphase friction factor, (-), calculated as described in section 4.3.3 

v– velocity of component with different phase (pool in the equation for atmosphere flow, 

and atmosphere in the equation for pool flow), (m/s) 

 

Finally, the momentum equations for atmosphere and pool flows in Junction No. i, are: 
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In the above equations the meaning of the superscript comp is atmosphere and pool, while the meaning 

of superscript –comp is pool and atmosphere respectively. 
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The momentum equations provide up to 2NJN equations, where NJN is the total number of junctions. 

In practice the number of equations is smaller, since not all junctions have simultaneous flow of 

atmosphere and pool, and some of the junctions (junctions with user specified flow, junctions with 

critical flow) are treated differently. Of course, since phenomena like two phase flow in a junction and 

the occurrence of critical flow are time dependent, also the total number of equations determining the 

flow solution varies in time. 

 

The method of solving the flow equations is based on pressure linearization which leads to, what is 

called in SPECTRA a “Full Flow Matrix” (FFM), and is shortly described below. Control Volume 

pressures are linearized, by introducing pressure derivatives, as: 

 
comp
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 pressure change of the component comp in CV caused by the mass source m 
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 pressure change of the component comp in CV caused by the energy source n 

 

Using the pressure derivatives, the end-of-time-step pressure in control volume CV, can be expanded 

as: 
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Here 
comp

CVp  is the the pressure at the beginning of the time step. The sums are over all mass sources 

and energy sources that may be present in a Control Volume. 

 

The first term in the sum of the mass sources represents the junction flow. This term is written 

separately as: 
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where the sum is taken over all junctions j, which are connected to, or from, the control volume CV. 

The symbol σj,CV is defined as follows: 
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The pressures are linearized for the upstream CV (CV=U), and the downstream CV (CV=D), and 

substituted into the momentum equation. The momentum equation becomes: 
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Note that in the above equation the subscripts U and D, mean everywhere the Control Volumes 

upstream and downstream of the junction i, and not the junction j. 

 

As may be easily noticed, the above equation defines a system of linear equations, with unknown 

junction component velocities, vi
comp. To obtain the formula for the matrix elements, the equation is 

re-written, by grouping all terms dependent on vi
comp on the left hand side, and all other terms on the 

right hand side. Additionally the whole equation is divided by: (ρi
compLi/Δt), and a use is made of the 

following relation: 
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These relations are valid only for junction i, since the subscripts U and D represent always Control 

Volumes upstream and downstream the junction i. The resulting equation has the form: 
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This equation set may be written shortly in a matrix form: 

 

BAv =  
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where A is a "junction flow matrix", consisting of the elements aij, described below, v is the vector of 

junction component velocities, vi
comp, and B is the right hand side vector, with elements bi, described 

below. 

 

The elements of the junction flow matrix A, aij, are equal to: 

 

• i = j: 
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The elements of the right hand side vector, B, are equal to: 
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The junction flow matrix is a typical, diagonally dominant matrix, with relatively few non-zero 

elements ("sparse matrix"). In the early versions of SPECTRA an iterative method - the bi-conjugate 

gradient method (section 17.4) - was used if the number of elements is large. Currently a non-iterative 

standard matrix solver (section 17.4) is applied. It was found out that the non-iterative solvers (Gauss-

Jordan elimination or LU decomposition) methods are safer; that means they always finds a solution, 

while the bi-conjugate method sometimes fails to obtain the solution. 

 

It should be mentioned that in the expression defining the elements of matrix A and vector B, the 

values of the pressure derivatives are calculated using the beginning of time step conditions, while the 

mass and energy transfer terms: Wm
comp, Qn

comp, are those at the end of time step, calculated in the main 

iteration to obtain implicit solution. This was done because it has been observed that the use of explicit 

(old time step) values for pressure derivatives, results in faster and better convergence of the flow 

solution. No mathematical proof, or any explanation can be given why this should be the case. This is 

a simple observation based on testing calculation. 

 

The method of calculating pressure derivatives is based on the assumption that gases may be treated 

as ideal gases. The complexity of the possible conditions that may be encountered during calculations 

lead to the fact that quite a large number of different formulae are used to calculate the pressure 

derivatives. In particular, each of the mass and energy sources, described in section 2.4, has its own 

pressure derivatives, defined for each of the four components. Below two simple cases are shown, to 

demonstrate the general method used to obtain the pressure derivatives. 

 

• Pressure derivative for liquid mass sources or sinks (∂p/∂Mliq) 
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As a first example a derivative is considered which is associated with a positive or negative 

source of liquid, for example in case of a tabular mass source. The pressure change in Control 

Volume is caused by a changing volume of gas, Vgas, as a result of liquid mass source, Mliq. 

The pressure derivative can be therefore written as: 
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To calculate the first derivative, the perfect gas equation of state is used: 
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where Rgas is the individual gas constant, and Tgas is the gas temperature. Differentiation with 

respect to the gas volume, Vgas, with Tgas  const., leads to: 
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The second derivative is obtained simply by observing that the change in gas volume is equal 

to the change in the water volume, taken with the negative sign: (∂Vgas/∂Mliq) = –(∂Vliq/∂Mliq). 

The change of the water volume, caused by adding Mliq kg of water, is equal to: Mliq/ρliq, so 

that: (∂Vliq/∂Mliq)=1/ρliq. Therefore the derivative of the gas volume is equal to: 
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The full derivative is equal to: 
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or finally: 
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The above formula defines pressure derivatives for the atmosphere component. In case of 

pool component, the formula is a little more complex. In that case one has to know whether 

the junction for which pressure derivative is written, is partly or fully below the water level. 

If that is the case, then the mass source of liquid results in an increasing pressure for pool 

flow, because of increasing the submergence of the junction. The additional term, caused by 

the hydrostatic head is given by: 



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

136  K6223/24.277594  MSt-2402 
































=



















liq

hydr

liq

hydr

M

Z

Z

p

M

p
 

The first derivative is determined as: 
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The second derivative is: 
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Therefore the hydrostatic derivative is: 
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The full derivative for partially or fully submerged junctions is: 

 

o JN below the water level: 
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o JN above the water level: 
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Note that even if the junction is above water level in the given CV, the derivative may still be 

needed, because the water level in the other CV may be high, and consequently pool flow 

through the junction will occur. 

 

• Pressure derivative for gas mass sources or sinks (∂p/∂Mgas) 

 

First, consider a negative gas source. Differentiation of the perfect gas equation of state gives: 
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In the above equation the effect of temperature change on pressure has been neglected, so that 

the derivative shown above is obtained for isothermal conditions. Theoretically the 

temperature effect could be taken into account by considering adiabatic conditions, rather than 

isothermal. This however would not improve the solution procedure, on the contrary it would 

make the solution worse. The reason is that the pressure change in a multi-compartment 

system is relatively slow. Typically inter-compartment flows of practically incompressible 

gas is observed. In other words, the gas disappearing in one negative source is replaced by 

approximately the same volume of gas, coming from other sources. Therefore the isothermal 



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  137 

assumption results in better pressure projection and faster convergence. This behavior has 

been observed in multiple test calculations. 

 

Next, consider a positive source of gas. This case is slightly more complex, since now the 

incoming gas may have a different temperature, and also a different composition (for example 

hydrogen flowing into a volume filled with air), and the pressure derivative is affected by the 

enthalpy of the incoming gas. In this case the pressure derivative is given by: 
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The subscript m refers to the source parameters, while the parameters in the Control Volume 

are given the subscript gas. The symbol cv represents isochoric specific volume (J/kg/K). 

 

Note that in case of the gas outflow from a Control Volume the source parameters are the 

same as the Control Volume parameters: Tm = Tgas, pm = p, ρm = ρgas, and the above equation 

becomes identical with the one shown above for the negative sources. 

 

Finally a few remarks should be made about the calculation of the friction terms: Cf, Cint. Those terms 

depend on the absolute value of junction velocities, and are calculated based on beginning of time step 

velocities, 
comp

iv . The Cf and Cint are treated in the flow solution matrix as constants, independent of 

the end of time step velocities, vi
comp. 

 

Limits are imposed on the values of Cf and Cint, to prevent the friction terms from being very small 

when the beginning of time step velocities are close to zero. The minimum value for the wall friction 

term, Cf, min, is set based on the steady state friction pressure drop. The velocity corresponding to the 

steady state pressure drop Δpi in junction i, is equal to: 
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The value of Cf, min is set to the value corresponding to the steady state pressure drop, multiplied by a 

constant factor, XCfm: 
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The default value of the multiplier XCfm is 1.0. The value may be re-defined in the input deck (see 

Volume 2). The minimum value for the interphase friction term, Cint, min, is set to a small positive 

number. Currently the value of 10–10 is used. 
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4.2.2 Flow Solution for Continuous Components - Method 2 - LFM 

 

The previous section describes the full flow solution, referred as a “Full Flow Matrix” (FFM). The 

present section describes the flow solution which leads to a “Limited Flow Matrix” (LFM). The Full 

Flow Matrix is always used at the beginning phase of the time step solution. In the subsequent 

iterations the FFM or the LFM may be solved, depending on the input parameter MSFMJN (see 

Volume 2). 

 

The general form of the momentum equation is the same as described in the previous section. 
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Here the subscripts i, U, D are used to for the junction, the upstream, and the downstream CV, 

respectively. Cacc is the acceleration pressure drop multiplier, equal to zero or one, depending on the 

activator IACCJN (see Volume 2), and Cf,i Cint,i are the wall friction and the interface friction terms, 

equal to:  
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In contrast to the FFM solution, which is the “first line of attack”, i.e. it must estimate the end-of-time-

step pressures based on the beginning-of-time-step values only, the LFM takes advantage of the end-

of-time-step pressures, already computed by FFM in the earlier iterations. The general approach of 

the LFM is to find what is a velocity correction needed to obtain a correct pressure drop over the 

junction. The velocity correction for a given junction i is defined as: 

 

)'( iii vvv −=  

 

Here vi’ is the velocity estimate obtained in the previous iterations (using FFM). In the FFM approach, 

the pressures are linearized around the beginning-of-time-step values. In the LFM approach the 

pressures are linearized around the end-of-time-step pressures, estimated earlier (by FFM). 
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Here pCV’ is the pressure obtained in earlier iterations (by using the FFM solution). Only the terms 

related to the junction flows (m=1) are taken into account in the linearization. The other terms (mass 

and energy transfers from solid surfaces, non-equilibrium mass transfers, interface transfers, etc. are 

assumed not to change since the previous iterations. 
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The ΔWm=1,CV is the mass flow correction corresponding to the velocity correction Δvi, and is obtained 

by summing the corrections for all junctions connected to given CV. Therefore the junction flow term 

is written as: 
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Here the sum is taken over all junctions j, which are connected to or from the control volume CV. The 

momentum equation becomes: 
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The values of Cf,i, Cint,i are calculated using the velocity obtained in previous iterations. 
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Similarly as in the case of FFM, in order to obtain the formula for the matrix elements, the equation is 

re-written, by grouping all terms dependent on the unknown velocities (vi , vj) on the left hand side, 

and all other terms on the right hand side. The resulting equation has the form: 

 

i
iiUDi

acciinti

Dj

jjj

D

Dj

Uj

jjj

U

Uj

DiUi

Dj

jjj

D

Dj

Uj

jjj

U

Uj

i
ii

intiif

v
t

Lvv
CvC

vtA
M

p
vtA

M

p

pp

vtA
M

p
vtA

M

p

v
t

L
CC





−

−
−+













+












−

−−=

=











+












−

−



++

−


















2

)(

''

''

)(

22

,,

,,

,,

,,

,,

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

140  K6223/24.277594  MSt-2402 

This equation set may be written shortly in a matrix form: 
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The elements of the matrix A, aij, are equal to: 
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Here use has been made of the relations: 
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The elements of the right hand side vector, B, are equal to: 
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The Limited Flow Matrix is a typical, diagonally dominant matrix. It is solved using the LU 

decomposition method. 
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4.2.3 Flow of Dispersed Components 

 

The calculation of discontinuous component velocities is based on the drift flux model ([48], chapter 

4) and is very similar to the calculation of vertical and horizontal velocities of dispersed components 

within the Control Volume (section 2.5.2). The derivation of the final form of the drift flux equation 

is presented in section 2.5.2. Here only the final equations are shown, and discussed. 

 

• Vertical junctions 

 

The velocities of discontinuous components in vertical junctions are calculated from: 
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The meaning of the symbols is described in section 2.5.2. The subscript v is used here to 

indicate vertical junctions. 

 

The values of Dcomp

v

Dcomp

v

Dcomp

v xvC ,, ,,0 
 depend on the flow regime, and are calculated differently 

for the bubbly and droplet flows, as described in section 2.6. The values may also be defined 

for each junction through input data. 

 

The positive flow direction in a vertical junction is defined in input data, and may be either 

upwards or downwards. Therefore, to preserve the applicability of the drift flux equation, the 

following calculation procedure is applied: 

 

o The "natural positive direction" for given components is identified, and the 

continuous component velocity is expressed for that direction. For example, in case 

of pool/bubble components the natural positive direction is upwards. If the junction 

direction is upwards, then velocities of those components remain the same. If the 

junction direction is downwards then the velocities are taken with reversed signs. 

 

o The drift flux equation is applied to calculate the dispersed component velocity. 

 

o The calculated velocity of the dispersed component is transformed back to the value 

appropriate for the actual junction positive direction. 

 

• Horizontal junctions 

 

The velocities of the discontinuous components in horizontal junctions are calculated from: 
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where the subscripts h mean horizontal junction. For the horizontal flow the values: 
Dcomp

h

Dcomp

h vC ,,0 , 
 are assumed to be equal to zero and one respectively, but may be changed for 

each junction by input. With the default values, the above equation reduces to:  
Ccomp

h

Dcomp

h vv =  

If the user wishes to obtain a constant velocity of the dispersed component in a horizontal 

junction, vhor, then the following values should be applied (see section 2.5.2): 
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With the above values the velocities of dispersed components will be equal to vhor, and the 

flow will always occur in positive direction. To obtain constant flow in negative direction the 

terminal velocity must be set to a negative number: 
hor

Dcomp

h vv −=,
 

 

4.2.4 Water Level in a Junction 

 

The junction flow matrix can be solved if all matrix coefficients are known. The matrix coefficients 

depend on the component flow areas, that means flow areas available for atmosphere and pool flow. 

The methods of determining the component flow areas are described in this section. 

 

The component flow areas are determined based on the water level in a junction. The junction water 

level in turn is calculated, as described below, based on water levels in the control volumes, as well as 

the component velocities in the junction. Beginning of time step velocities are used to determine the 

junction water level. 

 

The following approach is used to calculate the water level in junctions. 

 

In case when both atmosphere and pool velocities are in the same direction, the water level in the 

junction is the same as the water level in the control volume where the flow originates. If the velocities 

of atmosphere and pool are in different directions, then a counter-current flow limit is used to 

determine the water level in junctions. 

 

The procedure is illustrated in Figure 4-4. In the case (a) the whole junction area is available for the 

atmosphere flow, independently of the gas velocity. In the case (b) both atmosphere and pool velocities 

are from CV-1 to CV-2, and therefore the water level in the junction is the same as the water level in 

CV-1. In the case (c) the flow is again unidirectional, since no gas flow occurs. Consequently the 

whole junction area is available for pool flow. Possible back-flow of atmosphere is in such case 

considered, and a counter current flow limit is applied whenever the atmosphere pressure on the CV-

2 side of the junction is larger than the atmosphere pressure on the CV-1 side of the junction (including 

the hydrostatic head of water column above the top of the junction). 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  143 

 

Figure 4-4 Pool level in junctions 

 

 

In the case (d) the whole junction area is available for the pool flow, independently of the liquid 

velocity. Finally the last two cases represent the situations when the counter-current flow limit (CCFL) 

is applied. 

 

In the case (e) the water level in the junction is equal to: 
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where the counter-current flow limit, αCCFL, is defined by a criterion similar to that used in MELCOR 

[46]: 
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In the above formula Ccf is a constant, dependent on the flow direction. The default values of Ccf are 

0.1 for vertical flow and 10.0 for horizontal flow respectively. The values may be redefined for each 

junction through input data (Volume 2). Note that with the approach described above the component 

flow areas are smooth functions of the component velocities. When in case (e) the gas velocity 

approaches zero, then αCCFL → 0, and pool

CV

pool

JN ZZ 1−= , which is the same as the value obtained in case 

(b). 

 

Finally, in the case (f) the water level in the junction is equal to: 
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where ZJN
top is the junction top elevation. The limit, αCCFL, is calculated as above. Again, when the gas 

velocity approaches zero, then top

JN

pool

JN ZZ = , and the whole junction area becomes available for the 

pool flow, as in case (c). 

 

In the discussion above only horizontal junction was considered. The calculation procedure in the 

vertical junctions is very similar, the differences consist of a different value of the constant Ccf, and 

the values of the bottom and top junction elevations. In case of horizontal junctions the values are the 

same for the "from" and "to" volumes, and equal to: (ZJN – HJN/2), and (ZJN + HJN/2), respectively 

(Figure 4-5 a). 

 

 

 

Figure 4-5 Bottom and top elevations for horizontal and vertical junctions 
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In case of vertical junctions the values are different for the "from" and "to" volumes. Figure 4-5 (b) 

shows how the values of bottom and top elevation of junction JN in the control volumes CV-1 and 

CV-2, are defined. The values are: 
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In the above formulas HJN is the junction height, or the "opening height" of a junction. This is a user 

input parameter with the default value of: 
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where DJN is the junction diameter. 

 

When the pool level in the junction is determined, then the component flow areas are calculated from 

the following formulae: 
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AJN total junction flow area, (m2) 

XJN
atms fraction of area available for atmosphere flow, equal to: 
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XJN
pool fraction of area available for pool flow, equal to: 
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αdrop volumetric fraction of droplets in the junction, equal to the local droplet volumetric fraction 

in the CV where the droplet flow originates, at the elevation of the center point of this part of 

the junction which is above the CV water level. 

αbubb volumetric fraction of bubbles in the junction, equal to the local bubble volumetric fraction in 

the CV where the bubble flow originates, at the elevation of the center point of this part of the 

junction which is below the CV water level. 
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4.3 Friction Models 

 

4.3.1 Wall Friction 

 

4.3.1.1 Friction Factor Models 

 

Three models are available for the calculation of the single-phase wall friction factor. Those are: 

 

• Model for non-uniform wall roughness, with the Colebrook-White formula for the friction factor 

in fully developed turbulent flow. 

• Model for uniform wall roughness, with the Nikuradse formula for the friction factor in fully 

developed turbulent flow. 

• Simplified model, with the Blasius equation for smooth walls, and Prandtl-Nikuradse for rough 

walls. While the two models mentioned above require iterative calculation, this method gives a 

straightforward formula for the friction factor. 

 

The three models are shortly described below. The wall roughness for typical materials are given in 

Table 4-2. 

 

• Non-uniform roughness (most commercial pipes) 

 

 The model is based on [2]. Four regions are distinguished: laminar flow, two transition regions, 

and turbulent flow. 

 

 - Laminar flow: Re < Re0 = 0.0754exp( 0.0065/e ) 

  The meaning of the symbols used above is: Re - Reynolds number, e - relative equivalent 

roughness. In the laminar range the Hagen-Poiseuille law for circular tubes is used with a 

correction factor: 

 

Re

64 lam
wall

C
f


=  

 

  Here Clam is the correction factor for non-circular tube geometry, defined by the user. A 

minimum value of Reynolds number is imposed, Remin = 64. If Re < Remin then it is set to Remin. 

 

 - First transition region: Re0 < Re < Re1 = 1160/e 

  A log-linear interpolation is performed between the Hagen-Poiseuille law for Re0: f0 = 64/Re0, 

and the Samoilenko formula [3] for Re1. 

 

  The Samoilenko formula is: 
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  where: e1 - maximum of e and 0.007. 
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 - Second transition region: Re1 < Re < Re2 = 2090/e0.0635 

  A third order interpolation is performed between a value obtained from the Samoilenko formula 

for Re1, and a value obtained from the Colebrook-White formula for Re2. 

 

 - Turbulent flow: Re > Re2 

  The friction factor is calculated using the Colebrook-White formula [4]: 
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  Since fwall is given by an implicit formula, an iterative calculation is needed. The first guess for 

the iteration is obtained using the Prandtl-Nikuradse formula, valid for the stabilized turbulent 

flow (Re→), [5]: 
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 The final friction factors, calculated using the procedure described above, are shown in Figure 4-6. 

In the laminar range a linear decrease of the friction factor with increasing Re is observed in the 

logarithmic scale. In the first transition region the factor is still decreasing, but a number of different 

curves are obtained for different values of wall roughness. In the second transition region the 

friction factor increases with increasing Re. Finally a slow decrease of fwall with Re is observed in 

the turbulent region. 

 

• Uniform roughness 

 

 Three regions are distinguished: laminar, transition, and turbulent flow. 

 

 - Laminar flow, Re < Relam = 2000 

  In the laminar region the Hagen-Poiseuille law is used. As in case of non-uniform roughness a 

minimum value of Re is imposed: Remin = 64. 

 

 - Transition region, Relam  Re  Retur = 4000 

  In this region a third order interpolation is performed between the values of the laminar friction 

factor, flam, calculated from the Hagen-Poiseuille law for Re=Relam, and turbulent friction factor, 

ftur, calculated from the Nikuradse formula for Re=Retur. 

 

 - Turbulent region, Re > Retur 

  The friction factor is calculated using the Nikuradse equation [5]: 

 

( ) ( )  2

1010 logRelog
−

++= ecfbaf wallwall  

 

  the values of the constants a, b, c depend on the value of the product: (eRefwall
1/2), and are 

shown in Table 4-1. 
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Table 4-1 Coefficients in the Nikuradse equation for friction factor. 

e Re fwall
1/2 a b c 

3.6  10 

10  20 

20  40 

40  191.2 

> 191.2 

–0.800 

+0.068 

+1.538 

+2.471 

+1.138 

+2.000 

+1.130 

  0.000 

–0.588 

  0.000 

  0.000 

–0.870 

–2.000 

–2.588 

–2.000 

 

 

  Since fwall is given implicitly, an iterative calculation is needed. The first guess for the iteration 

is obtained using the Prandtl-Nikuradse formula: 
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 The values of friction factors are shown in Figure 4-7. It is seen that the friction factors calculated 

for uniform roughness are smaller than those obtained for non-uniform roughness for small 

Reynolds numbers. In the stabilized turbulent flow (Re→) the values are practically the same. 

 

• Simplified Model 

 

 Three regions are distinguished: laminar, transition, and turbulent flow. 

 

 - Laminar flow, Re < Relam = 2000 

  In the laminar region the Hagen-Poiseuille law is used. As in case of non-uniform roughness a 

minimum value of Re is imposed: Remin = 64. 

 

 - Transition region, Relam  Re  Retur = 4000 

  In this region a maximum value is used of laminar friction factor, flam, calculated from Hagen-

Poiseuille law for Re=Relam, and turbulent friction factor, ftur, calculated as shown below for 

Re=Retur. 

 

 - Turbulent region, Re > Retur 

  The friction factor is calculated as a maximum of the smooth and the rough wall models: 

  - Smooth walls, Blasius formula: 

25.0Re

3164.0
=smoothf  

 

  - Rough walls, Prandtl-Nikuradse formula, [5]: 
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 The values of friction factors are shown in Figure 4-8. The simple model gives a relatively good 

approximation of the friction factor, without the necessity of iterative calculation.  
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Figure 4-6 Friction factor, non-uniform roughness 

 

Figure 4-7 Friction factor, uniform roughness 

 

Figure 4-8 Friction factor, simplified model 
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4.3.1.2 Non-Uniform Roughness - Approximations of Colebrook-White Formula 

 

The Colebrook-White formula requires iteration, since the friction factor depends on itself: 
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Several approximations of the Colebrook-White formula have been developed and published in open 

literature, for example [222]. Two approximations are available in SPECTRA. These are discussed 

below. In each case only the turbulent correlation (Colebrook-White) is replaced by the 

approximation. The laminar and transition models are the same. 

 

• Beluco and Camano approximation [222]: 
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The friction factor calculated based on the Beluco and Camano approximation in the turbulent 

range is shown in Figure 4-10. For comparison, the results based on the Colebrook-White are 

shown in Figure 4-9. As shown in Volume 3, the average relative difference between the 

Beluco and Camano formula and the Colebrook-White formula is: 

 
%08.0=  

 

The agreement is excellent and the correlation is significantly faster in numerical calculations, 

therefore it is the default correlation in SPECTRA. 

 

• Churchill approximation is [222]: 
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The friction factor calculated based on the Churchill approximation in the turbulent range is 

shown in Figure 4-11. For comparison, the results based on the Colebrook-White are shown 

in Figure 4-9. As shown in Volume 3, the average relative difference between the Churchill 

formula and the Colebrook-White formula is: 

 
%7.4=  

 

This approximation is clearly not as good as the previous one, but since it is frequently used 

in engineering applications, it is available in SPECTRA. 
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Figure 4-9 Friction factor, non-uniform roughness, Colebrook-White formula 

 

Figure 4-10 Friction factor, non-uniform roughness, Beluco and Camano formula 

 

Figure 4-11 Friction factor, non-uniform roughness, Churchill formula 



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

152  K6223/24.277594  MSt-2402 

 

4.3.1.3 Surface Roughness of Materials 

 

The surface roughness for several typical materials are given in Table 4-2. 

 

Table 4-2 Wall roughness of typical materials [19]. 

 

Material 

Roughness 

ft m 

Drawn tubing 

Commercial steel pipe 

Galvanised iron 

Cast iron 

Riveted pipe 

0.000,005 

0.000,15 

0.000,5 

0.000,85 

0.003 - 0.03 

1.510-6 

4.610-5 

1.510-4 

2.610-4 

9.110-4 - 9.110-3 

 

 

4.3.2 Two-Phase Friction Factor and Form Loss Multipliers 

 

Two different two-phase multipliers are used by the code: the friction factor multiplier, Φf
2, and the 

form loss factor multiplier, ΦK
2. Those factors are used with the wall friction factor, fwall, and the form 

loss factor, K, respectively. The two-phase friction factor multipliers are used when pool and bubble 

components are present in the same junction. In such case both the friction factor and the form loss 

factor are multiplied by the appropriate two phase factor. In case of atmosphere/droplet flow through 

a junction no two phase multiplier is applied. 

 

Therefore: 
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Two models are available for calculation of the two-phase friction multiplier: Hancox-Nicoll, and 

Levy. Only one correlation, Griffith-Rohsenow, is available for the two-phase form loss multiplier. 

All these models are described below. 

 

• Hancocx-Nicoll correlation for Φf
2 

 

The Hancox-Nicoll correlation [50] is: 

 

 4/12/1

5/1

2 )1(111 XRXX
gas

liq

gas

liq

f −+



























−




























+=








 

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  153 

Φf
2 two-phase friction factor multiplier, (-) 

ρliq density of liquid, (kg/m3) 

ρgas density of gas, (kg/m3) 

ηliq viscosity of liquid, (kg/m-s) 

ηgas viscosity of gas, (kg/m-s) 

X quality, (-) 

 

The value of R is given by the formula: 

)000565.0exp(11.3 G
p

p
R

crit

sat −









−=  

 

psat saturation pressure, (Pa) 

pcrit critical pressure of water, (Pa), (equal to: 2.212×107 [31] 

G mass flux, (kg/m2/s). 

 

The constant multiplier in the exponent has been wrongly given as 0.0135 in the article [50]. 

The correct value is obtained by dividing 0.00276 in the Hancox' original report by 4.885, 

which is the conversion factor from British to SI units [51]. The value in the article was 

obtained by multiplying instead of dividing the original value by the conversion factor. 

 

• Levy correlation for Φf
2 

 

The Levy correlation [52] is: 
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Here α is the void fraction (volumetric fraction of bubbles in the pool). 

 

• Griffith-Rohsenow correlation for ΦK
2 

 

The Griffith-Rohsenow correlation [54] is: 

liq

liqgas
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vv
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vliq specific volume of liquid, (m3/kg) 

vgas specific volume of gas, (m3/kg) 

X quality, (-) 

rf empirical constant, tabulated values of rf are shown in [55], and are reproduced in 

Table 4-3. 
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Table 4-3 Values of rf for two phase loss factor multiplier (reproduced from [55], table 7.4). 

Fitting Pressure range Quality range (%) rf 

Bend-short 

Bend-short 

Bend-long 

Tee (serving as L) 

Gate valve 

Contractions 

Expansions 

p/pcrit < 0.15 

p/pcrit > 0.10 

p/pcrit > 0.10 

p/pcrit > 0.10 

p/pcrit < 0.10 

0.015 < p/pcrit < 1 

0.15 < p/pcrit < 1 

0 - 10 

0 - 50 

0 - 50 

0 - 50 

0 - 50 

0 - 50 

0 - 50 

1.5 

4.0 

2.2 

1.6 

1.5 

1.0 

1.1 

 

 

 

4.3.3 Interphase Friction 

 

The interphase friction factor is calculated based on the formula from [49]: 

 

)]1(751[005.0int −+=W allisf  

 

The definition of the friction factor applied in SPECTRA requires that the factor defined by the Wallis 

formula must be multiplied by 4: 

 

)013333.1(5.1)]1(751[02.04 intint  −=−+== W allisff  

 

The above formula is used in the code, with the void fraction defined as the ratio of the atmosphere 

flow area to the sum of the atmosphere and pool flow areas: α = Aatms/(Apool + Aatms). 

 

 

4.4 Critical Flow Model 

 

The approach to model the critical flow in junctions is somewhat similar to the approach taken in the 

MELCOR code [46]. After the solution of the junction flow matrix, the computed mass fluxes are 

compared with critical mass fluxes, to determine if choking should be imposed. The test is bypassed 

for junctions where velocities do not exceed a threshold of 10 m/s (this value may be changed through 

input, see Volume 2, record 260000). If the flow exceeds the critical value, then critical flow is 

imposed in the junction, the junction is eliminated from the flow solution matrix, and the flow solution 

is repeated. In such case the velocities in the critical junction are set by the critical flow model, as 

described below, and therefore are treated as constant (like for example junctions with user specified 

flow), independent of other junction flows. 

 

A special situation arises when after a flow solution is complete, more than one junction is calculated 

to be critical. In such cases setting velocities by the critical flow model in all those junctions at once 

would be wrong, because if the critical flow in one of them is taken into account, then the flow in other 

junctions may become subcritical. In such case the following procedure is applied. A junction is 

selected with the largest mass flux. Critical flow is set only in this junction, and the calculation of the 

junction flow matrix is repeated. If a supercritical flow is still encountered in another junction(s), then 

the procedure is repeated again. This is done until all critical junctions are identified. It has been found 

out in multiple test calculations that this procedure allows to identify correctly the critical junctions 

and provide an adequate flow solution. 
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The critical mass flux is calculated from: 

 

DLMoodycMc fGCG /, =  

 

Gc critical mass flux, (kg/m2-s), 

CM Moody coefficient (see [57]), the value of CM is by default equal to 0.70, but may be redefined 

for each junction by input data (Volume 2, record 210XXX). 

Gc, Moody critical mass flux, (kg/m2-s), calculated from the base model. The Moody model is used as 

the base critical flow model. 

fL/D influence of L/D (length to diameter) ratio, (-) 

 

The base critical flow model is an approximation of the Moody model [58]. The approximation 

formulae allow to obtain fast calculations and are in good agreement with the original model. In the 

two phase range the approximation is based on a recent conclusion, made by Gauntt et. al. [46]. It has 

been found out that the Moody model is very well approximated by interpolating an inverse of the 

mass averaged velocities between the saturated liquid and saturated vapor values (see section 4.4.3). 

In the subcooled and superheated regions approximation formulae have been developed to fit the data 

tabulated in RELAP-4 [59]. These approximation formulae represent very well (difference below 1 % 

- Volume 3) the exact data of the model. 

 

The equations of the critical flow model are shown below, in five sections. Section 4.4.1 presents the 

model used for subcooled water. Section 4.4.2 presents the model for gas flow. Section 4.4.3 presents 

the critical flow model for two-phase mixtures. Next, the method of calculating the influence of L/D 

on the critical flow is shown in section 4.4.4. Finally, section 4.4.5 shows the method of calculating 

the slip ratio, and setting the junction component velocities once the overall critical mass flux has been 

determined. 

 

 

4.4.1 Subcooled Liquid Critical Flow 

 

The subcooled liquid critical flow model uses an equation that approximates the Moody model 

subcooled flow data tables from RELAP-4 ([59], subroutine DATZ). The critical mass flux is 

calculated using the following equation: 

 

)]})(()(exp[1{)()( 0321, phhpApApAG liqc −−+=  

 

Here Gc,liq is the critical mass flux (kg/m2-s), p is the stagnation pressure (Pa), h is the stagnation 

enthalpy (J/kg). The coefficients A1, A2, A3, h0, are functions of pressure, and are tabulated for the 

pressure range: from 0.689×105 Pa to 165.0×105 Pa. Third order "smooth" interpolation (section 17.1) 

is performed to obtain the coefficients A1, B1, C1, h0, for the given pressure, p. The values of these 

coefficients, as calculated using the third order interpolation, are shown in Figure 4-12 and Figure 

4-13. 
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Figure 4-12 Coefficients A1 and A2, subcooled liquid critical flow correlation 

 

 

Figure 4-13 Coefficients A3 and h0, subcooled liquid critical flow correlation 
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The above correlation provides a good fit to the tables from RELAP-4. The difference between the 

calculated Gc and the value from the tables is typically below 1% (see Volume 3). 

 

Use of the correlation was preferred over other methods (tabulated data, as in RELAP-4; polynomial 

expansion, as in RETRAN (see [46]) or direct calculation of fluid properties and their derivatives, for 

the following reasons: 

 

• It is relatively simple, and simultaneously fast in calculations. 

• There are no discontinuities in the calculated critical flux Gc. 

• It has good extrapolation properties (see Volume 3). 

 

Comparison of the equation with the source table is shown in Figure 4-14. A more detailed comparison 

is shown in Volume 3, for the full pressure range, from 10 psia to 2400 psia (0.06895 - 16.55 MPa). 

It should be noted that although the original tables in RELAP-4 are in British units, the approximation 

equations, as well as the full model, are written completely in SI units. 

 

Figure 4-14 Subcooled liquid critical flow - SPECTRA correlation and data 

 

 

4.4.2 Critical Flow of a Gas Mixture 

 

In case of a gas mixture the critical flow model uses the perfect gas equation [60]: 
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Here ρ is the gas density, γ is the ratio of specific heats, γ = cp/cv. The values of the specific heats for 

a gas mixture are calculated by averaging the values for individual gases flowing through a junction, 

as follows: 

bubbvbubbatmsvatms

bubbpbubbatmspatms
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cp, atms specific heat at constant pressure for the atmosphere gas 

cv, atms specific heat at constant volume for the atmosphere gas 

cp, bubb specific heat at constant pressure for the bubble gas 

cv, bubb specific heat at constant volume for the bubble gas 

Watms mass flow, (kg/s) of the atmosphere gas 

Wbubb mass flow, (kg/s) of the bubble gas 

 

The individual specific heats for the atmosphere and bubble gas are obtained from a general gas 

mixture property procedure, described in section 3.5.2. For pure steam a correlation has been 

developed that provides a good fit to the Moody model data tables from RELAP-4. The superheated 

steam critical flow correlation is: 

0

,
hh

Cp
G steamc

−
=  

 

C and h0 are constants, equal to 1.427 (-) and 1.837×106 (J/kg), respectively. Although the correlation 

provides a very good fit to the Moody data tables (Figure 4-15), it is currently not used by the code, 

to avoid discontinuity in the model when a pure steam flow changes into a flow of a mixture of gases. 

Therefore the perfect gas equation is always used to calculate the critical flow of gas, and 

consequently: Gc, steam = Gc, gas. The perfect gas correlation gives very similar results to the superheated 

steam correlation, as shown in Volume 3. 

 

 

Figure 4-15 Superheated steam critical flow - SPECTRA correlation and data 
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4.4.3 Two-Phase Critical Flow 

 

The two phase critical flow model uses an interpolation between the pure liquid and the pure vapor 

critical flows. The equation given in [46] is used: 

 

gasc
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α void fraction, (-) 

Gc,liq critical mass flux for pure liquid, (kg/m2-s) 

Gc,gas critical mass flux for pure gas, (kg/m2-s) 

ρliq density of liquid phase, (kg/m3) 

ρgas density of gas phase, (kg/m3) 

ρ2φ mixture density, (kg/m3), equal to: ρ2φ = ( 1 – α ) ρliq + α ρgas 

 

The equation states that the inverse of the mass averaged velocity in critical flow is a linear function 

of void fraction [46]. It was found out by Gauntt et al. that this interpolation provides an extremely 

good fit to the Moody critical flow tables from RELAP-4 (see [46], CVH/FL Package Reference 

Manual, figure C.1). 

 

 

4.4.4 Influence of L/D 

 

In case of critical discharge of low quality fluids through a pipe, there is a strong influence of the ratio 

of tube length to diameter, L/D, on the flow rate. This fact is taken into account in the model by the 

L/D multiplier on critical flow, fL/D, defined as the ratio of the mass flux for the actual L/D ratio to the 

value obtained for L/D → ∞: 
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The values of L and D are specified for each junction in input data (the values of friction length and 

diameter: Lf, Df are used). In case of the pure liquid flow the multiplier, fL/D, X = 0, is calculated based on 

the data of Fauske [61]. The Fauske data give critical flow rates for L/D between 0 and 40, and 

pressures up to 2000 psig, for saturated water discharge through a tube with an inside diameter of 0.25 

in. 

 

The values of fL/D, X = 0 were tabulated using the data from [61], using the last point (L/D = 40) as a 

reference point. It is assumed that for L/D > 40 the critical flow is the same as for L/D = 40. Thus the 

tabulated values were calculated from: 
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Fauske

DLcG /,
 critical mass flux for the length-to-diameter ratio equal to L/D, taken from the Fauske 

data, (lb/ft2-s) 
Fauske

DLcG 40/, =
 critical mass flux for the length-to-diameter ratio equal to 40, taken from the Fauske 

data, (lb/ft2-s) 

 

The values of saturated liquid multipliers, fL/D, X=0, are shown in Table 4-4. 

 

Table 4-4 The values of L/D multipliers for pure liquid 

L/D 0.0 3.0 8.0 12.0 16.0 40.0 

fL/D(X=0) 2.46 1.77 1.16 1.08 1.05 1.00 

 

 

The influence of the L/D ratio is observed only in case of pure liquid or low quality two-phase flow. 

Based on the experimental data shown in [57] the quality below which the L/D effect becomes visible 

has been estimated as 0.02. 

 

The calculation of the multiplier, fL/D, is performed as follows: 

 

▪ Pure liquid, quality: X ≤ 0.0 

The multiplier is calculated using the linear interpolation of the tabulated data (Table 4-4). 

 

▪ Low quality mixture, 0.0 < X < 0.02 

The multiplier is calculated using the logarithmic, third order (smooth) interpolation. The 

interpolation is performed between the pure liquid value (for X = 0.0), and 1.0 (for X = 0.02): 
2

loglog0,/0,// )0.20.3)(0.1( −−+= == XDLXDLDL fff  

 

log is a logarithmic interpolation factor, defined as: 

 

0.10.0)0.90.1(log log10log +=  lin
 

 

lin is a linear interpolation factor, defined as: 

 

0.10.0
minmax

min 
−

−
= linlin

XX

XX
  

 

with Xmin and Xmax equal to 0.0 and 0.02, respectively. As shown in Volume 3, this 

interpolation allows to obtain good agreement with experimental data. 

 

▪ High quality mixture, X ≥ 0.02 

There is no influence of L/D. The multiplier, fL/D, is set to 1.0. 
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Figure 4-16 L/D multiplier, fL/D 

 

 

The values of the multiplier, fL/D, calculated as described above, are plotted in Figure 4-16, for qualities 

between 0.0 and 0.02. 

 

 

4.4.5 Slip Ratio, Component Velocities 

 

The critical flow model calculates the overall mass flux through a critical junction, Gc. When the mass 

flux is known, individual velocities must be assigned to all components which may flow through a 

junction. The Junction Package distinguishes four components: atmosphere, droplets, pool, and 

bubbles. This section describes how the velocities of those components are determined in a critical 

junction. 

 

First, it is assumed that a critical junction has only two velocities: the gas velocity and the liquid 

velocity. Thus, it is assumed that if both atmosphere and bubbles flow through the critical junction, 

their velocities are the same. Similarly, if both pool and droplets are present, then their velocities are 

the same: 

droppoolliq

bubbatmsgas
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vgas gas velocity, (m/s) 

vliq liquid velocity, (m/s) 

vatms velocity applied for the atmosphere flow in a junction, (m/s) 

vbubb velocity applied for the bubble flow in a junction, (m/s) 

vpool velocity applied for the pool flow in a junction, (m/s) 

vdrop velocity applied for the droplet flow in a junction, (m/s) 
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The velocities vgas and vliq have to fulfill the following relation: 

 

cJNgasdropdroppoolpoolliqbubbbubbatmsatms GAvAAvAA =+++ )()(   

 

AJN is the total flow area of the junction and Gc is the critical mass flux. The above equation must be 

fulfilled if the total flow through the junction has to be equal to the critical flow. To determine vgas and 

vliq one more equation is needed. It is assumed that the ratio between vgas and vliq (slip ratio) is known 

(it is calculated based on a modified Moody model, as shown below). Thus the second equation is: 

S
v

v

liq
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Here S is the slip ratio, (-). The above two equations are solved for vgas, vliq, as follows. The areas of 

gas and liquid flows are defined as: 

droppoolliq

bubbatmsgas

AAA

AAA

+=

+=
 

 

Similarly the products: (area times density) for the gas and liquid flows, are defined as: 
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Using those definitions the equation set is written in somewhat shorter form: 

 

cJNliqliqgasgas GAvAvA =+ )()(   

Svv liqgas =  

 

This equation set is solved for vgas, vliq, to give: 
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The above equations are used to determine the individual velocities of components. The value of the 

slip ratio, S, is calculated using a modified Moody model. In the original Moody model the slip ratio 

is equal to: 

3 / gasliqS =  
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The slip ratio is quite difficult to calculate. Several models have been proposed in the past: [58], [61], 

[53], etc. Reference [55] presents comparison of experimental data of Henry [56] with predictions of 

several models (see [55], section 11.4.3.2). Experiments indicate that S is a little below 10, decreases 

with increasing void fraction, α, and S→1 when α→1 (see Figure 4-17). The Levy's model, S~α(1/2), 

gives S→1 when α→1. Both the Moody model, S=(ρliq/ρgas)(1/3), and the Henry model, S=(ρliq/ρgas)(1/2), 

give S independent of the void fraction. In the presented example the Moody model gives S8, which 

is in good agreement with the experiment for α0.3. The Henry model gives S23, which is too high. 

 

The comparison leads to a general conclusion that it is very difficult to obtain correct prediction of 

slip ratio. "The question of slip ratio is still unanswered" [55]. 

 

 

 

Figure 4-17 Comparison of experimental and theoretical slip ratios [55] 

 

 

The method applied in SPECTRA is based on the Moody model. One reason for selecting the Moody 

slip ratio is to be consistent with the rest of the critical flow model, which is also based on the Moody 

theory. The other reason is the fact that, as can be observed in Figure 4-17, the model gives reasonably 

good prediction for the middle values of void fractions. For the extreme values of void fractions: α→0 

and α→1, it is expected that the slip ratio should approach unity: S→1. This condition has to be 

fulfilled by the model, otherwise the calculated values of critical velocities will suffer strong 

discontinuities during transient calculations. Consequently the results will not only be difficult for 

physical interpretation but may be also difficult for numerical solution. 

 

Therefore it was decided to modify the original Moody model, to obtain S→1 for α→0 and α→1, and 

thus allow "smooth calculations". A multiplier f is introduced and the slip ratio is defined as: 

 

fSS Moody −+= )1(1  
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The function defining the multiplier f has been selected as follows: 

 

)1(4 YYf −=  

where: 

)1(2  −=Y  

 

With this formulation the value of S is practically equal to SMoody in the range 0.3 < α < 0.7, and 

decreases smoothly to 1.0 for α→0 and α→1, as shown in Figure 4-18. 

 

 

 

 

Figure 4-18 Slip ratios, Moody model and modified Moody model 

 

 

 

Gas and liquid velocities, calculated with the Moody model and the modified model, are shown in 

Figure 4-19 and Figure 4-20 respectively. When the modified Moody model is used, both liquid and 

gas velocities are becoming equal for nearly single phase flows. Therefore: 
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This is clearly seen in Figure 4-20. 
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Figure 4-19 Gas and liquid velocities - slip ratio from the Moody model. 

 

 

 

Figure 4-20 Gas and liquid velocities - slip ratio from the modified Moody model. 
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4.4.6 User-Defined Critical Flow 

 

The critical flow model, described in the previous sections, is applicable for steam-water flow or gas 

mixtures. The user-defined flow, described in this section, is intended for alternative fluids (liquid 

metals) or sensitivity calculations. The critical mass flux is obtained from: 
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Gc,liq critical mass flux for pure liquid, (kg/m2-s) 

Gc,gas critical mass flux for pure gas, (kg/m2-s) 

ρliq density of liquid phase, (kg/m3) 

ρgas density of gas phase, (kg/m3) 

cliq critical velocity of the liquid phase, (m/s) 

cgas critical velocity of the gas phase, (m/s) 

 

The critical velocities must be defined by the user for the gas and the liquid phase. This is done using 

Tabular Functions giving the speed of sound as a function of the fluid temperature: 

 

)( gasgasgas Tfc =  

)( liqliqliq Tfc =  

 

Here fgas and fliq are user-defined Tabular Functions (see Volume 2, record 262000). The following 

limits are imposed internally on the values obtained from the Tabular Functions: 

 
6100.1  gasc  

6100.1  liqc  

 

In case of a two phase flow in a junction the procedure described in section 4.4.3 is applied: 
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α void fraction, (-) 

ρ2φ mixture density, (kg/m3), equal to: ρ2φ = ( 1 – α ) ρliq + α ρgas 

 

The final expression is: 
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4.5 Momentum Length and Friction Length 

 

SPECTRA, like many other system thermal-hydraulic codes (e.g. MELCOR, MAAP) distinguishes 

between the momentum (or inertial) length and the friction length. Both parameters must be defined 

by the user in the input deck. This section provides a short discussion on the meaning of those 

parameters and the methods to define them. 

 

• Momentum length 

 

The momentum length determines the inertia of the fluid. In general, the fluid acceleration term is 

given by m dv/dt, where m is the fluid mass (kg), v is the fluid velocity (m/s). The fluid mass is equal 

to m = ρV, where ρ is the fluid density (kg/m3) and V is the fluid volume. The parameter that is used 

by the code is the momentum length, Lm, defined such that the product of the junction area A (m2) and 

the momentum length Lm, is the volume of fluid that is being accelerated: 

 

mLAV =  

 

This is the volume between the centers of the control volumes that are connected by the junction. The 

fluid acceleration term is in the code given by: 

 

dt

dv
LA m   

 

The momentum length, Lm, is always equal to the sum of half-lengths of the connected fluid volumes, 

as shown below. As a simple example, we take the case 1, shown in Figure 4-21. The cross section 

area is the same for the junction and the two connected volumes. The fluid volume is equal to: 

 

22

221121 LALAVV +
=

+
 

 

Since A1 = A2 = A, the fluid volume between the CV centers is equal to: 

 

2

21 LL
A

+
  

 

Since the fluid volume is in the code defined as A·Lm, we have: 

 

22

21 LL
Lm +=  

 

A more general case is shown in the case 2 in Figure 4-21. In this case each flow area is different. 

Furthermore, there is a small part length with the junction area. This could be for example a thick 

orifice or wall thickness in case JN-1 represents door, hatch, etc. Since JN represents an opening and 

does not by itself contain any volume, this volume (V) must be included in one or both Control 

Volumes that are connected by this junction. 
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Figure 4-21 Momentum length and friction length of a Junction 

 

 

In this case fluids are accelerated differently in CV-1 and CV-2 and in the junction region. The fluid 

acceleration term is given by: 
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Taken that A1 v1 = A2 v2 = A v , we have: 
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Therefore: 
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and: 
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Finally, let’s consider a more general case, with multiple junctions connected to a single control 

volume. The case is shown as Case 3 in Figure 4-21. The acceleration term for the junction JN-1 is 

written by assuming an imaginary line, shown in Figure 4-21 as dashed line. The fluid acceleration 

term is given by: 
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dt

dv
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2
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The position of the imaginary division line depends on relative flows in the JN-1 and the junction 

connecting CV-3. Quite independently of the location of the division line, we have a general relation: 

A1 v1 = A2' v2 = A v. Therefore: 

 

dt

dvLL
LA

dt

dvAL

dt

dvAL

dt

dv
AL 








++=








++

2222

2121   

The final result is: 

22

21 LL
LLm ++=  

 

We may conclude that, independently of the geometry, the momentum length is always determined 

by the above formula. Assuming that the small volume at the JN is negligible, compared to the 

volumes of the connected Control Volumes, this may be written using volumes and CV flow areas: 
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• Friction length 

 

The friction length is used in the friction pressure drop calculation: 
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Let’s consider first the case 1, shown in Figure 4-21. The pressure loss from volume center to volume 

center is given by: 
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In this case A = A1 = A2 and v = v1 = v2 , therefore: 
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Therefore: 
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Next, let’s consider the more general case 2 in Figure 4-21. In this case each flow area is different. 

The friction loss term: 

22222
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is rewritten using: 
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We obtain: 
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If we multiply the numerator and the denominator by the junction diameter, D, we obtain: 
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Consequently, the friction length is in this case given by: 
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This formula, written using volumes and CV flow areas, gives for the Case 2: 
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Finally, we consider the case 3 in Figure 4-21. The solution is the same as above, except that A2 is 

replaced by A2'. Therefore: 
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Here the solution depends on the imaginary dividing line and therefore, the exact solution cannot be 

found in general. Assuming the same flow in both junctions of the case 3, we have A2' ≈ A2/2. A 

practically important case in N channels entering the reactor plenum. In such case A2' ≈ A2/N, and the 

formula for Case 3 is: 

 
2

222

2

2

111

1

22 



















+




















+=

A

NA

D

D

A

V

A

A

D

D

A

V
LL f  

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  171 

 

The user may select an option to calculate the momentum lengths and the friction lengths by the code 

(see Volume 2, input parameter IMFLJN). In such case the code uses the following formulae (Case 3 

is not considered): 
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Example 1: 

 

In this example, junction JN-001 connects two pieces of identical pipe; each has length of 0.5 m 

and diameter of 0.1 m. This situation is that of case 1 in Figure 4-22 (a). Therefore, the momentum 

length and the friction length are calculated from the following equations: 
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In this case both the momentum length and the friction length are equal. 

 

 

Figure 4-22 Geometry of (a) Example 1, (b) Example 2 
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Example 2: 

 

In the example, junction JN-001 represents a door between control volumes CV-001 and CV-

002. The door is 1 m wide and 2 m high. The flow area is 2.0 m2. The wall thickness is 0.1 m. 

The two connected rooms are 3 m by 3 m area and are 3 m height. Therefore the cross section 

area is 9 m2 and the volume is 27 m3. This situation is that of case 1 in Figure 4-22 (b). Therefore 

the momentum length and the friction length are calculated from the following equations: 

 

• Momentum length: 
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The length of the opening is equal to the wall thickness, L = 0.1 m. The volumes are V1 = V2 = 27.0 

m3. The momentum length is equal to: 
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• Friction length: 
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The hydraulic diameter of the control volumes are equal to D1 = D2 = 4×9.0/12.0 = 3.0 m, where 12.0 

is the wetted perimeter of the rooms (control volumes). The hydraulic diameter of the junction is equal 

to D = 4×2.0/6.0 = 1.33 m, where 6.0 is the wetted perimeter of the door (junction). The friction length 

is equal to: 
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It is seen that in this case: 

 

• the major contribution to the momentum length is coming from the control volumes, 

• the major contribution to the friction length is coming from the junction. 
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4.6 Additional Models 

 

Several additional models are available in CV Junction Package. In order to model in a simple way 

forced flow (pumps, compressors), junctions with user defined flow may be used. Such junctions are 

described in section 4.6.1. For a more detailed analysis of pumps, compressors, fans, etc., a pump 

model is available, described in section 4.6.2. A turbine model is described in section 4.6.3. A valve 

model, described in section 4.6.5, allows to model check valves, motor operated valves, etc. Finally, 

the flow composition parameters, described in section 4.6.6, may be used to limit the flow of one or 

several gases in a gas mixture. 

 

 

4.6.1 User-Defined Flow 

 

Flows through any junction may be defined by the user, either as a Tabular Function of time, or as a 

Control Function of any argument in the program data base. The flows of atmosphere and pool, Watms, 

Wpool, are defined independently, by different Tabular or Control Functions. The velocities of these 

components are calculated as: 

poolpool

pool

pool

atmsatms

atms
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where ρcomp and Acomp are the densities and flow areas of the components in the control volume where 

the flow originates. The component flow areas are calculated based on the junction water level. The 

water level in the junction is assumed to be equal to the water level in the control volume where the 

pool flow originates. If the flow area of a given component is zero, then also the flow is equal to zero, 

independently of the value specified by tabular or control function. In other words, there will be no 

pool flow if the water level in the source CV is below the junction lower edge elevation, and no 

atmosphere flow if the level is above the upper edge elevation. To avoid discontinuities in the model, 

an interpolation zone is defined, so that the flow decreases smoothly to zero, when the component 

flow area decreases to zero. This is done as follows: 
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The subscript TF,CF means the value obtained from tabular or control function. Amin is the minimum 

area for which actual flow is still equal to that obtained from tabular or control function. The value of 

Amin is set to 10% of the full junction flow area. 
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With the above definition of mass flows, the junction velocities are equal to: 
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The velocities decrease linearly to zero with component flow area decreasing to zero. The dependence 

of velocity on the component flow area is illustrated in Figure 4-23. 

 

 

 

Figure 4-23 Velocity versus flow area for a given component. 

 

The velocity calculation is illustrated by the following example problem. The model consists of two 

control volumes, CV-001 and CV-002, as shown in Figure 4-24. The volumes are connected by a 

horizontal junction, with an opening height of 1.0 m (elevations between 4.5 and 5.5 m). The initial 

water level in CV-001 is 4.0 m, 0.5 below the lower edge of junction JN-001. A mass source is present 

in CV-001, which adds 100 kg/s of water into CV-001. 

 

The junction JN-1 is a user defined junction with flows specified by Tabular Functions, TF-001 and 

TF-002, as constants, equal to: Watms = TF-001 = –0.1 kg/s, Wpool =TF-002 = 10.0 kg/s. 

 

Results are shown in Figure 4-24, Figure 4-25, and Figure 4-26. Initially the water level in CV-001 

is too low, and there is no pool flow through JN-001 although the value imposed by the Tabular 

Function is 10 kg/s. Due to the mass source of 100 kg/s, the water level in CV-001 rises, and at about 

16 s the water level reaches bottom of JN-001 and pool flow begins. For about 1 s the flow is governed 

by the low component flow area interpolation, described above. At about 17 s the atmosphere flow 

area is greater than Amin, and the full flow of 10 kg/s is observed. About 10 seconds later the pool level 

in CV-001 approaches the top of JN-001. Initially the atmosphere velocity increases, to provide the 

requested atmosphere flow in spite of the decreasing atmosphere flow area. When the atmosphere 

flow area reaches Amin, both atmosphere velocity and flow decrease, to reach zero when the junction 

is completely covered by water on the CV-001 side, and the atmosphere flow area is equal to zero. 
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Note that the definition of the junction pool level in a user defined junction is simplified, compared to 

the "normal" junction. Therefore when the pool level in CV-001 is above the junction top elevation, 

then no atmosphere flow occurs, although in the normal junction it would still be possible, and would 

be determined by the counter-current flow limit, as described in section 4.2.4 (Figure 4-4.f). 

 

The above discussion was related to the flow of continuous components. The dispersed components 

are also transported through junctions with user defined flow, if they are present upstream the junction. 

The transport of dispersed components is performed using the drift flux equation, the same as in case 

of regular junctions (section 4.2.3). Thus, when the velocities of the continuous components are 

determined using the method described above, the velocities of the dispersed components are obtained 

from: 
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where the superscript Dcomp means dispersed component (droplets, bubbles), while the superscript 

Ccomp means the corresponding continuous component (atmosphere, pool). The methods of 

determining the drift model constants, DcompDcompDcomp xCv ,, 0
, are described in section 2.6. 

 

 

 

 

 

Figure 4-24 Water levels, JN with user-defined flow 
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Figure 4-25 Mass flows of atmosphere and pool, JN with user-defined flow 

 

 

 

 

Figure 4-26 Velocities of atmosphere and pool, JN with user-defined flow 
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4.6.2 Pump/Compressor Model 

 

Two models are available for pumps/compressors in SPECTRA. The first model (Type 1) simply sets 

the flow in junction based on the pressure difference across the junction and the user-defined maps. 

The second model (Type 2) calculates the pressure head based on the user-defined maps and then uses 

the general momentum equation to calculate the flow. Type 1 is seldom used. This was the first pump 

model applied in an early version of SPECTRA, and it is preserved in the code to keep compatibility 

with earlier input decks. Type 2 is generally recommended, because it is physically correct, while 

Type 1 is only an approximation valid for quasi-stationary conditions. Moreover Type 2 offers several 

additional capabilities, like: 

 

• More flexible map generation (there are more map defining parameters that can be specified 

by the user - exponents a, b, c). 

• Internal power calculation. When Type 1 is used, the user must define Control Functions to 

define power entering the fluid. A set of recommended functions had been provided in the 

manual to an early SPECTRA version. When Type 2 is used, the power that enters the fluid 

is calculated internally by the code, using efficiency tables. 

• Speed can be calculated using a rotor inertia equation.  

 

The discussion below explains how a pump/compressor map is defined using relatively few input 

parameters. The pump maps are discussed basically for the Type 2 pumps/compressors. The Type 1 

model has the same maps, except that the exponents a, b, c have fixed values, and cannot be changed 

by the user. 

 

4.6.2.1 Approach 

 

The basic approach in the SPECTRA code is quite different than in codes such as RELAP, TRAC, 

etc. These codes require the user to provide data tables specifying maps for all possible conditions 

(four quadrant curves - see [45]). Alternatively, they offer built-in curves for typical pumps (Bingham 

Westinghouse pump curves are available in RELAP). 

 

In general, it is quite difficult to find sufficient data to determine the four quadrant curves; specifically 

the data for reverse speed and reverse flow are typically not available from the manufacturer. The 

required input data is extensive; the user must provide a sufficient amount of data to cover all possible 

conditions, even if some conditions are never expected to occur. Consequently users of RELAP or 

TRAC typically prefer to use the built-in maps. Thus the modelling is either tedious or not flexible. 

 

The pump/compressor model in SPECTRA was designed to provide flexible modelling, while 

simultaneously limiting the amount of effort in input data preparation. The pump/compressor maps 

are approximated by a standard equation, which is built into the code. The coefficients in this equation 

are defined by the user. The user has therefore to define only a few input parameters that will provide 

the full pump/compressor map. 

 

The pump/compressor map is approximated in SPECTRA by a parabolic equation. The shape of map 

depends on the user-defined parameters, such as V0, CRS, CRF, CDS, CVS and exponents a, b, c. The 

user-defined parameters and their effect on the pressure head are illustrated in Figure 4-27. 
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Figure 4-27 Influence of input parameters: CP, CRS, CDS, CVS, on the pump map. 

 

 

Note that in the previous code versions CP was the pump/compressor input parameter, instead of V0. 

This was changed in order to make the pump/compressor input parameters the same as the turbine 

input parameters. There is a simple relation between CP and V0. The relation is shown in the section 

describing the input parameters (Volume 2), so the user can easily convert old input decks. 

 

The user must in each case check his maps. This is done quite simply. A test run is set up, with a pump 

in between two volumes with time dependent conditions. The conditions should be selected in such a 

way as to force the pump to operate in the range that needs to be plotted to create a full map. Several 

identical pumps may be set, each operating with different speed. The resulting flow and pressure head 

(or pressure ratio) of each pump are then plotted. Instead of plotting them against time ( V=f(t), ΔP=f(t) 

), they are plotted against each other ( ΔP=f(V) ). In this way maps with curves for several different 

pump/compressor speeds are obtained. Such maps are discussed in section 4.6.2.3. Examples of input 

files for creating such maps are given in Volume 3. 

 

Section 4.6.2.2 shows definitions of reduced (dimensionless) parameters, which are being used with 

the pump/compressor maps. The discussion of the pump/compressor maps is provided in two parts. 

In the first part (section 4.6.2.3) an "ideal" map is described, that is a map based on parabolic equation, 

in which surge does not appear (surge degradation factor, CDS = 1.0). The second part (section 4.6.2.4) 

describes how the surge is modelled. Finally section 4.6.2.5 shows how the pump/compressor power 

is calculated. 
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4.6.2.2 Reduced Parameters 

 

The reduced (dimensionless) parameters, which are being used with the pump/compressor maps, are: 

• Reduced speed, ωR, 

• Reduced flow, VR. 

• Reduced pressure head PR, or reduced pressure ratio, ΠR. 

 

The user has several options as to how these parameters are defined. The available definitions are 

discussed below. 

 

Reduced speed, ωR 

 

The reduced speed ωR, is calculated based on the user defined nominal speed, ωN, (s–1), and eventually 

the nominal temperature TN, (K). If the nominal temperature, TN, is not specified, then the reduced 

speed is defined as: 
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If a nominal temperature, TN, is specified, then the reduced speed is defined as: 
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In the above definitions ω is the pump speed and T is the temperature at the inlet to the 

pump/compressor. The first definition is appropriate for typical pumps (see for example [62]), while 

the second is appropriate for typical gas compressors (see for example [63]). 

 

Reduced flow, VR 

 

The reduced flow VR, is calculated based on the user defined nominal volumetric flow, VN, (m3/s) and 

eventually the nominal temperature TN, the nominal fluid velocity, vN, the nominal gas constant, RN. 

Several options are available. 

 

▪ Option 1 

If only the nominal flow, VN, is entered, then the reduced flow is defined as: 
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▪ Option 2 

If a nominal temperature, TN, is specified, then the reduced flow is defined as: 
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▪ Option 3 

If a nominal fluid velocity, vN, is specified, then the reduced flow is defined as: 
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▪ Option 4 

Finally, if a nominal gas constant, RN, is specified, then the reduced flow is defined as: 
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In the above definitions V is the pump volumetric flow, T is the gas temperature at the inlet to the 

pump, v is the fluid velocity in the pump/compressor. R and cp are the perfect gas constant and the 

specific heat at constant pressure for the gas mixture flowing through the pump/compressor. 

 

The first definition (option 1) is appropriate for typical pumps (see for example [62]). The last 

definition (option 4) is appropriate for typical gas compressors, as will be shown below. The 

intermediate definitions are approximations of the exact formula for compressors. 

 

In case of gas compressors, the maps are frequently defined using so called, “corrected flow”, Wcorr, 

defined as (see for example [63]): 
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Where W is the mass flow, Ttot is the total temperature (based on the enthalpy, h=cp T, and the kinetic 

energy, v2/2), and ptot is the total pressure (static, p, and dynamic, ρv2/2). The above formula can be 

transformed as follows: 
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In the above transformation use was made of the perfect gas law: p = ρRT, and the relation W=ρV. 

The above formula is written in SPECTRA in a dimensionless form, by replacing each dimensional 

parameter by the ratio of the parameter and it’s nominal value. The result is: 
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The above formula is identical to the last formula for VR. Therefore the option 4 gives a dimensionless 

form of the corrected flow, Wcorr. 

 

If the gas composition does not change during calculations, then the gas constant R is always equal to 

RN, and the gas constant ratio can be removed from the formula. Therefore option 3 is accurate as long 

as the gas composition does not change. If additionally the dynamic terms can be neglected compared 

to the static terms, then the terms with velocity squared disappear and option 2 may be used. 

Summarizing, the following options may be used to calculate the reduced flow: 

 

▪ Option 1, appropriate for pumps, 

▪ Option 2, appropriate for compressors with no gas composition changes and dynamic terms 

neglected. 

▪ Option 3, appropriate for compressors with no gas composition changes. 

▪ Option 4, appropriate for compressors without any restrictions and simplifications. 

 

Reduced pressure head PR, or reduced pressure ratio, ΠR 

 

The user can define either the nominal pressure head (Pa), or the nominal pressure ratio, (-). If the 

nominal pressure head, ΔPN, is specified, then the pump/compressor map uses the reduced pressure 

head, ΔPR, defined as: 
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P
P  

 

If the nominal pressure ratio, ΠN is specified, then the pump/compressor map uses the reduced pressure 

ratio, ΠR, defined as: 















=

N

R  

 

In the above definitions ΔP and Π are the pressure head and the pressure ratio respectively. If the 

pressure ratio is used, then the reduced pressure head, ΔPR, is replaced by (Π–1)/(ΠR–1). 
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4.6.2.3 Pump/Compressor Maps - Ideal Maps with no Surge 

 

Definitions and detailed descriptions of all parameters are provided in the User’s Guide (Volume 2). 

Below a short description is provided how each parameter affects the shape of the pump/compressor 

pressure head. The pump/compressor model is based on the map, which is approximated by the 

following equation: 

 

( ) c

R

b

RPRF

a

RPRSR VCCCCP  1−=   

 

ΔP Reduced pressure head, (-). If the nominal pressure ratio, ΠN, is specified, the nominal 

pressure head is equal to: ΔPN(t)=(ΠN–1)·P0(t), where P0(t) is the current pressure upstream 

the pump. In this case the reduced pressure head, ΔPR, in the above formula is replaced by 

(Π–1)/(ΠN–1), where Π=(ΔP/P0+1), ΔP is the actual pressure head in (Pa), and ΠN is the 

nominal pressure ratio (input parameter) that is related to the nominal pressure head, ΔPN(t) 

(time-dependent) by ΠN =ΔPN(t)/P0(t) +1 

VR Reduced pump flow, (-) 

ωR Reduced pump speed, (-). 

CP Constant defining the shape of pressure head in pump map, (-), CP > 1.0. The value of CP is 

related to the input parameters VN (VFNPJN), and V0 (VF0PJN), as: 

CP = (V0/VN)c / ((V0/VN)c – 1) 

CRS Degradation factor for reverse speed, (-) 

ω>0.0: CRS = 1.0 

ω<0.0: CRS is given by a user-defined parameter 

CRF Degradation factor for reverse flow, (-) 

V>0.0: CRF = 1.0  

V<0.0: CRF is given by a user-defined parameter 

a First exponent (default value of 2.0). 

b Second exponent (default value of 1.0). 

c Third exponent (default value of 2.0). 

 

In the above equation the sign is – in case of positive flow, and + in case of negative flow. The 

parameters V0, CRS, CRF, a, b, c, are user-defined. The influence of these parameters on the shape of 

pump map is discussed below. 

 

Influence of CP (V0/VN) on the pump map is shown in Figure 4-28. The following nominal parameters 

were used to make the plot. 

     ΔPN = 1.0105 Pa 

     VN = 1.0 m3/s 

     ωN = 50.0 s-1 

 

Figure 4-28 shows pressure heads made for values of V0/VN between 10.0 (corresponding CP of 1.01) 

and 1.01 (corresponding CP of 50.8). The corresponding values of CP, calculated for the default value 

of the exponent c (c=2.0) are shown below: 

  V0/VN = 10.0  CP = 1.01   

  V0/VN = 3.3  CP = 1.10   

  V0/VN = 2.0  CP = 1.33  (typical water pump) 

  V0/VN = 1.2  CP = 3.27  (typical gas compressor) 

  V0/VN = 1.01  CP = 50.8  (piston pump) 
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Figure 4-28 Influence of the parameter V0, on the pump maps 

 

 

It is seen that when V0/VN is very small (V0/VN=1.01) then the pressure head makes a nearly vertical 

line. This means that the pump flow is nearly constant, independently of the pressure head. This shape 

is typical for the piston pumps. When V0/VN is very large, the pressure head line becomes flat. (If the 

Type 1 pump is used, then very large values of V0/VN may also cause numerical solution problems - 

the flow is quite sensitive to any pressure changes.). 

 

The influence of the degradation factor for reverse flow, CRF, on the pump map is illustrated in Figure 

4-29. The value of CRF affects the pump map only in the reverse flow range. If the default value is 

used (CRF = 1.0) then the pressure head lines in the negative flow range are symmetrical to the lines in 

the positive flow range. If CRF < 1.0 then the pressure head lines in the negative flow are flatter than 

in the positive flow. If CRF > 1.0 then the pressure head lines in the negative flow are steeper than in 

the positive flow. Comparison with the pump map from RELAP-5 [45], shown in Volume 3, shows 

that the latter value is appropriate to represent the pump map from RELAP-5. 

 

The influence of the degradation factor for reverse speed, CRS, on the pump map is illustrated in Figure 

4-30 through Figure 4-33. The figures show pump maps on the ω-V diagram for several different 

pressure heads, ranging from –1.0 bar to +1.0 bar. The pump nominal values assumed to plot the maps 

shown in these figures are: 

 

     ΔPN = 1.0105 Pa, 

     VN = 1.0 m3/s, 

     ωN = 50.0 s-1. 
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Figure 4-29 Influence of the parameter CRF, on the pump maps 

 

 

Figure 4-30 shows the pump map for CRS = 0.1. This is the map of a typical centrifugal pump (such 

as built-in RELAP code - compare [45], figure 8-1, constant head lines). It is seen that when the pump 

speed is reversed the lines bend to the right, which means the flow tends to be in the positive direction, 

although it is smaller than in case of the positive pump speed. 

 

To illustrate the influence of CRS, the pump map for CRS = 1.0 is shown in Figure 4-31. The lines are 

symmetrical with respect to the horizontal axis, which means the pump behaves exactly the same when 

it turns forward or reverse. Such pumps do not exist in practice. Theoretically one could build such a 

pump if the blades were made flat, and several outlet collectors were placed symmetrically around the 

pump. The pump would have to look something like the one shown in Figure 4-31. Such a pump 

would of course be very inefficient, and the example is shown here only to illustrate the influence of 

CRS on the shape of the pump map. 

 

The above two examples show that for the centrifugal machines (pumps, centrifugal compressors or 

centrifugal fans) an appropriate value of CRS is positive and less than 1.0: 

 

0.10.0:  RSCpumpslcentrifuga  

 

It is observed that with decreasing CRS the lines of the pump map become more vertical in the negative 

pump speed range. 

 

Figure 4-32 shows the pump map for CRS = –0.1. This is a map of an axial pump/compressor. When 

the pump speed is reversed, the flow also reverses. 
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Figure 4-33 shows the pump map for CRS = –1.0. For this value the lines are symmetrical with respect 

to the coordinate centre. That means when the pump speed is reversed the behaviour is the same as if 

it was placed in the opposite direction and running forward. An example of such pump is a simple, 

low efficiency axial fan, with flat blades. 

 

The above two examples show that for the axial machines (typical compressors, fans) an appropriate 

value of CRS is negative, and not smaller than –1.0: 

 

0.00.1: − RSCpumpsaxial  

 

It is observed that with decreasing absolute value of CRS the lines of the pump map become more 

vertical in the negative pump speed range. 

 

The maps discussed above were produced using the value of exponents: a=2.0, b=0.0 (default settings 

for the Type 1 pump). Comparisons with typical pump and compressors maps show that a better value 

for the exponent b is 0.5 - 1.0. Figure 4-34 and Figure 4-35 show two maps for a=2.0, b=0.5. The first 

map (Figure 4-34) is a “centrifugal pump” map, with CRS = +0.1. The second map (Figure 4-35) is an 

“axial pump” map, with CRS = –0.1. The value of b=1.0 is a default setting for the Type 2 pump (the 

pump type recommended for general use). When b > 0.0 the pressure head is equal to zero when the 

pump/compressor speed is zero. This is more realistic than having a non-zero head with zero speed, 

which is the case when b = 0.0. 

 

The influence of the exponents a, b, c, on the pump maps is shown in Figure 4-36 through Figure 

4-41. The Type 1 pump settings (a=2.0, b=0.0) are shown in Figure 4-36. With these values of 

exponents the pressure head lines run approximately parallel, and never cross. See also the turbine 

map with the same a, b, section 4.6.3. Note that compared to the pump/compressor maps, the turbine 

maps are “upside-down” because of the different definition of the turbine pressure ratio (inverse). 

 

Figure 4-37 shows the pressure head lines for (a=2.0, b=1.0). The lines cross each other in negative 

head range, which is not visible here, but will be clearly visible in the turbine maps - see section 4.6.3, 

Figure 4-54. Note that compared to the pump/compressor maps, the turbine maps are “upside-down”. 

 

Figure 4-38 shows the pressure head lines for (a=2.0, b=2.0). The lines cross each other in the same 

point, at the value of pressure head equal to zero. This is not visible here, but will be clearly visible in 

the turbine maps (see section 4.6.3, Figure 4-55 - note that compared to the pump/compressor maps, 

the turbine maps are “upside-down”). 

 

Figure 4-39 shows the pressure head lines for (a=3.0, b=1.0). Comparison of Figure 4-37 and Figure 

4-39 shows that increasing the value of a one obtains a pump that is more sensitive to the speed 

changes, i.e. a certain (say 10%) change of speed running at nominal conditions results in larger change 

of the pressure head. 

 

The influence of the exponent c on the pump/compressor map is shown in Figure 4-40 and Figure 

4-41. These figures show the maps obtained with the exponent c equal to 3.0 (default value is 2.0), 

and all other parameters being the same as shown in Figure 4-36 and Figure 4-37. Thus the influence 

of the exponent c is seen by comparing Figure 4-40 with Figure 4-36, and Figure 4-41 with Figure 

4-37. 
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Figure 4-30 Influence of CRS on the map, CRS =0.1 (typical centrifugal pump). 

 

 

 

Figure 4-31 Influence of CRS, on the maps.CRS =1.0 (theoretical centrifugal “pump”). 
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Figure 4-32 Influence of CRS, on the pump maps.CRS =0.1 (typical axial pump) 

 

 

 

Figure 4-33 Influence of CRS, on the pump maps, CRS =–1.0 (theoretical axial “pump”). 
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Figure 4-34 Influence of CRS, on the pump maps, CRS =0.1 (a=2.0, b=0.5, c=2.0) 

 

 

 

Figure 4-35 Influence of CRS, on the pump maps, CRS =–0.1 (a=2.0, b=0.5, c=2.0) 
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Figure 4-36 Influence of exponents on map, a=2.0, b=0.0, c=2.0 (Type 1 pump). 

 

 

 

Figure 4-37 Influence of exponents on map, a=2.0, b=1.0, c=2.0 (default for Type 2 pump). 
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Figure 4-38 Influence of exponents on map, a=2.0, b=2.0, c=2.0. 

 

 

 

Figure 4-39 Influence of exponents on map, a=3.0, b=1.0, c=2.0. 
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Figure 4-40 Influence of exponents on map, a=2.0, b=0.0, c=3.0 (compare Figure 4-36). 

 

 

 

Figure 4-41 Influence of exponents on map, a=2.0, b=1.0, c=3.0 (compare Figure 4-37). 

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

192  K6223/24.277594  MSt-2402 

Negative values of the exponent b, although generally not recommended, was found useful for 

matching some compressor map data. If b < 0.0, then the term with ωR
b is becoming large when the 

speed is small, giving unrealistically large pump head or compressor pressure ratio for a slowly turning 

machine. To prevent this a limit is imposed on ωR
b: ωR

b < ωlim
b. For lower speeds the term is linearly 

interpolated to give zero for zero speed (see Figure 4-42). The default value of ωlim
b is equal to 10.0. 

The data in Figure 4-42 is shown for the limit equal to 2.0. The pump/compressor map for the 

parameter b equal to –1.0 is shown in Figure 4-43. Comparison with Figure 4-41 shows how the map 

changes when the value of b is changed from +1.0 to –1.0. 

 

 

 

Figure 4-42 Influence of the limit B-LIM in case of negative b. 

 

 

Figure 4-43 Influence of exponents on map, a=2.0, b=–1.0, c=3.0 (compare Figure 4-41). 
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4.6.2.4 Pump/Compressor Maps - Degradation of Head (Surge Model) 

 

In the low flow range the machines such as compressors typically lose their capability to provide head. 

This is called “surge”. In case of pumps the maps are close to the ideal maps, shown above. However, 

even in case of pumps a small decrease of head in low flow range is typically observed - see Volume 

3 - comparison with pump model from RELAP-5. 

 

In SPECTRA three input parameters are introduced in order to model the pump/compressor behavior 

in the low flow range. These are: 

 

CVS relative volumetric flow at which degradation begins, defined as a ratio of the flow at which 

surge starts to the flow at zero pressure head at nominal speed (see Figure 4-27). 

CDS degradation factor, defined as the ratio of the degraded pressure head at zero flow to the un-

degraded pressure head at zero flow (resulting from the un-degraded pump/compressor 

model equation - see Figure 4-27). 

s exponent in surge region interpolation. 

 

The low flow region (the surge region) is defined as a region where the volumetric flow is: 
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In the low flow range the pump head is decreased by introducing an effective speed, ω’, defined as: 
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Substituting the above formula into the pump/compressor model equation, shown in section 4.6.2.3, 

one obtains the formula applied in the low flow (surge) region: 
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In the above equation the sign is – in case of positive flow, and + in case of negative flow. The 

influence of the surge parameters CVS and CDS. is discussed first for a typical compressor. Next, 

examples of a typical pump are shown and the influence of the exponent s on the stability of the pump 

is discussed. 

 

For the next case a very small degradation factor was assumed: 

 relative flow:   CVS = 0.7, 

 degradation factor  CDS = 0.01. 

 

Such a small value of CDS is appropriate for gas compressors. The value of the constant CP has been 

chosen as 3.0 (typical compressor). With this value of CP the lines are relatively steep (CP ~ 1.3 for 

typical pump maps - see discussion below), and the relative flow for surge, CVS, is large (0.7) compared 

to a typical pump (~0.3 - see discussion below). The resulting pressure head map is shown in Figure 

4-44. 
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Figure 4-44 Influence of surge parameters on map, CDS=0.01, CVS=0.7, (V0/VN=1.2). 

 

 

 

Figure 4-45 Influence of surge parameters on map, CDS=0.01, CVS=f(ω), (V0/VN=1.2). 
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The equation determining the pump/compressor map implies that at the nominal speed (ωR=1.0), VN, 

is related to V0 by (see Figure 4-27): 
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The relative flow for surge is typically smaller than the nominal flow, thus: 
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Therefore:  for CP = 1.3  CVS < 0.480 

   for CP = 3.0  CVS < 0.816 

 

If CVS is greater than the limit defined by the above formula, the code issues a warning message. 

 

The next example is presented to illustrate the ability of the user to specify a variable surge limit: CVS 

= f(ω). All the parameters are the same as above, except for the CVS. In the present case the value is 

tabulated, as shown in the table below. 

 

Table 4-5 Example of volumetric flow limit for surge as a function of speed. 

ω/ωN 0.20 0.40 0.60 0.80 1.00 

CVS 0.55 0.60 0.65 0.70 0.75 

 

 

The results are shown in Figure 4-45. The pressure head lines are very similar to those observed in 

Figure 4-48. The only difference is the location of the surge limit. In Figure 4-45 the surge limit varies 

from 0.55 to 0.75, depending on the speed, while in Figure 4-44 it is constant and equal to 0.7. 

 

The next examples show maps with low values of the degradation factor. Such maps are appropriate 

for typical water pumps. Before the pump examples are shown, a short discussion is presented on the 

stability of pump characteristics. The pump map has locally unstable characteristics if there is a region 

where the pressure head decreases with decreasing fluid flow. In this region stable operation of the 

pump is impossible; the fluid flow will oscillate between the two points bounding the unstable part of 

the map. 

 

In order to obtain conditions for stable pump characteristics, it is important to find out what is the 

pressure head at zero flow, compared to the pressure head at the surge point. The pump/compressor 

pressure head at zero flow is equal to: 
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The surge point flow is equal to: 
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surge
C

V
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Using the relation between VN and V0: 
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the relative flow at surge can be expressed as: 

 
c

P

P

c

b

R

a

R
VS

N

surge

N

surge

C

C
C

V

V

V

V

V

V
/1/1

0

0 1









−











=




















=














 

 

The pressure head at the surge point is therefore equal to: 
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The pressure head at zero flow is equal to the pressure head at the surge point if: 

 

)1( c
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a

RPDS
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RP CCCC −=   

or: 
c

VSDS CC −= 1  

 

If the head at zero flow is smaller than the pressure head at the surge point, then there will certainly 

be an unstable region in the pump map. The necessary condition to obtain a stable pump is therefore: 

CDS  1 – CVS
c . As will be shown below, this condition is not sufficient to obtain a stable pump. A 

proper value of the exponent s is needed to ensure a fully stable pump map. 

 

The example cases presented below were calculated using the default value of V0/VN = 2.0 (typical 

centrifugal pump). In the first case the value of CVS was set to 0.3 (This value is still somewhat too 

high compared to a typical pump - see Volume 3 - but it gives a more clearly visible unstable region.) 

 relative flow:   CVS = 0.3, 

 

To obtain a stable map, the value of CDS must be greater than or equal to 1 – 0.32 = 0.91. The first 

example was run with this value: 

 

 degradation factor  CDS = 0.91. 

 

The resulting pressure head map is shown in Figure 4-46. It is seen that although the pressure head at 

the surge point and at the zero flow are the same, there is an unstable region in the pump map. The 

unstable region is marked in the figure. 
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Figure 4-46 Influence of surge parameters, CDS=0.91, CVS=0.3, s=1.0, (V0/VN=2.0). 

 

 

Figure 4-47 Influence of surge parameters, CDS=0.95, CVS=0.3, s=1.0, (V0/VN=2.0). 
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Figure 4-48 Influence of surge parameters on map, CDS=0.91, CVS=0.3, s=0.5, (V0/VN=2.0). 

 

 

Figure 4-49 Influence of surge parameters on map, CDS=0.95, CVS=0.3, s=0.5, (V0/VN=2.0). 
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In the next example the degradation factor was set to a higher value: 

 

 degradation factor  CDS = 0.95. 

 

The resulting pressure head map is shown in Figure 4-47. It is seen that the unstable region still exists, 

although it is smaller than in the previous case. 

 

The next two cases were run with the same degradation factors, namely 0.91 and 0.95 respectively, 

but with the exponent s decreased from 1.0 (the default value) to 0.5. The results are shown in Figure 

4-48 and Figure 4-49. It is seen that there is no unstable region in both maps. 

 

It is interesting to note that the map shown in Figure 4-48 is similar to the pump map applied in the 

MELCOR code (see [46], Reference Manual, CVH/FL Package). MELCOR however does not take 

into account a change of the pressure head with the pump speed; the pump is simply on (nominal 

speed) or off (zero pressure head). Moreover in MELCOR the pump head does not change in negative 

speed range, so the MELCOR model and the model shown in Figure 4-48 are identical provided that 

a check valve is present, prohibiting backflow through the pump. 

 

The above examples show that in order to obtain a stable map the exponent s should be set to 0.5. The 

default value of s (1.0) was selected because this is most appropriate for gas compressors, and the 

surge model is of primary importance for gas compressors. If s = 0.5 is used for the example shown 

in Figure 4-44, then the pressure head will become negative in the low flow range - see the example 

case shown in Figure 4-50. 

 

 

 

Figure 4-50 Influence of surge parameters on map, CDS=0.01, CVS=0.7, s=0.5, (V0/VN=2.0). 
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The use of the exponent s in order to provide a stable map may be important in analyses involving 

typical pumps. For example, the pump model applied in RELAP-5 [45] is best approximated using a 

stable map, with s = 0.5 - see Volume 3. 

 

 

4.6.2.5 Power 

 

For gas compressors the power which enters the fluid (atmosphere of CV downstream the compressor) 

is computed from: 

)1(
1 /)1(

, −= − 


TcVQ Patmshydr
 

 

Here η is the compressor efficiency, V is the volumetric flow (m3/s), ρ is the density (kg/m3), cP is the 

specific heat (J/kg/K), T is the inlet temperature (K), Π is the pressure ratio, and Qhydr is the total power 

source for the fluid (W) (the value is positive during normal pump/compressor operation). 

 

For water pumps the power which enters the fluid (pool of CV downstream the pump) is computed 

from: 

PVQ poolhydr =


1
,

 

 

Here η is the pump efficiency, V is the volumetric flow (m3/s), ΔP is the pressure head (Pa), and Qhydr 

is the total power source for the fluid (W) (the value is positive during normal pump/compressor 

operation). 

 

 

4.6.3 Turbine Model 

 

Two models are available for turbines in SPECTRA. The first (simplified) model simply puts a flow 

resistance factor, which provides the desired pressure difference across the turbine. The second model, 

referred to as the advanced turbine model or shortly the turbine model, is based on user-defined maps, 

and is very similar to the pump model type 2, described in section 4.6.2. The simplified turbine model 

is seldom used. This was the first turbine model applied in an early version of SPECTRA, and it is 

preserved in the code to keep compatibility with earlier input decks. The advanced turbine model is 

recommended for general application. 

 

 

4.6.3.1 Approach 

 

The turbine model is based on the same approach as the pump Type 2 model (see section 4.6.2). In 

fact the turbine model uses exactly the same subroutine as the Type 2 pump/compressor. Only the 

input procedures are slightly different. All input parameters are the same as in case of the Type 2 

pump. The turbine nominal parameters, such as nominal flow and pressure ratio or head, are internally 

converted by the code into nominal parameters of an “equivalent pump”, as shown in Figure 4-51. 

The equivalent pump is defined as a pump/compressor that has exactly the same map as the turbine, 

if the map is plotted in terms of the pump pressure ratio (outlet divided by inlet pressure) rather than 

the turbine pressure ratio (inlet divided by outlet pressure). 
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The “equivalent pump” approach allows to perform calculations using the same subroutines that are 

calculating pumps/compressors. The equation defining turbine behavior is therefore exactly the same 

as the equation defining the pump/compressor map (see section 4.6.2), and is therefore not discussed 

here. Only the conversion to the “Equivalent Pump” is shown below. 

 

 

4.6.3.2 Turbine Maps 

 

Using the equation defining the pump map (section 4.6.2), it may be shown that nominal parameters 

of the equivalent pump are related to the turbine parameters as follows: 

 

▪ Nominal volumetric flow: 
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▪ Nominal pressure head (if the pressure head is entered): 
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ΠN nominal turbine pressure ratio, (-), (user defined) 

ΔPN nominal turbine pressure head, (Pa), (alternatively user defined) 

VN nominal turbine flow, (m3/s), (user defined) 

V0 flow at zero-head ΔP = 0.0 (or Π=1.0), (m3/s), (user defined) 

ΠE.P. nominal pressure ratio of the “equivalent pump”, (-) 

ΔPE.P. nominal pressure head of the “equivalent pump”, (Pa) 

CP constant in pump map (see 4.6.2.3). Note that the value of this constant affects the nominal 

parameters of the “equivalent pump”, but does not influence the turbine map, which is fully 

defined by VN , V0 , and ΠN  or ΔPN  

c third exponent in turbine map definition, (-) (user defined) 

 

The conversion to the “equivalent pump” is done automatically within the code; it is “transparent” for 

the user, i.e. the user works only with the turbine parameters (VN , V0 , ΠN  or ΔPN ) while internally 

calculations are performed using the equivalent pump parameters (VE.P. , ΠE.P.  or ΔPE.P. ). 

 

The parameters available to tune the turbine map are: V0, the exponents a, b, c, and the constant CRS, 

determining the turbine behavior in case of negative speed. The influence of these parameters on the 

turbine map is discussed below. 

 

The influence of the parameter V0 on the turbine maps is quite obvious from the definition of the 

parameter. It is illustrated below, in Figure 4-52. The lines shown in this figure were obtained for a 

turbine with ΠN = 1.5, VN = 1.0 m3/s, ωN = 50.0 s-1, a = 2.0, b = 1.0, c = 1.0, running at nominal speed. 
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Figure 4-51 Turbine map - conversion of the turbine parameters into the “Equivalent Pump” 
parameters, performed internally by the code. 

 

 

The parameters available to tune the turbine map are: V0, the exponents a, b, c, and the constant CRS, 

determining the turbine behavior in case of negative speed. The influence of these parameters on the 

turbine map is discussed below. 

 

The influence of the parameter V0 on the turbine maps is quite obvious from the definition of the 

parameter. It is illustrated below, in Figure 4-52. The lines shown in this figure were obtained for a 

turbine with ΠN = 1.5, VN = 1.0 m3/s, ωN = 50.0 s-1, a = 2.0, b = 1.0, c = 2.0, running at nominal speed. 

 

The influence of the exponents a, b, c, on the turbine maps is shown in Figure 4-53 through Figure 

4-58. The following values were used to produce maps shown in these figures: 

 

     ΠN = 1.5, 

     VN = 1.0 m3/s, 

     V0 = 0.5 m3/s, 

     ωN = 50.0 s-1. 
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Figure 4-52 Influence of V0 on turbine map (a=2.0, b=1.0, c=2.0) 

 

 

The map obtained for (a=2.0, b=0.0, c=2.0) is shown in Figure 4-53. With these values of the 

exponents the pressure ratio lines run approximately parallel, and never cross. See also the 

pump/compressor map with the same a, b, c, - Figure 4-36. Note that compared to the turbine maps, 

the pump/compressor maps are “upside-down” because of a different definition of the pressure ratio 

(inverse). 

 

Figure 4-54 shows the pressure ratio lines for (a=2.0, b=1.0, c=2.0). The lines cross each other at flow 

V>V0. (See also the pump/compressor maps with the same a, b, c, - Figure 4-37. Note that compared 

to the turbine maps, the pump/compressor maps are “upside-down”.) 

 

Figure 4-55 shows the pressure ratio lines for (a=2.0, b=2.0, c=2.0). The lines cross each other in the 

same point; the point where the pressure head is equal to zero (or the pressure ratio equal to one, or 

the volumetric flow equal to: V=V0). With this set of constants the turbine becomes more sensitive to 

changes of speed; the pressure ratio is small for small turbine velocity and large for large velocity. 

(See also the pump/compressor map with the same a, b, c, - see Figure 4-38. Note that compared to 

the turbine maps, the pump/compressor maps are “upside-down”). 

 

Figure 4-56 shows the pressure ratio lines for (a=3.0, b=1.0, c=2.0). Comparison of Figure 4-54 and 

Figure 4-56 shows that increasing the value of a, the lines cross at higher value of flow. (See also the 

pump/compressor map with the same a, b, c, - see Figure 4-39. Note that compared to the turbine 

maps, the pump/compressor maps are “upside-down”). 
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Note that in the case of a turbine, a machine more sensitive to speed changes is obtained by increasing 

the exponent b, while in case of pumps/compressors the same is achieved by increasing the exponent 

a. 

 

The influence of the third exponent, c, is illustrated in Figure 4-57 and Figure 4-58. The maps shown 

in these figures should be compared to the map shown in Figure 4-54, to see how the map changes 

when c is increased from the default value of 2.0 (Figure 4-54) to 3.0 (Figure 4-57), and decreased 

to 1.5 (Figure 4-58). 

 

The influence of the reverse speed degradation factor, CRS , on the turbine maps is shown in Figure 

4-59, Figure 4-60 and Figure 4-61. The following values were used to produce maps shown in these 

figures: 

 

     ΠN = 1.5, 

     VN = 1.0 m3/s, 

     V0 = 0.5 m3/s, 

     ωN = 50.0 s-1, 

     a = 2.0, 

     b = 1.0, 

     c = 2.0. 

 

Figure 4-59 shows turbine maps for CRS = 0.1 for the turbine speed, ω, between +100% and –100%. 

It is seen that in case of negative (reverse) speed the pressure ratio is larger than for a corresponding 

positive speed. The difference is small for small ω, and increases with increasing ω. 

 

Figure 4-60 shows turbine maps for CRS = 2.0 for the turbine speed, ω, between +100% and –100%. 

In contrast to the previous case, the negative (reverse) speed gives a smaller pressure ratio than that 

for a corresponding positive speed. Again, the difference is small for small ω, and increases with 

increasing ω. 

 

Generally, it may be observed that for CRS < 1.0 the lines at reverse speed are above those at the 

corresponding normal speed, while for CRS > 1.0 the lines at reverse speed are below those at the 

corresponding normal speed. 

 

Finally, Figure 4-61 shows turbine maps for CRS = –1.0 for the turbine speed, ω, between +100% and 

–100%. With decreasing the value of CRS , the pressure lines are higher in the negative (reverse) speed 

range. 

 

The influence of the parameter CRS may be shortly described by looking at the maps for the (nearly) 

zero fluid flow and ω = +100% and ω = –100%. If CRS is positive, then at nearly zero flow the turbine 

acts as compressor, i.e. it provides pressure head in the normal flow direction, for both forward and 

reverse speeds. On the other hand, if CRS is negative, then at zero flow and ω = +100% the turbine acts 

as compressor, proving (a small) pressure head in the normal flow direction, while at zero flow and ω 

= –100% it acts as a compressor providing (a small) head in the reversed flow direction. It should be 

noted that for large fluid flows and ω = –100% it acts as a compressor providing a large pressure head 

in the reversed flow direction. 
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Figure 4-53 Influence of exponents on turbine map, a=2.0, b=0.0, c=2.0. 

 

 

 

Figure 4-54 Influence of exponents on turbine map, a=2.0, b=1.0, c=2.0. 
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Figure 4-55 Influence of exponents on turbine map, a=2.0, b=2.0, c=2.0. 

 

 

 

Figure 4-56 Influence of exponents on turbine map, a=3.0, b=1.0, c=2.0. 
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Figure 4-57 Influence of exponents on turbine map, a=2.0, b=1.0, c=3.0. 

 

 

 

Figure 4-58 Influence of exponents on turbine map, a=2.0, b=1.0, c=1.5. 
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The default value of CRS is –1.5. The value was chosen based on comparisons with four-quadrant 

turbine data, shown in [64]. In the previous SPECTRA versions the default value of CRS was equal to 

0.1. 

 

The influence of the reverse flow degradation factor, CRF , on the turbine maps is shown in Figure 

4-62 and Figure 4-63. The following values were used to produce the maps shown in these figures: 

 

     ΠN = 1.5, 

     VN = 1.0 m3/s, 

     V0 = 0.5 m3/s, 

     ωN = 50.0 s-1, 

     a = 2.0, 

     b = 1.0, 

     c = 2.0, 

     CRS = –1.5. 

 

The default value of value of CRS was used in both figures. Comparison of Figure 4-62 and Figure 

4-63 gives an indication of the influence of the reverse flow degradation factor, CRF. The default value 

of CRF is 0.05. The value was chosen based on comparisons with four-quadrant turbine data, shown in 

[64]. In the previous SPECTRA versions the reverse flow factor was not used, which means that CRF 

was by definition equal to 1.0. 

 

Comparison of the maps obtained with different values of CRS and CRF with measurement data from 

[64], is shown in Figure 4-65 and Figure 4-66. The turbine nominal data were assumed following the 

data in [64]: 

 

     ΠN = 3.91, 

     VN = 3.0 m3/s, 

     ωN = 116.7 s-1, (7000 rev/min). 

 

The values of V0 and the exponents, suitable to represent reasonably well the turbine behavior in the 

normal operating conditions (positive speed, positive flow) were selected in a few trials as: 

 

     V0 = 1.0 m3/s, 

     a = 2.0, 

     b = 0.5, 

     c = 2.0. 

 

The parameters determining the turbine behavior in the reverse speed and reverse flow conditions 

were selected to be: 

     CRS = –1.5, 

     CRF =   0.05. 

 

Figure 4-65 shows the measured power for positive (normal) and negative (reversed) flows and 

speeds. The positive speed values are plotted using solid lines and empty markers, while the negative 

speed values are plotted using dashed lines and filled markers. 
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Figure 4-59 Influence of CRS on turbine map, CRS=0.1. 

 

 

 

Figure 4-60 Influence of CRS on turbine map, CRS=2.0. 
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Figure 4-61 Influence of CRS on turbine map, CRS=–1.0. 

 

 

 

Figure 4-62 Influence of CRF on turbine map, CRF=0.2, CRS=–1.5. 
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Figure 4-63 Influence of CRF on turbine map, CRF=1.0, CRS=–1.5. 

 

 

Figure 4-66 shows the calculated values. The positive speed values are plotted using grey lines and 

empty markers, while the negative speed values are plotted using dark lines and filled markers. The 

left graph in Figure 4-66 shows values obtained with a constant efficiency of 1.0. In case of reversed 

speed and normal (positive) flow the fluid decompression is very similar to the decompression 

occurring in normal speed. Therefore the power calculated with the efficiency of 1.0 is negative 

(meaning the power is obtained from the machine – watch the scale in Figure 4-66). Based on the 

measured data it is clear that the power should be positive (the power is consumed by the turbine 

turning on backwards). This may be best explained using a h-s (enthalpy-entropy) graph, shown in 

Figure 4-64. 

 

In case of an ideal isentropic expansion from a given pressure p1 to another pressure p2, one obtains 

maximum power – this is the line 1-2a. This is an ideal process and it does not occur in practice. A 

practical process in a turbine at its normal operating conditions is shown by the line 1-2b. In such case 

some energy is dissipated as heat and the energy that is obtained from the turbine is smaller. The 

isentropic efficiency is in this case equal to: 

 

0

1

h

h




=  
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A typical turbine has the efficiency of 0.7 - 0.9 in the typical operating conditions. The case of 

turbine turning on reverse (Figure 4-65 dashed lines), the fluid decompression is shown by the line 

1-2c in Figure 4-64. The amount of energy dissipated as heat is so large that the exit enthalpy is higher 

than the inlet enthalpy. Consequently one has to put energy into the turbine to keep it running. In this 

case the turbine efficiency is negative, as shown in Figure 4-64. 

 

Looking at Figure 4-65 it is clear that the efficiency is negative in all cases with reverse speed (except 

maybe the lowest negative speed case, in the negative flow range). For the calculations shown in the 

right graph in Figure 4-66 the following efficiencies were used: 

 

     Positive flow  Negative (reverse) flow 

• N = +7000 rev/min:  η = +0.9  η = +0.6 

• N = +3500 rev/min:  η = +0.8  η = +0.4 

• N = +1750 rev/min:  η = +0.6  η = +0.2 

• N = –1750 rev/min:  η = –3.0  η = –0.1 

• N = –3500 rev/min:  η = –5.0  η = –0.3 

• N = –7000 rev/min:  η = –7.0  η = –3.0 

 

The values of the efficiencies were obtained in a few trials, in order to provide a reasonably good 

match to the measured data, shown in Figure 4-65. For simplicity a constant efficiency was defined 

for each speed, thus the efficiency was in fact only a function of speed: η = η(N). The efficiency could 

be made as a function of both flow and speed, η = η(V, N) and in this way a better match could be 

obtained. 

 

 

Figure 4-64 Illustration of the gas expansion in a turbine on the h-s diagram. 
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Figure 4-65 Power – reference [64]. 

 

 

 
 

 

Figure 4-66 Turbine power CRS=–1.5 CRF =0.05, left: only positive efficiency, right: negative 
efficiency in reverse speed. 
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4.6.3.3 Power 

 

For gas turbines the power which enters the fluid (atmosphere of CV downstream the turbine) is 

computed from: 

]1)/1([ /)1(

, −= −  TcVQ Patmshydr
 

 

Here η is the turbine efficiency, V is the volumetric flow (m3/s), ρ is the density (kg/m3), cP is the 

specific heat (J/kg/K), T is the inlet temperature (K), Π is the pressure ratio, and Qhydr is the total power 

source for the fluid (W) (the value is negative during normal turbine operation). 

 

For water turbine the power which enters the fluid (pool of CV downstream the turbine) is computed 

from: 

PVQ poolhydr =,
 

 

Here η is the turbine efficiency, V is the volumetric flow (m3/s), ΔP is the pressure head (Pa), and Qhydr 

is the total power source for the fluid (W) (the value is negative during normal turbine operation). 

 

 

4.6.4 Simple Pump / Turbine Model 

 

A simple model is available that can be used to represent pumps or turbines. With this model, the user 

can define the pump head through a Tabular or Control Function (Volume 2, record 236XXX). 

 





−


=
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0)(

XXXifXXXCF

XXXifXXXTF
PSPT  

 

Here ΔPSPT is the momentum source (pressure head) from the simplified pump / turbine model (Pa), 

TF and CF are the values of a Tabular and a Control Function respectively. 

 

The value of the head is added to the momentum equation for a given junction. This model is very 

similar to the QUICK-CF model in MELCOR. The value obtained from the TF / CF may be positive 

(pump) as well as negative (turbine). No energy effect is associated with this type of pump / turbine. 
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4.6.5 Valve Model 

 

A valve may be included in any junction. The valve operation is modelled as a change in the fraction 

of the junction area that is open as well as a change of the pressure loss coefficients. Three types of 

valves are included: motor valve, check valve, and burst discs. These valve types are described below. 

 

• Motor valve 

 

The open fraction of a motor valve is controlled by a Tabular Function of time, or a Control 

Function of any arguments from the program data base. The fraction open is limited to the 

range 0.0 - 1.0 and, if the controlling function returns a value outside this range, it will be 

suitably truncated. 

 

• Check valve 

 

The check valve opens and closes based on pressure difference. The valve operation is 

determined by the following three parameters: 

 

Pressure difference to open valve, Δpopen Opening of a closed valve is initiated if the pressure 

upstream the valve junction is larger than the pressure downstream the valve plus Δpopen. Note 

that Δpopen can be both positive or negative. Negative values represent check valves which 

opening is assisted by a spring, such as for example valves on the core flooding lines in SWR-

1000. 

 

Pressure difference to close valve, Δpclose < Δpopen. Closing of an open valve is initiated if the 

pressure upstream the valve junction is smaller than the pressure downstream the valve plus 

Δpopen. 

 

Rate of area change, (1/A)(dA/dt). The action of valve opening or closing, once initiated, 

proceeds with the speed determined by this parameter. 

 

• Burst disc 

 

The burst disc opens based on pressure difference. Once open it never closes. The opening 

setpoints are defined for the positive and the negative flow directions. The valve opens when 

the pressure difference in the positive flow direction exceeds Δpopen,+ or when the pressure 

difference in the negative flow direction exceeds Δpopen,– . Both Δpopen,+ and Δpopen,– must be 

positive. 

 

For both valve types a leakage area fraction can be specified. If it is specified, then the valve flow area 

is never smaller than the leakage area. 

 

Both motor and check valve (or burst valve) may be used simultaneously. Such valve is referred to as 

“serial valve”: 
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• Serial valve 

 

In this case the valve is open when both motor and check valves are open. This means such a 

valve is treated as a serial valve with the valve fraction open equal to: 
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Figure 4-67 Example of a motor valve, a check valve, and a serial valve. 

 

Figure 4-67 shows example of a motor valve, a check valve and a serial valve. The motor valve is 

controlled by a TF, which at the time shown in the picture gives the fraction open of 0.46. The check 

valve opens at the pressure difference of 0.5×105 Pa, so it is fully open. The serial valve shows the 

value of TF controlling the motor valve (left valve) and the current valve position (right valve). Since 

the valve open fraction is equal to the minimum of the check valve (1.0) and the motor valve (0.46), 

the smaller value is shown in the picture. 

 

In general the pressure loss coefficient of a valve changes with the valve open fraction. Sometimes 

the change is so significant that it is important to include a variable loss coefficient in the 

computational model. 

 

• The following expression may be used to calculate the loss factors (forward and reverse): 
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• Tabular Function may be used. The TF value is calculated by the program using the open 

fraction as an argument. The loss factors (forward and reverse) are calculated from: 

 

)/( 00 AATFKK VV =  

 

These two methods are described in the following subsections. 

 

 

4.6.5.1 Pressure Loss Coefficient Given by an Analytical Expression 

 

SPECTRA uses two values to define valve characteristics: K0 and CV. The actual loss coefficient is 

calculated from: 
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KV current loss coefficient, (-) 

KJN loss coefficient for fully open valve (junction loss coefficient), (-) 

CV valve coefficient, (-) 

AV current open area, (m2) 

AJN area for fully open valve (junction flow area), (m2) 

 

The coefficients K0 and CV are input parameters. The values of K0 and CV may be estimated, using the 

following relations: 
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It is therefore needed to know loss coefficients for fully open and nearly closed valve. These can easily 

be obtained from appropriate handbooks. Below a calculation procedure is shown, to obtain the 

coefficients for two valve types: a butterfly valve and a rectangular gate valve. 

 

• Butterfly Valve 

 

Reference [2] gives the loss coefficients for a butterfly valve in a tube with a circular cross 

section (Diagram 9-16 in [2]). In case of a thin plane disk (Curve 2 in Diagram 9-16) the 

values are: 

 

θ 0 10 20 30 40 50 60 70 

KIdel 0.30 0.52 1.54 4.50 11.0 29.0 108.0 625.0 

 

It must be remembered that the loss factors given in [2], KIdel, are related to the velocity in a 

fully open channel. To obtain values related to the actual valve flow area one must multiply 

these values by the area ratio squared: (A/A0)2. For a given angle, θ, the open area is given by: 

A=A0(1–sinθ). Therefore the loss factors related to the actual flow area are equal to: 

K=KIdel×(1–sinθ)2. The values of K, as well as KIdel, are shown in Figure 4-68. 
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The value of K0, needed for SPECTRA input, is equal to the loss factor for the fully open 

valve, thus 0.30. It has been found using a trial and error procedure, that a value of CV=7.0 

represents well the K values in Figure 4-68. Thus, for the butterfly valve considered here the 

appropriate values are: 

K0 = 0.30 CV = 7.0 

 

 

Figure 4-68 Loss factors, butterfly valve. 

 

• Gate Valve 

 

For a rectangular, single disk, gate valve the loss coefficients are given as a function of the 

ratio of the disk position (h), to the channel width (a) ([2], Diagram 9-5). The values are: 

 

h/a 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

KIdel 193 44.5 17.8 8.12 4.02 2.08 0.95 0.39 0.09 

 

Again the values of KIdel are related to the velocity in a fully open channel. The values are 

therefore multiplied by the area ratio squared: (A/A0)2. For a rectangular valve (A/A0)2 is 

simply equal to (h/a)2. The values of K, as well as KIdel, are shown in Figure 4-69. 

 

The value of K0, needed for SPECTRA input, is equal to the loss factor for the fully open 

valve, thus 0.09. It has been found using a trial and error procedure, that a value of CV=25.0 

represents well the K values in Figure 4-69. Thus, for the rectangular gate valve considered 

here the appropriate values are: 

 

K0 = 0.09 CV = 25.0 
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Figure 4-69 Loss factors, gate valve. 

 

 

 

4.6.5.2 Pressure Loss Coefficient Given by a Table 

 

With this option the pressure loss factors (forward and reverse) are calculated from: 

 

)/( 00 AATFKK VV =  

 

K0 is the constant multiplier on the pressure loss coefficient (forward and reverse) 

TF value of Tabular Function evaluated for the current valve open fraction, AV/A0, (-) 

 

For example, in case of a butterfly valve the values are: 

 

θ 0 10 20 30 40 50 60 70 

A/A0 1.00 0.826 0.658 0.500 0.357 0.234 0.134 0.0603 

KIdel 0.30 0.52 1.54 4.50 11.0 29.0 108.0 625.0 

K 0.30 0.355 0.667 1.13 1.40 1.59 1.94 2.27 

 

 

The input deck defining such valve is discussed in Volume 3. 
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4.6.6 Flow Composition Parameters 

 

A model is provided which allows to restrict or promote flow of one, or several gases, from a gas 

mixture. This model is primarily intended for a conservative studies. For example, in advanced BWR 

containments, if the steam flow through vacuum breakers is restricted, then the obtained containment 

pressure will be typically more conservative (higher), because more noncondensables will be present 

in the drywell, where it will adversely affect the performance of containment coolers such as PCC. 

 

If the flow composition parameters are used, then the actual concentration of gas i in the atmosphere 

flow through a junction is calculated from the following formula: 
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Here atms

CVi

atms

JNi xx ,, ,  are the volumetric fractions of gas i in atmosphere flowing through junction JN, 

and in the Control Volume (local fraction at the junction elevation is used in case of stratifications). 

The values of flow composition parameters, FCPi, are defined in input data. A restriction is imposed 

on FCPi : 10–3  FCPi  103. 

 

The influence of flow composition parameters is illustrated in Figure 4-70. The figure gives the 

dependence of the gas composition in a junction, versus the gas composition in the source volume, for 

gas i, in case of FCPi ranging from 10–3 to 103. The flow composition parameters for gases other than 

i were all set to 1.0. 

 

 

Figure 4-70 Influence of FCP on gas composition in a Junction 
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4.6.7 Diffusion Model 

 

This section discusses transport of gases from one Control Volume to another by diffusion. The model 

needs to be activated by the user (see Volume 2, IDIFJN). Transport is based on differences in gas 

concentrations in the neighboring Control Volumes. Transport by diffusion is important only if there 

is no flow or very small flow through a junction. 

 

Consider two Control Volumes, filled by gases and connected by a junction, as shown in Figure 4-71. 

The pressures and temperatures are identical in both volumes. The only differences between the 

volumes is the gas composition; the left volume, CV-110, is filled with Helium while the right volume, 

CV-130, is filled with Oxygen. Since there is no pressure difference, there will be no transport through 

the connecting junction, JN-110, and in absence of diffusion the conditions shown in Figure 4-71 (a) 

will not change in time. 

 

    
(a) initial state (t = 0.0 s)   (b) final state (t = 50,000 s) 

Figure 4-71 Diffusion test case 

 

If the diffusion model is turned on, the code calculates transfer of gases through the connecting 

junction using the diffusion equation: 

dx

dC
DJ i

ii −=  

Ji volumetric flux of gas i, (m/s) 

Di diffusion coefficient of gas i in the mixture of gases, (m2/s) 

Ci molar concentration of gas i in the mixture of gases, (-) 

dCi change of concentration of gas i in the mixture of gases, (-) 

dx flow length, (m) 

 

The diffusion equation is written for a junction with a certain diffusion length, LJN: 

 

JN

i
ii

L

C
DJ


=  

 

ΔCi difference in concentration of gas i in the connected Control Volumes: 

 ΔCi = Ci(‘from-CV’) – Ci(‘to-CV’)  

LJN  diffusion length of the junction JN, (m) 
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The main elements of the model, namely the diffusion coefficient, the conservation of volume of 

exchanged gases and the effect of the gas velocity are discussed below. 

 

• Diffusion coefficient  

The diffusion coefficient is calculated as described in section 3.5.2.3. The diffusion coefficient 

of gas i in a gas mixture is obtained using the method of Blanc, with binary diffusion 

coefficients calculated using the method of Fuller. The diffusion coefficient of gas i is 

calculated for both mixtures of gases in the ‘from-CV’ and the ‘to-CV’. Considering that 

the diffusion coefficient in the ‘from-CV’ and the ‘to-CV’ is in general different, the 

diffusion equation is written as:: 

 

i

i
i

R

C
J


=  

 

where Ri (diffusion resistance) is equal to: 

 

toi

to

fromi

from

i
D

L

D

L
R

,,

+=  

 

Here Lfrom and Lto, are the diffusion lengths in the ‘from-CV’ and the ‘to-CV’ respectively. 

The values are defined in the input deck (Volume 2: X1DFJN, X2DFJN). The default values 

are equal to the half of the junction friction length. 

 

• Conservation of the exchanged volume of gas 

The volume of gas transported by diffusion is equal to : 

 

i

i
JN

i

R

C
A

t

V 
=



  

 

AJN  flow area of the atmosphere gas flow through the junction JN, (m2) 

ΔVi/Δt volumetric rate of change of gas i due to diffusion (m3/s) 

 

The volumetric change, ΔVi, is calculated for each gas. If only two gases are diffusing, as is 

shown in Figure 4-71, the net effect is zero, i.e. the positive value of ΔVHe will be the same as 

the negative value of ΔVO2. However, in a more general case of multiple gases present in both 

connected volumes this is not necessarily the case. The following procedure is applied to make 

sure that the net volume transferred by diffusion is zero. First the sum of positive and negative 

terms is calculated: 

 

0= +

i

i

i VforVV  

0= −

i

i

i VforVV  
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Next, the smaller (more restrictive) absolute value is selected as the true value. The values 

(either the positive or the negative ones) that give larger absolute sum, are re-scaled to give 

the same total value as the smaller absolute sum. This way the program assures that the net 

volume exchanged in the diffusion process is always zero. In other words, the diffusion does 

not cause any gas flow that would inevitably appear if ΔV+ ≠ ΔV–. The absence of such flows 

is shown in the diffusion test cases shown in Volume 3. 

 

• Effect of gas velocity 

The diffusion velocities (volumetric fluxes) are very small. Typical values (see Volume 3) are 

smaller that 10–3 m/s. If there is no gas flow, or the gas velocities are very small, then the 

diffusion caused by differences in gas concentrations is important. However, when the gas 

velocities are large compared to the diffusion velocities, the transport by diffusion is not 

possible. 

 

In order to take that into account, a velocity limit is introduced, above which diffusion is not 

calculated (set to 0.0). In order to avoid an abrupt change of the diffusion term, that could lead 

to numerical difficulties, an interpolation zone is defined where the diffusion term is 

interpolated from the full value to zero. In the interpolation zone the diffusion velocity is 

obtained from: 

XMDFJNVMDFJNVMDFJN

vJVMDFJN
vJ

gasi

gasi
−

=−
=

)0.0(
)(  

 

VMDFJN velocity above which diffusion mass transfer calculation is bypassed (m/s) 

XMDFJN interpolation range for diffusion mass transfer calculation (-) 

 

The default values are (see Volume 2) VMDFJN=0.01 m/s, XMDFJN=0.5. The velocity-

dependent multiplier obtained for those values is shown in Figure 4-72. 

 

 

Figure 4-72 Velocity-dependent multiplier for diffusion 
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In the example test presented in Figure 4-71, the gases will fully mix by diffusion in roughly 10 hours. 

The gas velocity equal to zero all of the time. More details about this test case are shown in Volume 

3. 

 

The diffusion model is applied to the gases present in Control Volumes, defined in the FL Package. 

Additionally, the diffusion model may be applied for the fission product vapors, defined in the RT 

Package. In order to do so, the user must also supply the diffusion volumes (SGFPRT - see Volume 

2), needed to calculate diffusion coefficients. The values of diffusion volumes for frequently used 

gases are shown in .Table 3-6. 
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5 1-D Solid Heat Conductor Package 

 

5.1 Introduction 

 

The 1-D Solid Heat Conductor Package calculates heat conduction within solid structures, and energy 

transfer across its boundary surfaces into control volumes. 

 

A 1-D Solid Heat Conductor is a structure that is represented by one-dimensional heat conduction, 

with specified boundary conditions at each of its two boundary surfaces. The modeling capabilities of 

solid heat conductors are general, and can represent walls, containment structures, fuel rods with 

nuclear or electrical heating, piping walls, heat exchangers with smooth or finned tubes, etc. 

 

Three different geometries are available for the 1-D Solid Heat Conductors: 

 

• Rectangular geometry. 

• Cylindrical geometry. 

• Spherical geometry. 

 

The rectangular and cylindrical heat conductors may have basically two orientations in space: 

 

• Vertical orientation. 

• Horizontal orientation. 

 

The heat and mass transfer models contain correlations valid for low inclination, therefore a third 

orientation is possible: 

 

• Low inclination (inclination angle < 20°). 

 

The conduction is calculated within solid heat conductors by dividing each conductor into N “mesh 

cells”, or “mesh intervals”. The nodalization is specified by user on input and may be non-uniform, 

i.e. the distance between the mesh cell boundaries need not be the same. Cell 1 is always at the left 

boundary of a rectangular conductor, or at the inside boundary surface for a cylindrical or a spherical 

geometry. Cell N is always at the right boundary of a rectangular conductor, or at the outer boundary 

surface for a cylindrical or a spherical geometry. 

 

Nodalization of the interior of a solid heat conductor is shown in Figure 5-1. Each mesh cell may 

contain a different material. The thermo-physical properties of the materials, such as thermal 

conductivity, k, specific heat, cp, and density, ρ, are specified by user input, as functions of temperature. 

The nodes where temperature is defined are marked in Figure 5-1. The nodes are assumed to be located 

at the centers of the cells in case of interior cells, and at the surface in case of boundary cells. The 

boundary cells are therefore considered to be half-filled-cells, or simply “half-cells”. This concept is 

similar to the one applied for 2-D Solid Heat Conductors, which leads to half-cells, one-quarter-cells, 

and three-quarter cells - see Chapter 6, but in contrast to the 2-D Conductors the half-cells are quite 

“transparent” for the user - see section 5.2. 
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Figure 5-1 Nodalization of a 1-D Solid Heat Conductor, Method 1 

 

An internal power source may be specified for each solid heat conductor. The space distribution is 

specified by user input and may vary for each mesh interval (Qi). The time dependence is given by a 

user specified tabular function of time or control function of any variables from the program. 

 

Each 1-D Solid Heat Conductor has two surfaces - left and right. In case of cylindrical and spherical 

geometries, the inner surface is the left surface, and the outer surface is the right surface of a solid heat 

conductor. At each surface the boundary conditions must be specified. A boundary condition consists 

of three parameters: 

 

• Fluid temperature, Tfluid  

• Convective heat transfer coefficient, h  

• Non-convective heat flux, qr (typically used to model thermal radiation). 

 

The total boundary heat flux consists of the convective flux, h×(Twall – Tfluid), and the non-convective 

flux, qr: 

rfluidwalltot qTThq +−= )(  

 

The following types of boundary conditions may be specified: 

 

• Adiabatic, h = 0.0, qr = 0.0. 

 

• User specified, with heat transfer coefficient, fluid temperature and non-convective heat flux 

given by tabular function of time, or control function of any parameters in the program. 

 

• Heat transfer to a Control Volume, with fluid temperature taken from this control volume, 

which is specified as the boundary volume, and heat transfer coefficient calculated by the 

Heat and Mass Transfer Package (Chapter 7). The non-convective flux is calculated either by 

the Thermal Radiation Package (Chapter 8), or by the simplified radiation model (section 5.9). 
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Any combination of the above boundary conditions may be used. For example, heat transfer to a 

control volume may be used with the non-convective flux, qr, equal to zero, or specified by tabular or 

control function. 

 

If heat transfer to a boundary control volume is used, it is possible to use tabular or control function 

to define the heat transfer coefficient, rather than using the default models from the Heat and Mass 

Transfer Package. The fluid temperature however is in such case always that from the boundary 

control volume and cannot be redefined by a tabular or control function. 

 

If a control volume is specified as boundary volume for either the left or the right surface, then the 

entire surface must fit within the boundary volume. That is, the bottom of the surface must equal or 

exceed the elevation of the bottom of a control volume, and the top of the surface must not exceed the 

top of the control volume. It is also forbidden to place a horizontal flat surface (rectangular geometry) 

facing up at the top elevation of the boundary control volume, or flat surface facing down at the bottom 

elevation of the control volume. 

 

The mathematical treatment of 1-D Solid Heat Conductors is described in the sections 5.2 through 5.9. 

The conduction equation is discussed in section 5.2 and 5.3. Sections 5.4 and 5.5 describes how the 

boundary conditions are defined in case when a surface is partly covered with pool. Section 5.6 

describes the temperature averaging concept, important for modeling heat exchangers. Section 5.7 

describes how the boundary conditions are defined when there is a simultaneous heat transfer to pool 

and atmosphere. Section 5.8 describes the treatment of extended surfaces, such as fins and spines. 

Finally, a simplified radiation model is described in section 5.9. 

 

 

5.2 Transient Heat Conduction (Method 1) 

 

The general form of transient heat conduction equation is ([20], chapter 3): 

 

( ) Vp qTk
t

T
c +=




  

T temperature, (K) 

t time, (s) 

ρ density, (kg/m3) 

cp specific heat, (J/kg/K) 

k thermal conductivity, (W/m-K) 

qV internal heat source per unit volume, (W/m3) 

 

In case of one-dimensional heat conduction, with the material properties depending on temperature, 

and the internal heat source being a function of time, the equation is written as: 

 

Vp q
x

T
Tk

xt

T
TcT +

















=




 )()()(  

 

The above equation is a parabolic partial differential equation. This equation has to be solved 

numerically with appropriate boundary conditions. 
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To solve the heat conduction equation, a finite difference version of the equation is constructed. In 

order to do that, the derivatives are approximated by the finite differences. For the node i the time 

derivative is approximated as: 

t

TT

t

T iii



−
=




 

 

Δt is the time step, and 
iT  is the temperature of the node i at the beginning of the time step. Similarly 

the space derivative between the nodes i–1 and i may be approximated by: 

 

1

1

,1 −

−

− −

−
=













ii

ii

ii xx

TT

x

T
 

 

Note that in the above approximation the end of time step temperatures are used: Ti, Ti–1. That means 

an implicit solution scheme is applied, which gives stable solution, independently of the time step size 

[21]. If the thermal conductivity was constant between the nodes i–1 and i, then the heat flux would 

be given simply by multiplying the derivative by k: q = –k·(Ti – Ti–1)/(xi – xi–1). However, the material 

properties (ρ, cp, k) may be different in different cells. The node-to-node heat flux sees two cell 

materials, which in general may have different properties. The heat flux, written from the node i–1 to 

the node i, is obtained by using a summed resistance [21]: 

 

i

i

i

i

ii

ii

k

d

k

d

TT

x

T
kq
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−
=
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di half-thickness of the cell i for interior cells, full thickness for boundary cells, (m) 

ki thermal conductivity of the material in the node i, (W/m-K) 

 

Note that with the adopted scheme the temperature nodes are assumed to be located at the centers of 

the cells (see Figure 5-1), for all except the left and right boundary cells. The boundary cells are 

considered as “half-cells”, with temperatures defined at the boundary surface. In the input deck, the 

concept of “half-cells” is not visible for the user. In the input deck, the user always specifies CELLSC 

as the cell thickness, and the code internally assumes that the parameter di, (Figure 5-1) needed for the 

conduction equation. The relation between CELLSC and di is: 

 





=
cellsteriorinford

cellsboundaryford
CELLSC

i

i

2
 

 

Note that in order to have the same node-to-node lengths, thickness of the boundary cells should be 

half of the thickness of the interior cells. To make the node locations clear, the code prints out the 

location of every node in the output file, e.g.: 

 
       NODE POS.   TEMPERATURE 

 NODE     [m]          [K]    

   1  1.00000E-02  3.00000E+02 

   2  1.10000E-02  3.00000E+02 

 . . . 
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The heat flux written for the nodes i and i+1, is very similar way as for the nodes i–1 and i. After 

simple transformations the finite difference approximation of the heat conduction equation takes the 

following form: 

 

• Interior nodes, 1 < i < N (shaded area in Figure 5-1) : 

 

( ) ( ) iii

iR

iR

ii

iL

iLii
ipii QTT

R

A
TT

R

A

t

TT
cV +−+−=



−
 +− 1

,

,

1

,

,

,  

 

AL, i heat transfer area at the left boundary of cell i, (m2) 

AR, i heat transfer area at the right boundary of cell i, (m2) 

Vi volume of cell i, (m3) 

Qi internal heat power in cell i, (W) 

RL, i conduction resistance between the node i–1 and i, (m2-K/W) 

RR, i conduction resistance between the node i and i+1, (m2-K/W) 

 

The conduction resistances, RL, i and RR, i, are defined as: 
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• Left boundary node, i = 1: 

 

( ) ( ) LriLiii
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with: Tfluid,L, hL, and qr,L, being the fluid temperature, the heat transfer coefficient, and the non-

convective (radiative) heat flux on the left surface, respectively. The conduction resistances 

are in this case equal to: 

i

i
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• Right boundary node, i = N: 

 

( ) ( )
RriRiiRfluid

iR

iR

ii

iL

iLii
ipii qAQTT
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with: Tfluid,R, hR, and qr,R, being the fluid temperature, the heat transfer coefficient, and the non-

convective (radiative) heat flux on the right surface, respectively. 
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The conduction resistances are in this case equal to: 
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The above formulae present a set of N equations, with unknown temperatures Ti. This equation set 

may be written shortly in a matrix form: 

BAT =  
 

The matrix A is a tridiagonal matrix, because the equations for internal nodes contain three unknown 

variables: Ti–1, Ti, and Ti+1. Therefore the matrix equation may be written as: 

 

iiiiiiiiii bTaTaTa =++ ++−− 1,1,1,1
 

 

The matrix coefficients, ai,j, and the right-hand side terms, bi, are equal to: 

 

• Interior nodes, 1 < i < N: 

i

iipii

i

iR

iR

iL

iLipii

ii

iR

iR

ii

iL

iL

ii

Q
t

TcV
b

R

A

R

A

t

cV
a

R

A
a

R

A
a

+


=

++


=

−=

−=

+

−

,

,

,

,

,,

,

,

,

,1

,

,

,1




 

• Left boundary node, i = 1: 
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• Right boundary node, i = N: 
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The tridiagonal matrix is solved using the procedure specifically suitable for this type of matrices 

(section 17.4). Since the properties are temperature dependent, the matrix coefficients are not known 

at the start of calculations and a small internal iteration is required. To begin the iterations the old 

(beginning of time-step) temperatures are used as a first guess to calculate the matrix coefficients. In 

the subsequent iterations the new (calculated) node temperatures are used as the guessed temperatures 

and the matrix coefficients are updated accordingly. The iteration is performed until the discrepancy 

between the guessed and calculated temperature is for each node smaller than the convergence 

criterion, chosen as 10–8 relative error. The convergence of this internal iteration is typically very fast. 

 

The values of boundary conditions, namely fluid temperatures, heat transfer coefficients, and non-

convective fluxes, which are applied in the conduction equation are the end of time step values, which 

are obtained in the main iteration loop to obtain implicit solution. At the beginning of each time 

advancement the old-time-step values are used as the first guess for the end-of-time-step value. Next, 

the new (end-of-time-step) values are updated by the Solver, in the main iteration loop. During each 

iteration the conduction equation is re-solved with the updated values of boundary parameters. The 

main iteration continues until all variables of the system are converged, that means until the difference 

between the value assumed for iteration and obtained during iteration is smaller than the desired 

criteria (see Chapter 19). 

 

The conduction model described above is quite general and accurate in practical applications. Below 

two example problems are shown, where the model results are compared to analytical solutions of the 

heat conduction equations. 

 

• Example Problem 1: Steady State Conduction, Variable Thermal Conductivity 

 

The steady state conduction in a conductor with variable thermal conductivity is considered 

for two different geometries: rectangular and cylindrical. The left and right surface 

temperatures are known. The thermal conductivity is linearly dependant on local temperature 

as: 

)1( 00 Takk +=  

 

The theoretical solutions for rectangular and cylindrical geometries result in the following 

steady state temperature distribution inside the conductors: 

 

o Rectangular geometry ([20], chapter 3, equation 112): 
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o Cylindrical geometry ([20], chapter 3, equation 130): 
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In the above formulae D is the thickness of rectangular conductor (in the present example 

assumed to be equal to 0.1 m), RL, RR are left and right radii of the cylinder (assumed to be 

equal to 0.1, 0.2 m), and TL, TR are the temperatures at the left and right surface respectively 

(assumed to be equal to 300, 500 K). Calculations were performed for thermal conductivity 

equal to: 

)01.01(0.1 Tk +=  

 

The heat conductor was nodalized using 11 nodes with equal distance between the nodes, that 

means cell thickness of 0.01 m for internal nodes and 0.005 m for the boundary nodes. The 

boundary temperatures were set by tabular functions, defining the desired fluid temperatures, 

and a very large heat transfer coefficient (1099) to minimize the convective resistances. 

Calculations were performed until stable temperatures were obtained (10,000 s). SPECTRA 

results are shown in Figure 5-3 and Figure 5-3. The calculated temperatures are compared to 

the theoretical values in Figure 5-3. A very good agreement is observed. 

 

 

 

Figure 5-2 Variable thermal conductivity test, SPECTRA and analytical solution. 
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Figure 5-3 Variable thermal conductivity test, SPECTRA, t = 2000 s. 

 

 

 

• Example Problem 2: Transient Conduction in a Semi-Infinite Slab 

 

Transient conduction in a semi-infinite slab with a step change of surface temperature is 

considered. The initial temperature of the slab is 300 K. At time equal to zero the surface 

temperature is set to 400 K. The theoretical solution of heat conduction equation result in the 

following temperature distribution inside the slab (see [20], chapter 3, equation 55): 

 









−+=
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x
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T(x,t) temperature at location x from the left boundary, at time t, (K) 

T0 initial temperature, (=300 K) 

Tw surface temperature, (=400 K) 

a thermal diffusivity, k/(ρcp), (=5×10–7 m2/s) 

 

Calculations were performed using a solid heat conductor with 0.01 m thickness. As shown 

below, this thickness is sufficient to represent a semi-infinite slab for the present, short term 

calculations. The heat conductor was nodalized using 21 nodes with equal distance between 

the nodes, that means cell thickness of 5×10–4 m for internal nodes and 2.5×10–4 m for the 

boundary nodes- Figure 5-4. The right surface is adiabatic, while at the left surface the desired 

temperature step is obtained by suitable tabular functions. The heat transfer coefficient at the 

left surface was again set to a large value (1099) to minimize the convection resistance and 

make surface temperature equal to fluid temperature. 
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Figure 5-4 through Figure 5-7 show the temperatures at times 1.0, 5.0, 10.0, and 20.0 s. 

Comparison of the calculated results with the analytical solution is shown in Figure 5-8. The 

calculated values are in good agreement with the theoretical values, except near the right 

boundary, at t = 20 s. At that time temperature has penetrated into the right side of the 

conductor and the analytical solution, obtained for a semi-infinite slab becomes a bad 

approximation of the real geometry in the region close to the right boundary. 

 

The above examples show that an accurate solution is obtained provided that sufficiently fine 

nodalization is selected. The mesh cell sizes are defined by the user, but the code internally checks 

whether the nodalization is fine enough, using the thermal penetration depth criterion: 

 

atCtd pen =)(  

 

Here a is material thermal diffusivity, k/(ρcp), (m2/s), Δt is time step (s), and C is a constant. The value 

of this constant depends on how exactly the penetration depth is defined. If the temperature gradient 

at the surface is used, then C = π1/2 = 1.77 ([21], section 3.4.2, p. 163). If the full penetration distance 

is used, then the constant is 4 times larger: C = 4π1/2 = 7.09. The latter value is used in SPECTRA. For 

each SC, the boundary cell size is compared to the thermal penetration depth obtained for 100.0 s time: 

aaCtd pen === 9.7010)10( 2  

 

If the cell size exceeds this limit a warning message is printed. If the cell size exceeds the the thermal 

penetration depth obtained for 104 s: 

 

aaCtd pen === 709100)10( 4  

 

then an error message is printed and the run stops. 

 

 

Figure 5-4 Transient conduction in a “semi-infinite” slab, SPECTRA, t = 1 s. 
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Figure 5-5 Transient conduction in a “semi-infinite” slab, SPECTRA, t = 5 s. 

 

 

 

Figure 5-6 Transient conduction in a “semi-infinite” slab, SPECTRA, t = 10 s. 
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Figure 5-7 Transient conduction in a “semi-infinite” slab, SPECTRA, t = 20 s 

 

 

 

Figure 5-8 Transient conduction in a semi-infinite slab, SPECTRA and analytical solution. 
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5.3 Transient Heat Conduction (Method 2) 

 

For Method 2, the nodes are placed at cell edges rather than cell centers. Nodalization is shown in 

Figure 5-9. This method is applied in most other system codes, for example MELCOR, RELAP. 

 

 

Figure 5-9 Nodalization of a 1-D Solid Heat Conductor, Method 2 

 

For such case, the computational cell, for which the energy conservation is written, consists of half of 

the cell to the left of the temperature node i, and half of the cell to the right of the temperature node i 

(shaded area in Figure 5-9). The heat accumulation term is given by 
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Here VL,i and VR,i are the volumes of the left and the right “half-cells” of the cell i. For rectangular 

geometry the values are: VL,i = VR,i = Vi / 2, where Vi is the volume of cell i (m3). For cylindrical and 

spherical geometry the values of VL,i and VR,i are not equal. The density and specific heat for each 

half cell is calculated using average temperature in each half-cell. For example, the density is 

defined as: 

 

 ρi–1  = ρ ( ¾·Ti + ¼·Ti–1 )  

 ρi    = ρ ( ¾·Ti + ¼·Ti+1 )  

 

The heat conduction on the path between the temperature nodes i and i+1 is: 
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The thermal conductivity ki is calculated for the average temperature between the nodes i and i + 1. , 

which means: ki  = f ( ½·Ti + ½·Ti+1 ). Similarly, the thermal conductivity ki–1 is calculated for the 

average temperature between the nodes i and i – 1.  
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Therefore, the thermal conductivity is defined as: 

 

 ki–1 = k ( ½·Ti + ½·Ti–1 )  

 ki   = k ( ½·Ti + ½·Ti+1 )  

 

The energy balance equations used for the temperature nodes have in the Method 2 the following 

forms: 

 

• Interior nodes, 1<i<N+1 (shaded area in Figure 5-9) : 
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• Left boundary, i=1: 
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• Right boundary, i=N+1: 
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AL, i heat transfer area at the left boundary of the computational cell i, (“half-cell i–1 and 

“half-cell” i - Figure 5-9),  (m2). 

AR, i heat transfer area at the right boundary of the computational cell i, (m2) 

fL, i volume fraction of the left “half-cell” i, equal to fL,i = VL,i / Vi  

fR, i volume fraction of the right “half-cell” i, equal to fL,i = VR,i / Vi  

h heat transfer coefficient (W/m2-K) on the left (L) or right (R) surface 

qr non-convective heat flux (W/m2) on the left (L) or right (R) surface (obtained from 

thermal radiation model or from a user-defined Tabular/Control Function). 

 

A transient heat conduction test, the same as the one shown in the previous section for the method 1, 

is shown in Figure 5-10, Figure 5-11 and Figure 5-12. More tests and comparisons between the 

Method 1 and Method 2 results are shown in Volume 3. 
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Figure 5-10 Transient conduction in a “semi-infinite” slab, Method 2, t = 1 s. 

 

 

 

Figure 5-11 Transient conduction in a “semi-infinite” slab, Method 2, t = 20 s 
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Figure 5-12 Transient conduction in a semi-infinite slab, Method 2 and analytical solution. 
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5.4 Boundary Conditions 

 

Each 1-D Solid Heat Conductor has two boundary surfaces. One of the following types of boundary 

conditions must be used for each surface: 

 

• Perfect insulation (no heat transfer at the boundary surface) 

• Fluid temperature and heat transfer coefficient defined by Tabular Functions 

• Fluid temperature taken from Control Volume, heat transfer coefficient defined by a user-

defined Tabular Function 

• Fluid temperature taken from Control Volume, heat transfer coefficient calculated by the Heat 

and Mass Transfer Package from fluid conditions in the boundary Control Volume 

 

Typically the user wants to connect the SC surfaces to Control Volumes and let the code compute the 

heat transfer at the surfaces. In such case the user must make sure that the bottom and top elevation of 

the SC surfaces lie within the Control Volumes that are linked to those surfaces. The program checks 

the elevations and gives an error message if the SC elevations are not within the range defined by the 

boundary Control Volume elevations. 

 

Accurate definition of the SC elevations is specifically important in cases when liquid is present in the 

boundary Control Volume. The fluid temperature and heat transfer coefficient above and below the 

water level are of course different and the program must determine appropriate representative 

boundary conditions. The method used to calculate the representative boundary conditions for the 

surfaces partly submerged in water is discussed in section 5.5. A necessary input for this method are 

the bottom and top elevations of the SC surfaces, which must be defined with good accuracy. In cases 

when a single-phase heat transfer is always expected to occur (for example gas cooled reactors) the 

exact SC elevations are important only in the case when stratification models are used within the 

boundary CV. 

 

For user convenience an automatic SC allocation scheme has been implemented in the program. The 

scheme is activated by setting the SC mid-point elevation to –999. In such case the SC elevation, 

Z(SC), is automatically set by the code based on the elevations of the boundary volumes as follows: 

 

)()2/1()( MINMAX ZZSCZ +=  

where: 

])(),([

])(),([

rightbotleftbotMIN

righttoplefttopMAX

CVZCVZMaxZ

CVZCVZMinZ

=

=
 

 

Here Ztop and Zbot ate the top and the bottom elevations of the boundary volumes respectively. CVleft 

and CVright are the left and the right boundary volume. Note that if only one surface is linked to a CV, 

then the automatic allocation will result in the SC mid-point being in the center of the boundary CV. 

For example, if only left surface is linked to a CV, then: 

 

))()(()2/1()( leftbotlefttop CVZCVZSCZ +=  
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The automatic SC allocation scheme is illustrated in Figure 5-13. Four cases are shown: 

 

• In the first case a vertical SC-100 is allocated in such a way that the surfaces span all common 

elevations of the left and right volumes, CV-110 and CV-120. 

• In the second case a horizontal rectangular SC-200 is allocated in such a way that the left 

surface is in CV-210 and the right surface is in CV-220. The gap between CV-210 and CV-

220 must not be larger than the thickness of SC-200. 

• In the third case a vertical SC-300 cannot be allocated because CV-310 and CV-320 do not 

have common elevations. The mid-point elevation will be computed according to the equation 

shown above, but input error will occur. 

• In the fourth case a horizontal rectangular SC-400 cannot be allocated because the gap 

between CV-410 and CV-420 is larger than the SC-400 thickness. Input error will occur. 

 

When the option of automatic SC allocation is used, it is a good practice to check in the output file 

what are the SC-elevations. 

 

 

Figure 5-13 Automatic allocation of SC within the boundary Control Volumes 
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5.5 Representative Boundary Conditions 

 

The Solid Heat Conductor Package requires one temperature and one heat transfer coefficient on for 

each Solid Conductor (SC) surface. If SC surface is partly immersed in water, then different heat 

transfer coefficients as well as fluid temperatures are calculated for the pool and the atmosphere. 

Nevertheless, for the conduction equation representative values of heat transfer coefficient, h, and 

fluid temperature, Tfluid, must be specified. The non-convective heat flux, qr, is applied only for the 

atmospheric part of SC surface and therefore do not need averaging. The procedure used to calculate 

representative boundary conditions for all possible conditions is described below. 

 

• Surface in atmosphere of a Control Volume. The representative boundary conditions are those 

for the atmosphere: 

atmsfluid

atms

TT

hh

=

=
 

 

• Surface in pool of a Control Volume. The representative boundary conditions are those for 

the pool: 

poolfluid

pool

TT

hh

=

=
 

 

• Surface partly submerged in pool of Control Volume. The representative heat transfer 

coefficient is assumed to be equal to the average of the heat transfer coefficients for the 

atmosphere and the pool. 

 

poolpoolatmsatms hXhXh +=  

 

Xatms is the fraction of SC surface in the atmosphere of Control Volume, and Xpool is the fraction 

of surface in pool of a Control Volume. 

 

The representative fluid temperature is calculated from the following relation: 
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where TSC is the SC surface temperature, while qatms and qpool are the heat fluxes to atmosphere 

and pool respectively, and are equal to: 
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As a consequence of the averaging procedure described above, the SC surface "sees" only the 

representative values of heat transfer coefficient and fluid temperature. The overall wall heat flux is 

equal to: 
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poolatms qqq +=  

 

This flux is partitioned between the atmosphere (qatms) and the pool (qpool) of Control Volume using 

the above equations. Note that the individual atmosphere and pool heat fluxes may have different 

signs. This happens for example, when SC surface is in contact with cold pool and hot atmosphere, 

with intermediate surface temperature. 

 

An example of the calculation of representative fluid temperature is shown in Figure 5-14. Only if 

both pool and atmosphere heat transfer coefficients are equal, then the representative fluid temperature 

changes linearly from the atmosphere temperature (when the pool fraction is zero) to the pool 

temperature (when the pool fraction is one). In other cases the change is nonlinear. 

 

If, for example, pool heat transfer coefficient is larger than the atmosphere heat transfer coefficient, 

then the representative fluid temperature is closer to the pool temperature (the lowest line, marked 

with triangles, in Figure 5-14). 

 

The representative boundary conditions are available for plotting. For any SC, the user may plot: 

• atmosphere values (Tatms, hatms, qatms) 

• pool values  (Tpool, hpool, qpool) 

• representative values (Tfluid, h, q) 

The representative values are recommended for general use. In the case of 2-D Solid Heat Conductors 

only the representative values are available for plotting. 

 

 

Figure 5-14 Representative fluid temperature calculation 
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In case of boiling surfaces a special treatment is provided to take into account the warm plume (section 

2.6.7). In this case the fluid temperature is calculated by: 

 

)()()()( int ZfTffTTTT ZTpoolpoolfluid −+=   

 

Tint is the liquid temperature at the pool-bubble interphase (thus the warm plume temperature, equal to 

the saturation temperature for the pressure at the elevation of average bubble - see section 2.6.7), and 

fα, fT, fZ, are the void fraction factor, the temperature factor, and the submergence factor, described 

below. 

 

• Void fraction factor, fα(α) 
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α is the average void fraction in the pool; λ is the interpolation factor, equal to: 
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The limiting void fractions have default values of: α1=10–3, α2=0.05, and may be redefined via 

input. Physically the use of the void fraction factor means that a SC surface will be exposed 

to warm plume only if the average void fraction of bubbles in the pool is sufficiently large. 

 

• Surface temperature factor, fT(T) 
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TSC is the surface temperature of the SC; λ is the interpolation factor, equal to: 
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The limiting temperature differences have default values of: ΔT1=1.0 K, ΔT2=3.0 K, and may 

be redefined via input. Physically the use of the surface temperature factor means that an SC 

surface will be exposed to the warm plume only if boiling occurs at this surface, which means 

if the surface temperature is sufficiently high. 
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• Surface submergence factor, fZ(Z) 
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Zbubb is the submergence of average bubble; λ1 and λ2 are the interpolation factors, equal to: 
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The limiting submergence multipliers have default values of: Zm,1 = 2.0, Zm,2 = 4.0, and may 

be redefined via input. Physically the use of the surface submergence factor means that an SC 

surface will be exposed to the warm plume if the surface is not located very deeply in the 

pool. The warm plume temperature is approaching pool temperature when surface 

submergence approaches zero. 

 

 

 

Figure 5-15 Submergence factor, fZ(Z). 
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5.6 Temperature Averaging for Heat Exchangers 

 

The temperature averaging concept is best explained using a counter-current heat exchanger, shown 

in Figure 5-16. The discussion below is relevant for modeling heat exchangers not only with the 

SPECTRA code, but also with most computer codes, for example MELCOR, CONTAIN etc. 

 

 

 
 

Figure 5-16 Counter flow heat exchanger modelling. 
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Figure 5-16 (a) shows a heat exchanger modeled using a single “node”. By the “node” one should 

understand here a heat conducting structure and two control volumes, representing the cold and the 

hot side of the heat exchanger. The temperatures in both control volumes will stabilize at a certain 

level, denoted in Figure 5-16 (a) by TSC-01,left and TSC-01,right. The temperature difference depends on 

the geometry and the hydraulic conditions of the analyzed system. Even if the computer code is able 

to predict this temperature difference perfectly well, the exit temperatures will be quite different 

from reality. This is because the wall, in this case SC-01, “sees” on both sides only a single 

temperature on its whole length Figure 5-16 (a). In reality the temperature changes along the wall, 

on both hot and cold side. 

 

In order to obtain more accurate exit temperature prediction one should use multiple nodes to model 

the heat exchanger. An example of such model is shown in Figure 5-16 (c), where 7 nodes are used. 

This representation allows improving the exit temperature prediction, but the error still remains 

significant. A nodalization sensitivity study, performed for the IHX (intermediate heat exchanger) 

of the HTR-ICC plant (High Temperature Reactor - Indirect Cycle Co-generation) showed that for 

this type of heat exchanger the error in the exit temperature prediction was: 

 

• ~80 K  for 5 nodes, 

• ~40 K  for 10 nodes, 

• ~20 K  for 20 nodes. 

 

These data are illustrated in Figure 5-17 (the line: “without temperature averaging functions”). An 

extrapolation of the above numbers leads to an expected error of about 10 K for 40 nodes, and 5 K 

for 80 nodes. Thus, even if 100 nodes are applied the exit temperature will still be off by several 

degrees. 

 

 

 

Figure 5-17 Influence of the number of nodes on HTR-ICC intermediate heat exchanger. 
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Therefore, for the analyzed heat exchanger one would need more than a hundred nodes to achieve 

accuracy similar to that obtained with the temperature averaging. One must remember that a node 

consists of a single structure, two control volumes, and two junctions to allow fluid flow. Thus the 

total number of components needed to represent only the heat exchanger is more than 500. A typical 

HTR system consists of at least several heat exchangers, not to mention turbo-compressors, and the 

reactor itself. 

 

Application of this large amount of nodes would inevitably lead to long computation times because 

of small time steps forced by the “Courant Limit”. Consequently, such approach would be 

impractical for analyzing long transients. 

 

In order to improve the accuracy without the necessity of using very large amount of nodes the 

concept of fluid temperature averaging at the structure boundary has been developed. The concept 

is quite simple. The structure boundary fluid temperature is defined as the average of the fluid 

temperature at the inlet to the boundary control volume and at the exit from it (note that the exit 

temperature is equal to the temperature in the boundary control volume itself), rather than the fluid 

temperature in the boundary control volume. 

 

Use of the temperature averaging concept is shown in Figure 5-16 (b) and (d). The boundary fluid 

temperatures, which the conducting structure “sees”, are equal to the average of the control volume 

and the inlet temperature. The consequences might be quite surprising in case of one-node 

representation - such as shown in Figure 5-16 (b). The exit temperature on the hot side (which is 

also the temperature in the boundary volume CV-10) is lower than the exit temperature on the cold 

side (CV-20)! Thus, although the fluid in CV-10 is colder than the fluid in CV-20, the heat is still 

transferred from CV-10 to CV-20. The results are correct even in one-node representation, 

nevertheless to avoid confusion in the results interpretation, at least few nodes should be used - see 

Figure 5-16 (d). 

 

A general temperature-averaging scheme is available in SPECTRA. The scheme is allows correct 

temperature averaging in steady state, as well as transients with fluid flow direction changes. The 

method relies on a user-defined nominal fluid flow, WTA, for full temperature averaging. This value 

of WTA is defined as the minimum mass flow at which the temperature distribution within a single 

Control Volume of the heat exchanger can be considered as approximately linear. Therefore WTA 

depends on the applied nodalization; with a small number of nodes applied; WTA must be large, 

while with large number of nodes WTA may be smaller. The “full” temperature averaging is 

performed only when the fluid flow exceeds WTA : 

 

inletCVSC TTT
2

1

2

1
+=  

 

TSC is the averaged fluid temperature, used as a boundary condition for the Solid Heat Conductor 

SC, TCV is the fluid temperature in the Control Volume CV, where the heat is transferred (boundary 

volume of the SC), and Tinlet is the fluid temperature at the inlet to the CV. 

 

When the flow is smaller, the temperature is obtained from a weighted average, as: 

 

    inletCVSC TWaTWaT +−= )()(1  

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

250  K6223/24.277594  MSt-2402 

W is the inlet mass flow. The interpolation is performed using a smooth 3-rd order interpolation, as: 

( ) 5.0)(0.0,23
2

1
)( 2 =−= Wa

W

W
XXXWa

TA

 

 

With this definition the average temperature becomes identical with the Control Volume 

temperature if the inlet flow decreases to zero: 

 

0.0, →→ WwhenTT CVSC  

 

This procedure of temperature averaging gives good results for the flow range between zero and a 

large flow. It does not however guarantee good results if the flow direction changes. When flow 

direction changes then a counter-current heat exchanger becomes a co-current one (or vice versa). 

Of course the behavior of the exchanger is quite different in that case. Essentially the difference is 

that the value of WTA, appropriate for the normal (counter-current) flow conditions, is inappropriate 

for the new (co-current) flow conditions. This may be easy understood in case of a typical 

recuperator, where the inlet temperatures differ by few hundred degrees and the primary to 

secondary side temperature difference is of order of ten degrees. If the flow direction on one side 

changes, then the primary to secondary side temperature difference becomes several hundred 

degrees. In such circumstances there is a huge heat transfer near the inlet and the temperatures 

rapidly change. In order to have a linear temperature profile over the same control volume the mass 

flow needs to be much larger. Thus in the co-current situation the appropriate value of WTA is 

typically much larger than in normal counter-current situation. This can be achieved in the model 

by specifying different value of WTA for co- and counter-current flows. The input consists of four 

entries of WTA, which are then used depending on the current flow directions. The concept is 

illustrated in Figure 5-18. 

 

The input entries are: 

 

• WTA, 1 , limiting WTA, for flow entering through JN-11 (normal flow direction). 

• WTA, 2 , limiting WTA, for flow entering through JN-12 (reversed flow direction). 

• WTA, 1 sec , limiting WTA, for flow entering through JN-11 and reversed secondary flow. 

• WTA, 2 sec , limiting WTA, for flow entering through JN-12 and reversed secondary flow. 

 

For a typical counter-current flow heat exchanger, reasonable values for the T-A model would be: 

 

• WTA, 1 = Nominal mass flow (counter-current). 

• WTA, 2 = Large value (co-current). 

• WTA, 1 sec = Large value (co-current). 

• WTA, 2 sec = Nominal mass flow (counter-current). 

 

Results do not depend on the logical junction direction, but only on the current flow direction. 
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Figure 5-18 Generalized temperature-averaging scheme. 
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5.7 Simultaneous Heat Transfer to Pool and Atmosphere 

 

Simultaneous heat transfer to pool and atmosphere may lead to too large condensation in some cases. 

This situation is illustrated in Figure 5-19. An artificial negative heat flux at the surface of SC (Figure 

5-19, middle), keeps the steam temperature close to the liquid temperature and prevents heat up of the 

uncovered nodes in the upper part of the fuel channel. 

 

To eliminate this problem (at least to a certain extent; the best strategy here would be to use fine 

nodalization - Figure 5-19, left), the user may restrict the simultaneous heat transfer to a situation 

when the pool-covered fraction is smaller than a user-defined critical value. An interpolation zone is 

defined. The full transfer to gas occurs when the pool fraction is below 0.9 of the critical value, a linear 

interpolation is performed in the range between 0.9 and 1.0 times the critical value. In the considered 

example a value of 0.01 was used (Figure 5-19, right). 

 

The procedure illustrated above allows to eliminate heat transfer from atmosphere to pool, through the 

solid structure (SC or TC). However, a direct heat transfer still exists at the pool-atmosphere 

interphase. Therefore it is advisable to eliminate the pool-atmosphere heat transfer at the same time. 

This was done in the example shown below. 

 

 

 

Figure 5-19 Simultaneous heat transfer to pool and atmosphere 
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5.8 Extended Surfaces – Fins and Spines 

 

Fins or spines may be present on rectangular or cylindrical solid heat conductors. Modeling of fins 

and spines is performed in a simplified way. A detailed model would require solution of multi-

dimensional conduction equation. The present model treats fins or spines just as an addition to the SC 

surface (extended surface), which changes the effective heat flux from the true SC surface. The wall 

nodalization is identical to that which would be applied in absence of fins/spines. The conduction 

equation is therefore the same; the only difference is that the conduction model now "sees" different 

values of boundary conditions. 

 

The influence of extended surfaces is calculated based on the assumption that the temperature 

distribution inside the fins/spines may be represented by the theoretical stationary distribution. With 

this assumption the fin/spine efficiency is calculated, using the usual efficiency definition [20]. 

Finally, the enhancement of heat (and mass) transfer on the SC surface is obtained. The calculation 

procedure is shortly described below. 

 

Three types of extended surfaces are considered (see Figure 5-20): 

 

• Rectangular fins. 

• Cylindrical fins. 

• Spines. 

 

Spines may be applied for any geometry. Rectangular fins may be applied on both surfaces of 

rectangular heat conductors. Cylindrical fins may be applied only on the right (outer) surface of 

cylindrical heat conductors. 

 

 

 

Figure 5-20 Extended surfaces for 1-D Solid Heat Conductors, fins and spines. 
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The effective heat transfer coefficient, heff, and mass transfer flux, meff, at the SC surface with fins or 

spines are calculated by multiplying the true values (obtained from the Heat and Mass Transfer 

Package) by the enhancement factor, E. 

 

Different values of enhancement factors are used for the parts of SC exposed to the atmosphere and 

the pool of CV: 

c

pool

effc

poolpoolpool

eff

c

atms

effc

atmsatmsatms

eff

mEmhEh

mEmhEh

==

==

,

,
 

 

The symbols mc and mb mean the condensation and boiling mass transfer rates (kg/m2-s), respectively. 

 

The enhancement of heat/mass transfer due to fins or spines, E, is defined as the ratio of the average 

heat/mass transfer flux which is transferred through the outer surface of the wall (at the base of fins or 

spines), to that which would be transferred through the same surface in absence of fins (but with the 

same heat transfer coefficient). That means: if the fins were isothermal (temperature in all fin equal to 

the temperature at the base of the fin) the enhancement would be equal to the ratio of the total heat 

transfer area in presence of fins or spines, to that in absence of fins/spines. Since fins/spines are not 

isothermal, the heat transfer area of the fins/spines must be multiplied by the fin/spine efficiency, 

which is defined as the ratio of heat transferred over the total fin or spine area to that which would be 

transferred if the fins or spines were isothermal ([20], section 3.B.2.b). Thus the fin enhancement is 

given by: 

base

comp

finfinnobasecomp

A

AA
E

+
=

,
 

 

Abase, no fin this part of the surface area at the fin/spine base, which is not covered by the 

fin/spine, (m2), (Figure 5-20) 

Abase surface area at the fin/spine base, (m2), (equal to: Abase, no fin + Abase, fin), where 

Abase, fin is this part of the surface area at the fin/spine base which is covered by 

fin/spine, (m2), (Figure 5-20) 

Afin area of heat/mass transfer of the fin/spine, (m2), (Figure 5-20) 

ηcomp fin/spine efficiency for a given component. The fin/spine efficiency is defined 

as the ratio of the actual heat transfer to the heat that would be transferred if the 

fins/spines were isothermal (i.e. thermal conductivity k → ) - see for example 

[20] page 3-115. 

 

The subscript comp is used to signify atmosphere or pool. The final formula for E depends on the 

geometry and is described below, separately for each geometry type. 

 

• Rectangular Fins: 

 

The surface areas per unit length are equal to (see Figure 5-21.a): 

 

Abase, no fin = Δ – 2t 

Abase, fin  = 2t 

Afin  = 2(L+t) 
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Figure 5-21 Calculation parameters for fins and spines. 

 

 

Consequently, the fin enhancement is given by: 
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L is fin length, t is half thickness of a fin, and Δ is the distance between two neighboring fins 

(Figure 5-21.a). The fin efficiency for given component, ηcomp is given by ([21], section 2.4): 

 

L

L
comp

comp
comp




=






)tanh(
 

βcomp is defined as: 

)/( tkhcompcomp =  

 

In the above formula hcomp is the heat transfer coefficient on the fin surface (calculated by the 

Heat and Mass Transfer Package), while k, t, are the thermal conductivity of the fin material, 

and half fin thickness, respectively. 

 

• Cylindrical fins 

 

The surface areas per unit length are equal to (see Figure 5-21.b): 

 

Abase, no fin = (Δ – 2t)·π·Dtube 

Abase, fin  = 2t·π·Dtube 

Afin  = 2·[π·(Dtube+2L)2/4 – π·(Dtube)2/4] +2t·π·(Dtube+2L) 
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Consequently, the fin enhancement is given by: 
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The equation is valid for the right (outer) surface. For the left (inner) surface. the formula is 

very similar, with 2t+L replaced by 2t–L. The fin efficiency is given by ([21], section 2.4): 
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K, I are Bessel functions, βcomp is defined as above, c = r1/r2, and r1, r2, are the inner and the 

outer radius of the fins. Thus r1 and r2 are equal to: r1 = Dtube/2, r2 = Dtube/2 + L for the right 

(outer) surface, while: r1 = Dtube/2 – L, r2 = Dtube/2 for the inner (left) surface. 

 

• Spines 

 

The surface areas per unit length are equal to (see Figure 5-21.c): 

 

Abase, no fin = π·(Δ2/4 – t2) 

Abase, fin  = π·t2 

Afin  = 2·π·L·t +π·t2 

 

Consequently, the fin enhancement is given by: 
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The fin efficiency is given by ([21], section 2.4): 
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L
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2

)2tanh(
 

βcomp is defined as above. 

 

The program calculates an average fin/spine temperature (it is not used in the calculations but is 

included for plotting purposes). The average fin temperature is obtained using the definition of the 

fin efficiency. The fin/spine efficiency is defined as the ratio of the actual heat transfer to the heat that 

would be transferred if the fins/spines were isothermal [20] page 3-115. Therefore: 

 

fluidwall

fluidfin

TT

TT

−

−
=  

 

Here Twall is the wall temperature (at the base of the fin/spine) and Tfluid is the fluid temperature. 

Therefore: 

)( fluidwallfluidfin TTTT −+=   
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The heat capacity of the fin/spine material is accounted for in the following way. The fin does not 

exist as a separate mesh cell in the 1-D conduction model. In the previous SPECTRA versions the 

fin/spine heat capacity was ignored altogether. In the current version the heat capacity of the fin/spine 

material is accounted for by enlarging the heat capacity of the boundary mesh cell (the cell to which 

the fin/spine is attached). In order to do this a “cell volume increase factor” is calculated by the 

program (and printed during the input processing). The cell volume increase factors are calculated 

from the following formulae. 

 

• Rectangular Fins: 

 

The volumes of fins and the boundary cell are equal to: 

 

Vfin = 2·L·t 

Vcell = Δ·x 

 

Here x is the thickness of the boundary cell. The volume increase factor is equal to: 
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• Cylindrical fins 

 

Left (inner) surface: 

Vfin = (π/4)·[ D2 – (D – 2·L)2  ]·2·t = 2π·L·t (D – L) 

Vcell = (π/4)·[ (D + 2·x)2 –  D2 ]·Δ   =  π·Δ·x (D + x) 
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Right (outer) surface: 

Vfin = (π/4)·[ (D + 2·L)2 – D2 ]·2·t = 2π·L·t (D + L) 

Vcell = (π/4)·[ D2 – (D – 2·x)2  ]·Δ   =  π·Δ·x (D – x) 
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• Spines 

 

Vfin = π·t2·L 

Vcell = (π/4)·Δ2·x 

x
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V
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cell

fincell




+=

+
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During the transient the code calculates the actual heat capacity of the boundary cell as the true heat 

capacity of the cell material (at the current cell temperature) multiplied by an appropriate volume 

increase factor. This implies that the fin material is the same as the material of the boundary cell. This 

is the default setting (see Volume 2). The user may choose different material for the fin than for the 

boundary cell. In such case a warning message is issued informing the user that this is appropriate if 

the heat capacities of both materials are the same (or at least similar).  
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5.9 Simplified Thermal Radiation Model - Structure-to-Gas Radiation 

 

An elaborate thermal radiation model is available through the Thermal Radiation Package (Chapter 

8). Use of such model often involves significant effort, needed to prepare the view factor and beam 

length data. Therefore a simple radiation model is available for cases when thermal radiation is less 

important. The simplified radiation model calculates radiative heat exchange between wall surface 

and surrounding gas. The gas is assumed to be opaque (gas emissivity and absorptivity are equal to 

one). For such cases the radiative heat flux is given by [113]: 

 

( )44)( gwwwr TTTq −=   

 

σ is the Stefan-Boltzmann constant, σ=5.67×10–8 W/(m2-K4), εw(Tw) is the wall emissivity, defined by 

the user a function of temperature (IQRLSC / IQRRSC > 1000), Tw, Tg, are the wall and the gas 

temperatures, respectively. 

 

The assumption of gas opacity is taken for modeling consistency. Gas emissivity could be introduced 

into the above equation by replacing the wall emissivity, εw(Tw), by an effective wall-gas emissivity, 

εwg, defined as [113]: 

1
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Such method is used for example in the MELCOR code, Heat Structure Package [46]. This approach 

may be criticized for the following reason. If the detailed net enclosure model (Chapter 8) or the 

structure-to-structure model (section 5.10) is not used, the radiative heat exchange can be correctly 

modeled only if the atmosphere is opaque. In any other case, i.e. if the gas emissivity and absorptivity 

are smaller than one, then the use of the effective emissivity is approximately correct only in case of 

hot gas radiating to relatively cold walls, for example in case of a burning chamber. 

 

In cases when there is no internal energy source in the gas, the gas temperature equilibrates quickly 

with the temperatures of the surrounding walls, because of the relatively low heat capacity of gas. In 

such case the gas acts mainly as a screen between radiating walls, and radiative exchange between 

walls is minimal in case of opaque atmosphere (εg=1.0), increases with decreasing gas emissivity, and 

reaches maximum in case of transparent atmosphere (εg=0.0) - Figure 5-22 (see section 8.3). 

 

Use of the effective emissivity will result in the radiative exchange being maximal in case of opaque 

atmosphere (εg=1.0), decreasing with decreasing gas emissivity, and equal to zero in case of 

transparent atmosphere (εg=0.0) - Figure 5-22. This dependence is opposite to that observed in reality. 

Therefore, if the detailed thermal radiation model (the model described in Chapter 8) is not used, then 

typically the best approximation is obtained by assuming that the atmosphere is opaque. 

 

Structure-to-gas radiation is calculated only on the surfaces that are not covered by liquid (the 

uncovered surface area is used). Verification of the structure-to-gas radiation model is shown in 

Volume 3. It is shown that the results of the simplified model are the same as the results of the more 

accurate net enclosure model, with the gas emissivity equal to 1.0. 
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Figure 5-22 Influence of gas emissivity on wall-to-wall radiative heat transfer. 

 

 

5.10 Simplified Thermal Radiation Model - Structure-to-Structure Radiation 

 

While the structure-to-gas radiation model, described in the previous section, represents the situation 

where gas emissivity is equal to 1.0, the structure-to-structure radiation model represents the situation 

where gas emissivity is equal to 0.0. The user has to define pairs of surfaces radiating to each other. 

The same results may be obtained using the net enclosure model with gas emissivity equal to zero, but 

the input is much simpler. In case when there is multiple pairs of surfaces radiating to one another 

(e.g. reactor vessel wall and RCCS wall in High Temperature Reactor) it is much easier to define a set 

of radiating pairs of surfaces, rather that defining a large number of enclosures with large matrices of 

view factors. 

 

The model is available only for 1-D Solid Heat Conductors. An arbitrary number of 1-D Solid Heat 

Conductor surface pairs may be defined by the user as described in Volume 2 (records 327XXX, 

328XXX). A single SC may be a member of a single radiating pair only. In order to activate the model, 

the surface emissivity must be defined for both surfaces of the pair, exactly the same way as it is done 

for the structure-to-gas model  (IQRLSC / IQRRSC > 1000). The radiative exchange is calculated 

using the following relationship: 
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q1–2 heat flux from surface 1 to 2, W/m2, 

σ Stefan-Boltzmann constant, =5.67×10–8 W/(m2-K4),  

T1 temperature of surface 1, K, 

T2 temperature of surface 2, K, 

ε1–2 effective emissivity between surfaces 1 to 2. 

 

The effective emissivity is obtained from  
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A1 area of surface 1, m2, (the smaller surface) 

A2 area of surface 2, m2, (the larger surface) 

ε1 emissivity (temperature-dependent) of surface 1, 

ε2 emissivity (temperature-dependent) of surface 2, 

F1–2 view factor from surface 1 (the smaller surface) to surface 2 (the larger surface). 

 

If both surfaces have the same area, then the formula reduces to: 
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The formula is based on view factor F1–2 = 1.0. If one of the surfaces is larger, the calculation procedure 

is as follows. If the user does not specify any view factor, the code assumes that the view factor from 

the smaller to the larger surface is 1.0. The view factor from the larger surface to the smaller one 

follows from the reciprocity relation: F2–1 = A1 / A2. The effective emissivity is given by: 
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This is the so-called Christiansen system, discussed in Volume 3 (section: Five Radiating Surfaces - 

Christiansen System). The user may define the emissivity F1–2 < 1.0. In such case F2–1=F1–2×A1/A2 

and the effective emissivity is obtained from the most general formula, shown above (the same 

formula is used in MELCOR for structure-to-structure radiation model [46]). The heat fluxes obtained 

from the smaller surface, q1–2, and the larger surface, q2–1,  are equal to: 
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Structure-to-structure radiation is calculated only on the surfaces that are not covered by liquid (the 

uncovered surface area is used). Verification of the structure-to-structure radiation model is shown in 

Volume 3. It is shown that the results of the simplified model are the same as the results of the more 

accurate net enclosure model, with the gas emissivity equal to 0.0. 
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5.11 Structural Failure Model 

 

The failure model may be applied for 1-D and 2-D Solid Heat Conductors. If it is applied, it calculates 

if failure has occurred, time to rupture, and cumulative damage. These parameters are available in the 

SPECTRA output and as arguments to Control Functions. The user may use these parameters to model 

an opening of a flow path when the rupture is calculated to occur . 

 

The failure model considers the following three failure mechanisms: the meltdown, the creep rupture, 

and the ultimate strength failure. Those mechanisms are discussed subsequently below. 

 

• Meltdown 

 

The meltdown occurs when the current stress exceeds the melting temperature: 

 

MTT   

 

Here T and TM are the temperature and the melting temperature, respectively. 

 

• Creep rupture 

 

Creep rupture is calculated using the method proposed by Larson and Miller [178]. The time 

to rupture is obtained from the following relation ([179], section B-5.1): 

 

)]'(log'['001.0' 10 rtCTLMP +=  

 

Here T’ is temperature in Rankine, tr’ is time to rupture in hours, C’ is a material constant. In 

SPECTRA SI units are used, therefore the temperature is expressed in Kelvins, while the time 

to rupture is expressed in seconds. The time to rupture is expressed as: 

 

C
T

LMP
tr −=)(log 10

 

 

Conversion from Rankine to Kelvins and from hours to seconds means that when the formula 

is expressed in SI units LMP = 1000/1.8LMP’ and C = C’–log10(3600) = C’–3.56. 

 

The failure is calculated using the concept of cumulative damage, described in [179], section 

B-5.1. A damage that the material suffers when subjected to temperature T and stress σ is 

defined as equal to the inverse of the time to rupture calculated for the current parameters: 
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A cumulative damage is defined as: 

= DdtCD  
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During the calculations the integration is approximated by a summation: 

 

tDttCDtCD +−= )()(  

 

The failure occurs when the cumulative damage reaches the value of 1.0. It may easily be 

checked that when the stress and temperature are constant, the cumulative damage becomes 

equal to 1.0 after the time equal to tr. 

 

The Larson-Miller parameter, LMP, is approximated in SPECTRA by the following 

correlation: 

)(log 10 −= BALMP  

 

Here A and B are material constants and σ is stress in Pa. In literature English units are often 

used, where stress is expressed in ksi, equal to 1000 psi: 

 

)'(log''' 10 −= BALMP  

 

One ksi is 1000 psi. Since 1 bar = 14.504 psi, 1 ksi is equal to 1000/14.504105 = 6.89465106 

Pa. Therefore when the Pa are used for stress, then: A’’ = A’ + B’log10(6.89106) = A’ + 

B’6.8385. A conversion of LMP’ to LMP is still needed. As shown above, the factor 1000/1.8 

is needed to account for that conversion. Therefore: A = A’’(1000/1.8). For the same reason 

the factor B’ must be multiplied by the factor 1000/1.8. Therefore: B = B’(1000/1.8). Finally 

if the SI units are to be applied, then the coefficients must be converted as follows: 

56.3'
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• Ultimate strength failure 

 

The ultimate strength failure occurs when the current stress exceeds the ultimate strength: 

 

U   

 

Here σ and σU are the stress and the ultimate strength respectively. The ultimate strength 

depends on temperature. In SPECTRA the following approximation is taken: 

 

o At low temperatures a constant value is used: 

 

lowTU ,   

 

o At high temperatures the LMP is used, with the time to rupture, tr = tU,highT, obtained 

to provide a good fit to the experimental data. The data and the fit used in SPECTRA 

are discussed below for several frequently used materials. 
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Reference [179] ultimate strength and creep rupture data for four materials: Inconel-600, stainless steel 

304SS, carbon steel SA106B and carbon steel SA533B1. These materials are discussed below. 

 

▪ Inconel-600 

 

For the Inconel-600, reference [179] Figure B-31 gives: 

 

LMP’ = 36.196–8.9433log10(σ’) 

LMP’ = T’(13+log10(tr’) )(10–3) 

 

In the SI units: 

 

A = (36.196 + 8.94336.8385)(1000/1.8) = 54086 

B = 8.9433(1000/1.8) = 4968.5 

C = 13 – 3.56 = 9.44 

 

The ultimate strength experimental data for Inconel-600 is shown in [179], Figure B-29. Using 

a trial and error method it was found out that the experimental data may be well approximated 

by the creep rupture line with the time to rupture of tr = 634 s. 

 

The results are shown in Figure 5-23. The solid red line represents the high temperature 

ultimate strength line, obtained with tU,highT = 634 s. The low temperature ultimate strength is 

7.3108 Pa (reference [179], Figure B-29). The dashed red line represents the low temperature 

ultimate strength. For comparison two creep rupture lines are shown in Figure 5-23. These 

are the 1 hr and the 10 hr creep lines, shown using blue lines, the dashed line for the 1 hr creep 

and the solid line for the 10 hr creep. 

 

▪ Stainless steel 304SS 

 

For the stainless steel 304SS, reference [179] Figure B-41 gives: 

 

LMP’ = 43.163–9.1555log10(σ’) 

LMP’ = T’(16+log10(tr’) )(10–3) 

 

In the SI units: 

 

A = (43.163 + 9.15556.8385)(1000/1.8) = 58763 

B = 9.1555(1000/1.8) = 5086.4 

C = 16 – 3.56 = 12.44 

 

The ultimate strength experimental data for 304SS is shown in [179], Figure B-38. Using a 

trial and error method it was found out that experimental data may be well approximated by 

the creep rupture line with the time to rupture of tr = 1120 s. 
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Figure 5-23 Ultimate strength for Inconel-600, data [179] and fit 

 

 

Figure 5-24 Ultimate strength for stainless steel 304SS, data [179] and fit 
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The results are shown in Figure 5-24. The solid red line represents the high temperature 

ultimate strength line, obtained with tU,highT = 1120 s. The low temperature ultimate strength 

is 6.45108 Pa (reference [179], Figure B-38 - the engineering value is used). The dashed red 

line represents the low temperature ultimate strength. For comparison two creep rupture lines 

are shown in Figure 5-24. These are the 1 hr and the 10 hr creep lines, shown using blue lines, 

the dashed line for the 1 hr creep and the solid line for the 10 hr creep. 

 

▪ Carbon steel SA106B 

 

For the carbon steel SA106B, reference [179] Figure B-50 gives: 

 

LMP’ = 30.867–7.6282log10(σ’) 

LMP’ = T’(13+log10(tr’) )(10–3) 

 

In the SI units: 

 

A = (30.867 +7.62826.8385)(1000/1.8) = 46129 

B = 7.6282(1000/1.8) = 4237.9 

C = 13 – 3.56 = 9.44 

 

The ultimate strength experimental data for SA106B is shown in [179], Figure B-47. Using a 

trial and error method it was found out that experimental data may be well approximated by 

the creep rupture line with the time to rupture of tr = 515 s. 

 

The results are shown in Figure 5-25. The solid red line represents the high temperature 

ultimate strength line, obtained with tU,highT = 515 s. The low temperature ultimate strength is 

5.5108 Pa (reference [179], Figure B-47). The dashed red line represents the low temperature 

ultimate strength. For comparison two creep rupture lines are shown in Figure 5-25. These 

are the 1 hr and the 10 hr creep lines, shown using blue lines, the dashed line for the 1 hr creep 

and the solid line for the 10 hr creep. 

 

▪ Carbon steel SA533B1 

 

For the carbon steel SA533B1, reference [179] provides creep data (Table B-10). Data from 

that table has been approximated as follows: 

 

LMP’ = 48.775–12.5476log10(σ’) 

LMP’ = T’(20+log10(tr’) )(10–3) 

 

In the SI units: 

 

A = (48.775 +12.54766.8385)(1000/1.8) = 74768 

B = 12.5476(1000/1.8) = 6970.9 

C = 20 – 3.56 = 16.44 

 

The ultimate strength experimental data for SA533B1 is shown in [179], Figure F-1.7-5. 

Using a trial and error method it was found out that experimental data may be well 

approximated by the creep rupture line with the time to rupture of tr = 30 s. 
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Figure 5-25 Ultimate strength for carbon steel SA106B, data [179] and fit 

 

 

Figure 5-26 Ultimate strength for carbon steel SA533B1, data [179] and fit 
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The results are shown in Figure 5-26. The solid red line represents the high temperature 

ultimate strength line, obtained with tU,highT = 30 s. The low temperature ultimate strength is 

5.5108 Pa (reference [179], Figure F-1.7-5). The dashed red line represents the low 

temperature ultimate strength. For comparison two creep rupture lines are shown in Figure 

5-26. These are the 1 hr and the 10 hr creep lines, shown using blue lines, the dashed line for 

the 1 hr creep and the solid line for the 10 hr creep. 

 

Data for all materials is summarized in Table 5-1. 

 

 

Table 5-1 Failure model data for some frequently used materials 

 

Constants 

Material 

Inconel-600 Steel 304SS Steel SA106B Steel SA533B1 

A 

B 

C 

TM 

σU,lowT 

tU,highT 

54,086 

4,968.5 

9.44 

1644.0 

7.3108 

634.0 

58,763 

5,086.4 

12.44 

1671.0 

6.4108 

1120.0 

46,129 

4,237.9 

9.44 

1789.0 

5.5108 

515.0 

74,768 

6,970.9 

16.44 

1789.0 

5.5108 

30.0 

 

 

5.12 Gap Conductance Model 

 

The gap conductance model may be applied for 1-D and 2-D Solid Heat Conductors. If it is applied, 

it calculates the effective conductance and the effective heat transfer coefficient of the gap between 

fuel and cladding of the fuel element. The gap calculations are performed for those 1-D and/or 2-D 

Solid Heat Conductors, which are designated as the fuel regions. The fuel regions are discussed in 

section 5.12.1. The gap model is discussed in section 5.12.2. 

 

 

5.12.1 Fuel Regions 

 

As a first step the user must define the following: 

 

▪ Fuel regions. The fuel regions define which 1-D and/or 2-D Solid Heat Conductors are used 

to represent the fuel rods in the reactor core. 

▪ Common fuel regions. The common fuel regions define which of the fuel regions represent 

the same fuel rod (or group of rods) and therefore share the same gap properties, such as gap 

pressure and gas composition in the gap. 

 

For example, suppose the reactor core is modelled as one hot rod and one average rod, each of them 

is represented by five 1-D Solid Heat Conductors in the axial direction (Figure 5-27). The hot rod is 

represented by SC-101 through SC-105. The average rod is represented by SC-201 through SC-205. 

The fuel regions and the common fuel regions are in such case defined as follows: 
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▪ Fuel regions (total reactor core): 

SC-101, SC-102, SC-103, SC-104, SC-105, SC-201, SC-202, SC-203, SC-204, SC-205 

 

▪ Common fuel regions: 

o Common region 1 (hot rod): 

SC-101, SC-102, SC-103, SC-104, SC-105 

o Common region 2 (average rod): 

SC-201, SC-202, SC-203, SC-204, SC-205 

 

The hot rod and the average rod, shown in Figure 5-27, are made of 6 nodes. Nodes 1 - 4 represent 

the fuel, node 5 represents the gap, node 6 represents the cladding. This is the case for all SC-s in 

Figure 5-27. This is not a formal requirement; i.e. in general the gap node number may be different 

for different fuel regions or even for the same common fuel region. For each fuel region the user must 

select a gap model to be applied in this region. The gap model is described in the following section. 

The user may define up to 10 gap models with different parameters, such as surface emissivities, 

surface roughness, direct contact pressure, etc. 

 

 

 

 

Figure 5-27 Example of fuel regions for gap calculations 
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From the point of view of the 1-D or 2-D conduction equation, the gap node is only different from 

other nodes by the way thermal conductivity of the material is obtained. While for the non-gap nodes, 

the thermal conductivity is obtained by interpolating material property data using the actual node 

temperature, for the gap node thermal conductivity is set after the gap conductance is calculated as: 

gapgapgap dhk =  

 

Here hgap is the gap conductance (W/m2-K), calculated as described in section 5.12.2; dgap is the gap 

thickness (m), which may be either constant or calculated from the dynamic expansion model, 

described in section 5.12.3. If the dynamic expansion model the effective conductivity of the gap node 

is obtained by taking into account the changes of gap geometry as: 

 

cf

cf

gapgapgap
rr

rr
dhk

+

+
=

''
 

 

Here rf and rc are the original fuel outer radius and cladding inner radius (Figure 5-28), as defined by 

the Solid Conductor geometry data, while rf’ and rc’ are the actual dimensions, calculated by the 

dynamic expansion model. The correction factor is the ratio of the actual gap mean radius (rf’ + rc’)/2 

to the original gap mean radius (rf’ + rc’)/2. 

 

 

 

Figure 5-28 Gap parameters 

 

 

5.12.2 Gap Conductance Model 

 

Gap conductance calculation is discussed in this section. The gap conductance may be defined in one 

of the two ways: 

 

• For each fuel region the gap conductance is equal to a constant, user-defined value. 

• For each fuel region the gap conductance is calculated using the gap conductance model, 

described below. 
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With the gap conductance model, the overall heat transfer coefficient in a gap is computed as a sum 

of three terms: 

scrgap hhhh ++=  

hr radiation, (W/m2-K) 

hc conduction through gas, (W/m2-K) 

hs conduction through solid, due to contact of fuel and cladding, (W/m2-K) 

 

• Radiation. The radiation term is obtained as: 

 

( ) ( )cfcf

cf

r TTTTh ++













−+=

−

22

1

1
11


  

 

Here εf, εc, are the emissivities of fuel and cladding, Tf, Tc, are the surface temperatures of fuel 

and cladding, σ is the Stefan-Boltzmann constant, equal to 5.6710-8 (W/m2-K4). 

 

The surface temperatures of fuel and cladding, Tf, Tc, are directly available from the SC/TC 

solution scheme when the Method 2 is used - Figure 5-9. If Method 1 is used, nodes are placed 

in the cell centers, except for the boundary cells - see Figure 5-1. In such case the temperatures 

Tf, Tc must be estimated, using the nearest node temperatures Tfuel, Tgap, Tclad (see Figure 5-28). 

 

The estimation of Tf, Tc, in case of Method 1 is done using the following relations: 
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Tfuel temperature of the fuel node, (K) (Figure 5-28) 

Tclad temperature of the cladding node, (K) (Figure 5-28) 

Rfuel thermal resistance of the fuel, (m2-K/W) 

Rclad thermal resistance of the cladding node boundary, (m2-K/W) 

Rgap thermal resistance of the gap node boundary, (m2-K/W) 

fuel distance from the fuel node to the fuel node boundary, (m) 

clad distance from the cladding node to the cladding node boundary, (m) 

gap distance from the gap node to the gap node boundary, (m) 

kfuel thermal conductivity of fuel, (W/m-K) 

kclad thermal conductivity of cladding, (W/m-K) 

kgap effective thermal conductivity of the gap, (W/m-K), (= hgap2gap) 
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The above relations are based on the thermal resistances of fuel (Rfuel = fuel/kfuel), cladding 

(Rclad = clad/kclad), and gap (Rgap = gap/kgap) and strictly speaking are valid only in stationary 

conditions. In practice a very small error is introduced by applying these relations also in 

transient conditions. Since the interpolation factors depend on hgap, which has to be calculated, 

the calculation must be performed iteratively. This is done within the internal iteration, which 

is needed not only because of the gap but also because the material properties may be 

temperature-dependent. Temperatures of Heat Conductors are always solved interactively. 

The old time step values are taken as a first step for the iteration. 

 

• Gas conduction. The conduction term is obtained as: 

 

)(min cfgap

g

c
ggdd

k
h

+++
=  

 

Here kg is the conductivity of the gas mixture, dgap is the gap thickness (dgap=2gap), dmin is 

related to the roughness of the two surfaces, gf, gc, are the temperature jump distances. The 

dmin is obtained from: 

)(min cfd rrCd +=  

 

Here rf, rc, are the surface roughness of fuel and cladding respectively, and Cd is constant. The 

value of Cd recommended in literature ranges from 0.62 (Cetinkale and Fishenden [187]) to 

3.2 (RELAP5 [44]) - see [188]. The default value of Cd in SPECTRA is taken from the Ross 

and Stoute model [186] and is equal to 1.5 (see Volume 2). 

 

The temperature jump distances, gf, gc, are extrapolations of the true gap size to account for 

discontinuities in temperature at the boundary surface of the gas - see Figure 5-29. 

 

 

 

Figure 5-29 Temperature jump distances, g1, g2, reproduced from [189] 
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The discontinuities arise not only from imperfect energy exchange between the gas and the 

surface, but also because the probabilities of a gas molecule colliding with another gas 

molecule and with solid surface are markedly different [189]. The sum of the temperature 

jump distances is obtained from: 






=+


=

−
gasN

i

iiig

gg

jcf

MaXp

Tk
Cgg

1

2/1

)(  

 

Here Cj is a constant, ai is the accommodation coefficient (-), Tg is the gap gas temperature 

(K), Mi is the gas molar weight (kg/kmol), Xi is the gas molar fraction (-), and pg is the gas 

pressure in the gap (Pa). The constant Cj is equal to 0.0247 - see reference [44]. The thermal 

accommodation coefficient of gas i is based on Ullman data [185] (see also [189]): 

 

gXe

gHe

Ta

Ta

−=

−=

−

−

4

4

105.2740.0

103.2425.0
 

)( HeXe

HeXe

Hei
Hei aa

MM

MM
aa −

−

−
+=  

 

Here MHe is the molar weight of Helium (=4.0), MXe is the molar weight of Xenon (=131.3), 

Mi is the molar weight of the gas i. 

 

The gas pressure in the gap is computed from: 

 

gg T
T

p
p =

0

0  

 

Here p0, T0 are the gas pressure and temperature in reference state and Tg is the current gas 

temperature in the gas plenum. The gas plenum is defined by the user for each common 

region. A CV fluid temperature or SC/TC node temperature may be selected. This should be 

selected as the volume or structure most closely associated with the non-fuel region in a fuel 

pin at the top of a stack of fuel pellets. 

 

• Solid conduction. The heat transfer due to the fuel-cladding contact is obtained as: 

 
n

c

a
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s
ss

H

p

r

k
Ch 










=  

 

Here Cs is a constant, ks is the effective solid conductivity, pa is the apparent interfacial 

pressure in the point of contact, Hc is the Meyer hardness of the softer material (cladding), rt 

is the effective surface roughness. The constant Cs is equal to 11.89 m–1/2 according to the 

Ross and Stoute model [186] (the original value of 1.189 cm–1/2 is converted to SI units). For 

Zircaloy cladding the Meyer hardness is approximately equal to (see Figure 5-30, reproduced 

from [190] Figure A-5): 
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Figure 5-30 Meyer hardness of SS-304 and Zircaloy [190] 

 

T = 300 K Hc = 1960×106 Pa 

T = 900 K Hc = 500×106 Pa 

 

The effective solid conductivity is obtained from: 
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s
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k

+
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Here kf, kc, are the conductivities (W/m-K) of fuel and cladding respectively. The effective 

surface roughness is obtained from the Ross and Stoute model [186]: 
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The solid conduction due to the direct fuel-cladding contact is calculated if a positive value 

of pa is supplied in the input data. If no value is supplied, then: 

 

o If no dynamic expansion model is not used, then pa = 0.0 

o If the dynamic expansion model is used (section 5.12.3), then pa is obtained as 

follows. 

▪ If the fuel outer radius (rf’) and the cladding inner radius (rc’) obtained from 

the expansion models (see section 5.12.3) fulfill the relation: rf’ ≤ rc’, then: 

 

0.0=ap  

 

▪ If rf’ > rc’, then the interfacial pressure is calculated from the cladding elastic 

deformation, as follows: 

 

PCE

c

cclad

cm

a X
r

rr

r

E
p 

−
=   

 

E Young modulus of the cladding 

rcm cladding mean radius, rcm = (rc + rclad ) / 2 - Figure 5-28 

δCE cladding elastic deformation due to fuel rod expansion, δCE= rf’–rc’. 

XP user-defined multiplier 

 

The above formula is obtained assuming that fuel expansion causes elastic 

deformation of cladding. The cladding elastic deformation due to fuel rod 

expansion is related to the hoop stress as: 

E
r h

cmCE


 =  

 

Here rcm is the cladding mid-point radius, σh is the cladding hoop stress (Pa. 

The hoop stress is given by: 

IO

Ia

h
rr

rp

−


=  

 

Here the subscripts I and O are used to signify inner surface outer surface of 

cladding respectively, r is radius (m) and P is pressure (Pa). After 

rearrangement: 

a

IO
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CE p
rr

r

E
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and: 

CE
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Here the nomenclature from section 5.12.3 is used, which is somewhat 

different than the one used in Figure 5-28. One has to keep in mind that rI ≡ 

rc, rO ≡ rclad . Therefore: 
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A user-defined multiplier, XP, is introduced to account for “ridging” at the 

pellet-pellet interfaces (also called wheatsheafing, hour glassing) - Figure 

5-31. Because of this phenomenon the contact pressure is smaller than it 

would have been if the cladding expansion had been uniform (i.e. fuel pellet 

remained as an ideal cylinder. Therefore XP  ≤ 1.0 and the final formula is: 

PCE
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Figure 5-31 Expansion of pellet and cladding [203] 

 

5.12.3 Dynamic Expansion Model 

 

Gap size calculation is discussed in this section. The gap size may be defined in one of the two ways: 

 

• For each fuel region the gap thickness is equal to a constant, user-defined value. 

• For each fuel region the gap thickness is calculated using the dynamic expansion model, 

described below. 

 

Note that the gap size is needed if the gap conductance model is used (section 5.12.2). If a constant, 

user-defined gap conductance is used, then the gap size, whichever way defined, is not used in 

calculations (it is still printed in the output/plot files). 

 

With the dynamic expansion model, the gap size is calculated as follows: 

 

'' fcgap rrd −=  

 

Here rc’ and rf’ are the cladding inner and the fuel outer radii respectively, obtained from: 

 

FSFTff xxrr ++='  

CECCCTcc xxxrr +++='  

 

 rf ‘cold’ fuel outer radius, based on the SC nodalization - Figure 5-28, (m) 

 rc ‘cold’ cladding inner radius, based on the SC nodalization - Figure 5-28, (m) 

 xFT fuel thermal expansion, (m) 

 xFS fuel swell induced by fission products, (m) 

 xCT cladding thermal expansion, (m) 

 xCC cladding creepdown, (m) 
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 xCE cladding elastic deformation, (m) 

 

The individual terms are shortly described below. 

 

• Fuel thermal expansion. The fuel thermal expansion term is calculated from: 
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Here di is thickness (m) of the node i, Ti is temperature (K) of the node i, εFT (-) is a function 

defining thermal expansion of fuel as a function of temperature. The summation is performed 

for all fuel nodes, i < NG, NG is the gap node number. The thermal expansion function must 

be entered as a table in the input data. For UO2 and PuO2 fuels appropriate functions are given 

by ([101] page 2-49): 
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Here kB is Boltzmann constant, equal to 1.38×10–23 J/K. Values tabulated for relevant 

temperature range are shown in Figure 5-32. When the fuel is composed of a mixture of UO2 

and PuO2, the thermal expansion is found by taking a weighted average of the contributions 

from each component: 

 

)()()()()( 2222 PuOxPuOUOxUOMOX FTFTFT +=   

 

• Fuel swell. The value of fuel swell due to fission gases, xFS, depends on burn-up history and 

therefore must be supplied by the user. For the fresh fuel rods the value is zero. For fuel rods 

with significant burn-up the value of xFS must be calculated by an appropriate code and 

provided in input. 

 

• Cladding thermal expansion. The cladding thermal expansion term is calculated from: 

 

)( cCTcmCT Trx =  

 

Here rcm is the cladding mid-point radius, Tc is the average cladding temperature (K), εCT (-) 

is a function defining thermal expansion of cladding as a function of temperature. The 

summation is performed for all cladding nodes, NG <  i < N, NG is the gap node number, N is 

the total number of nodes. The thermal expansion function must be entered as a table in the 

input data. For Zircaloy cladding appropriate functions are given by ([197] page 358): 
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Values tabulated for relevant temperature range are shown in Figure 5-32. 
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Figure 5-32 Gap model data for frequently used materials - strain function 

 

 

• Cladding elastic deformation. The cladding thermal expansion term is calculated from: 
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Here rcm is the cladding mid-point radius, σh is the cladding hoop stress (Pa), σz is the cladding 

axial stress (Pa), ν is the Poison ratio. The hoop and axial stresses are given by: 
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Here the subscripts I and O are used to signify inner surface outer surface of cladding 

respectively, r is radius (m) and P is pressure (Pa) (according to nomenclature used in Figure 

5-28: rI ≡ rc, rO ≡ rclad). NOTE: cladding elastic deformation is calculated only when there is 

a boundary volume defined (in 1-D IVLRSC>0, in 2-D IVLBTC>0), because only then the 

cladding outer pressure, PO, is available as the pressure in the boundary volume. 

 

The Young modulus must be entered as a table in the input data. For Zircaloy cladding 

appropriate functions are given by ([101] page 4-45): 
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Values tabulated for relevant temperature range are shown in Figure 5-33. 

 

T [K] UO2 PuO2 Zry SS316

273.0 0.000 0.000 0.000 0.000

373.0 7.301E-04 6.571E-04 4.348E-04 1.580E-03

473.0 1.731E-03 1.559E-03 1.107E-03 3.248E-03

573.0 2.736E-03 2.467E-03 1.779E-03 5.004E-03

673.0 3.754E-03 3.394E-03 2.451E-03 6.847E-03

773.0 4.792E-03 4.356E-03 3.123E-03 8.778E-03

873.0 5.860E-03 5.367E-03 3.795E-03 1.080E-02

973.0 6.965E-03 6.438E-03 4.467E-03 1.290E-02

1073.0 8.109E-03 7.576E-03 5.140E-03 1.510E-02

1173.0 9.293E-03 8.784E-03 4.020E-03 1.738E-02

1273.0 1.052E-02 1.006E-02 2.900E-03 1.975E-02

1373.0 1.178E-02 1.140E-02 3.870E-03 2.220E-02

1473.0 1.307E-02 1.279E-02 4.840E-03 2.475E-02

1573.0 1.440E-02 1.424E-02 5.810E-03 2.738E-02

1673.0 1.574E-02 1.573E-02 6.780E-03 3.010E-02

1773.0 1.711E-02 1.726E-02 7.750E-03

1873.0 1.850E-02 1.882E-02 8.720E-03

1973.0 1.990E-02 2.041E-02 9.690E-03

2073.0 2.132E-02 2.202E-02 1.066E-02

2173.0 2.274E-02 2.364E-02 1.163E-02

2273.0 2.416E-02 2.527E-02

2373.0 2.559E-02 2.691E-02

2473.0 2.703E-02 2.856E-02

2573.0 2.846E-02 3.021E-02

2673.0 2.989E-02 3.185E-02

2773.0 3.132E-02 3.349E-02

2873.0 3.275E-02 3.513E-02

2973.0 3.417E-02 3.677E-02
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Note that when the calculated deformed cladding radius is smaller than the calculated 

deformed fuel radius:  rc’ < rf’ , then the cladding elastic deformation is assumed: 

 

'' cfCE rrx −=  

 

At the same time the fuel-cladding interfacial pressure, pa (used for the solid conduction term, 

section 5.12.2) is obtained from the formula for elastic deformation, rearranged to obtain the 

inner side pressure: 
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Figure 5-33 Gap model data for frequently used materials - Young modulus 

 

 

• Cladding creepdown. The value of cladding creepdown, xCC, depends on burn-up history and 

therefore must be supplied by the user. For the fresh fuel rods the value is zero. For fuel rods 

with significant burn-up the value of xFS must be calculated by an appropriate code and 

provided in input. 

 

The dynamic expansion model is invoked by defining any of the three parameters, fuel thermal 

expansion, cladding thermal expansion, cladding elastic deformation. 

 

5.12.4 Fuel-Cladding Centerline Shift 

 

In case of fuel-cladding centerline shift the overall gap conductance, hg, is computed based on the local 

gap conductance, hg’(dg’), obtained for the local gap size, dg’, from the following formula: 
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T [K] UO2 PuO2 Zry SS316

273.0 2.200E+11 2.470E+11 9.385E+10 2.050E+11

373.0 8.838E+10

473.0 8.290E+10

573.0 7.743E+10

673.0 7.195E+10

773.0 6.648E+10

873.0 6.100E+10

973.0 5.553E+10

1073.0 5.005E+10

1090.0 4.912E+10

1165.0 4.550E+10

1240.0 4.188E+10

1340.0 3.783E+10

1440.0 3.378E+10

1540.0 2.973E+10 1.900E+11
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The local gap size is obtained from (Figure 5-34): 

 

)cos()(' ,, ioficig RRd  −−  

 

Approximation is good for gaps small compared to the cladding and fuel radii, dg « Rc,i ≈ Rr,o. 

 

 

Figure 5-34 Local gap size calculation for fuel-cladding centerline shift 

 

The number of integration points, N, is a user-defined parameter. The minimum number of points is 

2. In such case the local gap conductance is calculated in two points only, the smallest gap (θ = 0) and 

the largest gap (θ = π). Influence of the number of integration points is shown in Figure 5-35. It is 

seen that in practice 50 points are sufficient to obtain an accurate (N-independent) value of hgap. 

 

Figure 5-36 shows the effect of centerline shift on hgap for several different gap thickness. Note that 

the value of gap conductance for the fuel-cladding centerline shift of 1.0 is between a factor of 2 and 

a factor of 4 larger than the value for no shift. 

 

 

Figure 5-35 Influence of number of points, N, on gap conductance hgap  
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Figure 5-36 Influence of number of points, N 

 

 

5.13 Axial Conduction and Direct Contact Conduction 

 

1-D and 2-D Solid Heat Conductors may be linked to provide multidimensional heat transfer, for 

example in order to model effective conductivity of a pebble bed or a prismatic block reactor. 

 

The axial heat conduction or direct contact heat transfer between two structures, i and j, is considered 

- Figure 5-37. The heat transfer between the two solid heat conductors is calculated from: 

ji

ji

jiji
R

TT
AQ

−

−−

−
=  

 

Qi-j  heat transferred between the solid heat conductors i and j, (W) 

Ai-j  area of contact between the solid heat conductors i and j, (m2) 

Ti  temperature of the solid heat conductor i, (K) 

Tj  temperature of the solid heat conductor j, (K) 

Ri-j  thermal resistance for the axial heat flow between the solid conductors i and j, (m2-K/W) 

 

The thermal resistance for the heat flow is obtained from: 

 

j

j

jii
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Li  length for axial conduction in the solid heat conductor i (user-input) 

ki  thermal conductivity in the solid heat conductor i  

Lj  length for axial conduction in the solid heat conductor j (user-input) 

kj  thermal conductivity in the solid heat conductor j  

hi-j  heat transfer coefficient at the point of contact of solid heat conductors i and j  
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Figure 5-37 Axial conduction, direct contact between different SC 

 

 

More information about linking different solid heat conductors is provided in Volume 2. Example 

cases are shown in Volume 3. The term "axial conduction" is used for situations where all cells are 

linked - Figure 5-37 (a) and (c). In such case both solid heat conductors must have identical geometry. 

The term "direct contact conduction" is used for situations where a single cell of one solid heat 

conductor is linked to one or more cells of the other solid heat conductor - Figure 5-37 (b) (d), (e), (f). 

 

In case of axial transfer, individual cells are always linked. Ti and Tj are the local cell temperatures 

and the heat is deposited in these cells. In case of direct contact heat transfer, the user has an option 

(see Volume 2, input parameters L1AXSC, L2AXSC) to distribute the heat uniformly over all cells. 

In this case, a volume-averaged or a mass-averaged temperature of the solid heat conductor is used as 
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Ti and Tj . This option is most appropriate when modeling radial conduction through prismatic blocks 

(see Volume 3, test PMR-k-eff). 

 

The direct contact conduction may be used to model the pebble bed reactor or the prismatic block 

reactor. In case of a pebble bed reactor the user creates spherical structures, representing pebbles. The 

pebble material is that of graphite and graphite-fuel mixture. The direct contact conduction is then 

pebbles from one location of the core to another.  

 

An artificial material is defined to be used for the direct contact conduction (see Volume 2, input 

parameters M1AXSC, M2AXSC). The thermal conductivity of this material may be obtained from 

available correlations, for example Zehner-Schlunder or Robold correlation, which give effective 

conductivity of the pebble bed, including conduction, radiation, as well as convection. The heat 

capacity and the density of such material are irrelevant (since these are defined by the "true" material 

of the pebbles) and any positive number may be entered. Volume 3 shows in detail how the direct 

contact conduction may be used to model the pebble bed reactor (test PBR-k-eff) or the prismatic 

block reactor (test PMR-k-eff). 

 

 

5.14 Solid Heat Conductors with Size Change during Transient 

 

1-D Solid Heat Conductors may be modeled to change size in time. The variable SC size is defined 

by the user. When the model is applied, the size (both left and right surface area) of a SC is controlled 

by a Tabular or a Control Function. The function defines a fraction of the nominal size that is available 

for heat transfer. The value obtained from the Tabular or Control Function is internally limited to the 

range between 10–3 and 1.0. The thickness and node sizes are not affected.  

 

If the size change is applied and the SC has an internal heat source, the source strength will follow the 

size change (i.e. the power density, W/m3, will remain the same). The plot parameter SC-xxx-Qcel-

xxxx, giving the power generation in each cell, is however not reflecting this fact (it gives power of 

the “full size” SC, independently of the value of the multiplier). The model can be used for SCs with 

direct contact (section 5.13) but in such case the SC size multiplier should be made the same for the 

SCs that are in contact. 

 

The model may be applied in the following situations: 

 

• SC surfaces are convecting heat, 

• simple radiation-model between the surface and gas is used, 

• structure-to-structure radiation model is used. 

 

The model cannot be used if SC is a member of the detailed radiation model network, because the 

radiation view factors do not change in time. Test cases and verification of the model are provided in 

Volume 3. 
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6 2-D Solid Heat Conductor Package 

 

6.1 Introduction 

 

The 2-D Solid Heat Conductor Package calculates heat conduction within solid structures, and energy 

transfer across its boundary surfaces into control volumes. 

 

A 2-D Solid Heat Conductor is a structure that is represented by two-dimensional heat conduction, 

with specified boundary conditions at each of its two boundary surfaces. The modeling capabilities of 

solid heat conductors are general, and can represent walls, containment structures, fuel rods with 

nuclear or electrical heating, piping walls, heat exchangers with smooth or finned tubes, etc. Two 

different geometries are available for the 2-D Solid Heat Conductors: 

 

• Rectangular geometry. 

• Cylindrical geometry. 

 

The rectangular and cylindrical heat conductors may have two orientations in space (Figure 6-1): 

 

• Vertical orientation. 

• Horizontal orientation. 

 

 

Figure 6-1 Vertical orientations of 2-D Solid Heat Conductors 
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Figure 6-2 Nodalization of a 2-D Solid Heat Conductor. 

 

 

Nodalization of the interior of a solid heat conductor is shown in Figure 6-2. Each mesh cell may 

contain a different material. The thermo-physical properties of the materials, such as thermal 

conductivity, k, specific heat, cp, and density, ρ, are specified by user input, as functions of temperature. 

The nodes where temperature is defined are marked in red in Figure 6-2. The adopted modeling 

concept leads to full-cells (all-solid), half-cells, quarter-cells, three-quarter cells, and empty (all-fluid) 

cells. 

 

An internal power source may be specified for each solid heat conductor. The space distribution is 

specified by user input and may vary for each mesh interval (Qi). The time dependence is given by a 

user specified tabular function of time or control function of any variables from the program. 

 

At each boundary surface the boundary conditions must be specified. Boundary conditions are defined 

in the same way as for 1-D Solid Heat Conductors. 

 

The mathematical treatment of 2-D Solid Heat Conductors is described in the sections 6.2 through 6.5. 

The conduction equation is discussed in section 6.2. Sections 6.3 6.4 6.5 describe the representative 

boundary conditions, the temperature averaging, and the simplified radiation model, respectively. 

These models are used for boundary cells of the 2-D Solid Heat Conductors. 
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6.2 2-D Transient Heat Conduction 

 

The general form of transient heat conduction equation is ([20], chapter 3): 

 

( ) Vp qTk
t

T
c +=




  

T temperature, (K) 

t time, (s) 

ρ density, (kg/m3) 

cp specific heat, (J/kg/K) 

k thermal conductivity, (W/m-K) 

qV internal heat source per unit volume, (W/m3) 

 

In case of two-dimensional heat conduction, with the material properties depending on temperature, 

and the internal heat source being a function of time, the equation is written as: 
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The above equation is a parabolic partial differential equation. This equation has to be solved 

numerically with appropriate boundary conditions. 

 

To solve the heat conduction equation, a finite difference version of the equation is constructed. In 

order to do that, the derivatives are approximated by the finite differences. For the node i,j the time 

derivative is approximated as: 
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Δt is the time step, and Ti,j is the temperature of the node i,j at the beginning of the time step. Similarly 

the space derivatives may be approximated by: 
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Here a simplified notation is used, where the index that does not change is skipped, i.e. Ti = Ti,j in the 

first equation, Tj = Ti,j in the second equation. 

 

Note that in the above approximation the end of time step temperatures are used: Ti, Ti–1, Tj, Tj–1. After 

simple transformations the finite difference approximation of the heat conduction equation takes the 

following form for the interior nodes: 
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AL, i heat transfer area at the left-facing boundary of cell i, (m2) 

AR, i heat transfer area at the right-facing boundary of cell i, (m2) 

AU, i heat transfer area at the up-facing boundary of cell j, (m2) 

AD, i heat transfer area at the down-facing boundary of cell i, (m2) 

Vi volume of cell i, (m3) 

Qi internal heat power in cell i, (W) 

RL, i conduction resistance between the node i–1 and i, (m2-K/W) 

RR, i conduction resistance between the node i and i+1, (m2-K/W) 

 

The conduction resistances are defined as: 
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di half-thickness of the cell i in the x-direction, (m) 

dj half-thickness of the cell j in the y-direction, (m) 

ki kj thermal conductivity of the material in the node i,j (W/m-K) 

 

The temperature in each node is affected by the temperatures of the four neighboring nodes. The 

temperature nodes are given internal, consecutive numbers k. The equation set may be written shortly 

in a matrix form: 

BAT =  
 

The matrix A is a band-diagonal matrix, because the equations for internal nodes contain five unknown 

variables: Tk–N, Tk–1, Tk, Tk+1, and Tk+N. Therefore the matrix equation may be written as: 

 

kkkNkkkkkkkkkkkkNk bTaTaTaTaTa =++++ ++++−−−− 1,1,1,1,11,  

 

Here N is the number of cells in either the x-direction or the y-direction, depending which one is 

smaller. 
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In order to minimize the band size, the consecutive numbers are assigned to the nodes in such a way 

that the width of band matrix is minimized. For example, if the number of nodes is 3 in the x-direction 

and 5 in the y-direction, then the internal numbering will be as shown below in the Case (A), the 

“efficient” numbering. Thus node number 8 is affected by nodes 7, 9, 5, and 11. This leads to a band 

diagonal matrix of the width of N = 3. In the case of “inefficient” numbering, Case (B), the band width 

would be larger (equal to 5), which would lead to a matrix that is more difficult to store and solve. 

Therefore the input procedures of the TC Package always select the “efficient” numbering scheme for 

each TC individually, based on its geometry. 

 

 
 

 

The conduction model described above is quite general and accurate in practical applications. Below 

two example problems are shown, where the model results are compared to analytical solutions of the 

heat conduction equations. 

 

Figure 6-3 and Figure 6-4 show the 1-D and 2-D solution of the case of step change of temperatures 

at the boundary of a “semi-infinite” slab. Further discussion and comparison of the results calculated 

by SPECTRA with the analytical solution are provided in Volume 3 (test case “1-D Transient 

Conduction Tests for a 2-D Solid Heat Conductor”). 

 

Figure 6-5 and Figure 6-6 show 2-D solution and the theoretical solution of the case of step change 

of temperatures at the boundary of a “semi-infinite” slab. Further discussion is provided in Volume 3 

(test case “2-D Transient Conduction Tests for a 2-D Solid Heat Conductor”). 
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Figure 6-3 Transient conduction in a “semi-infinite” slab, SPECTRA, 1-D, t = 20 s. 

 

 
Figure 6-4 Transient conduction in a “semi-infinite” slab, SPECTRA, 2-D, t = 20 s. 
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Figure 6-5 2-D conduction test - SPECTRA. 

 

 

Figure 6-6 2-D conduction test - theoretical solution. 
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6.3 Representative Boundary Conditions 

 

The representative boundary conditions for the boundary cells of the 2-D Solid Heat Conductors are 

calculated in exactly the same way as the representative boundary conditions for the left and right cells 

of the 1-D Solid Heat Conductors. The method is described in section 5.5. 

 

 

6.4 Temperature Averaging for Heat Exchangers 

 

The temperature averaging is described at 1-D Solid Heat Conductors, section 5.6. Exactly the same 

model may be applied for the 2-D Solid Heat Conductors. 

 

 

6.5 Simplified Thermal Radiation Model 

 

The simplified thermal radiation model is described at 1-D Solid Heat Conductors, section 5.9. Exactly 

the same model may be applied for the 2-D Solid Heat Conductors. 

 

 

6.6 Structural Failure Model 

 

The structural failure model is described at 1-D Solid Heat Conductors, section 5.11. Exactly the same 

model may be applied for the 2-D Solid Heat Conductors. 

 

6.7 Gap Conductance Model 

 

The gap conductance model is described at 1-D Solid Heat Conductors, section 5.12. Exactly the same 

model may be applied for the 2-D Solid Heat Conductors. 

 

6.8 MCCI Model 

 

Numerically, the Molten Core - Concrete Interactions (MCCI) is a part of the TC Package; the MCCI 

equations are solved on the 2-D network of the 2D Solid Heat Conductor. However, since MCCI is a 

separate subject, and quite broad in itself, it is described in a separate chapter, namely Chapter 13. 
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7 Basic Heat and Mass Transfer Package 

 

The Heat and Mass Transfer Package contains all the models and correlations which are used to 

calculate heat and mass transfer rates. The models are used by the Solid Heat Conductor Package, to 

calculate boundary conditions for the solid heat conductors, in particular to calculate: 

 

▪ Wall-atmosphere heat and mass transfer for those solid heat conductor surfaces which are in 

contact with atmosphere 

▪ Wall-pool heat and mass transfer for those solid heat conductor surfaces which are in contact 

with pool 

 

The models are also used by the Control Volume Package, to calculate interphase heat and mass 

transfer rates, in particular: 

 

▪ Heat and mass transfer at the pool-atmosphere interphase for those control volumes which 

contain pool 

▪ Heat and mass transfer at the droplet-atmosphere interphase for those control volumes which 

contain droplets 

▪ Heat and mass transfer at the bubble-pool interphase for those control volumes which contain 

bubbles 

 

The description of the Heat and Mass Transfer package is provided in this section. In the first part 

individual correlations are described. This part contains a description of the correlations used for the 

following conditions: 

 

▪ Natural convection (section 7.1.1) 

▪ Forced convection (section 7.1.2) 

▪ Condensation (section 7.1.4) 

▪ Nucleate boiling (section 7.1.5) 

▪ Critical heat flux (section 7.1.6) 

▪ Film boiling (section 7.1.9) 

▪ Transition boiling (section 7.1.10) 

▪ Leidenfrost transition (section 7.1.11) 

▪ Heat transfer to two-phase flow (section 7.1.13) 

▪ Non-equilibrium mass transfer (section 7.1.14) 

 

The next part contains a description of the logic to calculate, based on the correlations described above, 

the heat and mass transfer for the following situations (Figure 7-1): 

 

▪ Wall (SC/TC)-atmosphere heat and mass transfer, W-A, (section 7.2.1) 

▪ Wall (SC/TC)-pool heat and mass transfer, W-P, (section 7.2.2) 

▪ Pool-atmosphere heat and mass transfer, P-A, (section 7.2.3) 

▪ Droplet-atmosphere heat and mass transfer, D-A, (section 7.2.4) 

▪ Bubble-pool heat and mass transfer, B-P, (sections 7.2.5, 7.2.6) 
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Figure 7-1 Heat and mass transfer processes in a Control Volume 

 

7.1 Heat and Mass Transfer Correlations 

 

7.1.1 Natural Convection 

 

The natural convection model contains equations for three geometry types: rectangular (flat plates), 

cylindrical, and spherical. The convective heat transfer coefficient is obtained from: 

 

D

k
Nuhconv =  

 

where Nu is the Nusselt number, k is the thermal conductivity, and D is a characteristic dimension. 

For each geometry type different configurations of the surface (horizontal, vertical, inside, outside) 

are considered. The equations used to calculate the Nusselt number for natural convection are 

discussed below for each of these cases. 

 

• Vertical surfaces (vertical walls and vertical cylinders) 

 

In this case the characteristic dimension is the plate height. Three ranges of (Gr·Pr) (Grashof 

number times Prandtl number) are distinguished: 

 

(GrPr) < 104, [23], [24]: 

 

For this range the tabulated values, recommended by McAdams and Holman, are used. The 

values of the "recommended curve" are shown in Table 7-1. Linear interpolation is 

performed, using log10(Gr·Pr). 
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Table 7-1 Recommended curve for vertical plates 

(GrPr) 100 101 102 103 104 

Nu 1.44 1.90 2.63 3.89 6.03 (→5.9) 

 

 

Laminar range, 104 < (Gr·Pr) < 1.78109, [23], [24]: 

 
4/1Pr)(59.0 = GrNu  

 

Turbulent range, (Gr·Pr) > 1.78109, [24]: 

 
3/1Pr)(10.0 = GrNu  

 

The above formula is recommended by Holman [24]. McAdams [23] recommends a slightly 

different equation, with the value of the constant equal to 0.13 rather than 0.10. The 

background for selecting the equation from [24] is that it gives a somewhat better agreement 

with a number of available experimental data (see Volume 3). 

 

To provide a smooth equation for the whole range of (Gr·Pr) the value of the Nusselt number 

for the last point of the "recommended curve", was changed from 6.03 to 5.9; the transition 

point between the laminar and turbulent equation was defined at 1.78071109, rather than 109. 

The recommended curve, shown in Table 7-1, has been extrapolated down to the values of 

(Gr·Pr) of 10–4. This was done using the curve for horizontal walls, shown in Table 7-2. For 

(Gr·Pr) = 1.0 the vertical curve gives Nu = 1.44, while horizontal Nu = 1.08. The ratio of 

1.44/1.08 was applied to all values (Gr·Pr) < 1.0 from the horizontal curve, to obtain the 

extrapolated values for the vertical curve. The extrapolated values are: 

 

(Gr·Pr) = 10–4  Nu = 0.65 

(Gr·Pr) = 10–3  Nu = 0.73 

(Gr·Pr) = 10–2  Nu = 0.88 

(Gr·Pr) = 10–1  Nu = 1.12 

 

• Horizontal plates - “open” for natural circulation 

 

A surface is considered to be "open" for natural circulation when a hot surface is facing 

upwards, or a cold surface is facing downwards. The characteristic dimension is the plate 

width. Three ranges of (Gr·Pr) numbers are distinguished: 

 

(Gr·Pr) < 104 

For this range no recommended equation or table was found in literature. The "recommended 

curve" for horizontal cylinders (Table 7-2) was applied for this range. The background of this 

choice is the fact that the laminar flow equation for this case is very similar to the laminar 

flow equation for the horizontal cylinder case. 
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Laminar range, 104 < (Gr·Pr) < 1.085107, [23]: 

 
4/1Pr)(54.0 = GrNu  

 

Turbulent range, (Gr·Pr) > 1.085107, [23]: 

 
3/1Pr)(14.0 = GrNu  

 

To provide a smooth equation for the whole range of (Gr·Pr) number, the Nusselt number for 

the last point of the "recommended curve", (Table 7-2), was changed from 5.37 to 5.4, and 

the transition point between laminar and turbulent equation was changed from 2.0109 to 

1.085109. 

 

• Horizontal plates - “closed” for natural circulation 

 

A surface is considered to be "closed" for natural circulation when a hot surface is facing 

downwards, or a cold surface is facing upwards. The situation is similar to (small) enclosed 

cylindrical or vertical spaces, described below. The characteristic dimension is the plate 

width. Two ranges of (Gr·Pr) numbers are distinguished: 

 

(Gr·Pr) < 104 

For this range no recommended equation or table was found in literature. It was assumed that 

the values of one half of the horizontal wall "recommended curve" (Table 7-2) could be used 

for this case. The background of this choice is the fact that the laminar flow equation for this 

case gives a twice smaller Nusselt number than the laminar flow equation for the "open" 

surface. 

 

(Gr·Pr) > 104: 
4/1Pr)(27.0 = GrNu  

 

The function defined above is smooth, since the last point of the recommended curve 

Nu=5.4/2=2.7 is the same as the value obtained from the correlation. 

 

• Horizontal cylinders 

 

In this case the characteristic dimension is the cylinder diameter. Three ranges of (Gr·Pr) are 

distinguished: 

 

(GrPr) < 104, [23], [24]: 

 

For this range the tabulated values, recommended by McAdams and Holman, are used. The 

values of the "recommended curve" are shown in Table 7-2. Linear interpolation is 

performed, using log10(Gr·Pr). 

 

Table 7-2 Recommended curve for horizontal cylinders. 

(GrPr) 10–4 10–3 10–2 10–1 100 101 102 103 104 

Nu 0.49 0.55 0.661 0.841 1.08 1.51 2.11 3.16 5.37 
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Laminar range, 104 < (Gr·Pr) < 2.11107, [23], [24]: 

 
4/1Pr)(53.0 = GrNu  

 

Turbulent range, (Gr·Pr) > 2.11107, [24]: 

 
3/1Pr)(13.0 = GrNu  

 

To provide a smooth equation for the whole range of (GrPr) number, the value of the Nusselt 

number for the last point of the "recommended curve", (Table 7-2), was changed from 5.37 

to 5.3 (in contrast to the value 5.4, which is applied for the horizontal "closed" plates, 

described above), and the transition point between the laminar and turbulent equation was 

defined at the intersection of those lines, at (GrPr) = 2.11107 instead of 109. 

 

• Spheres 

 

The characteristic dimension is the sphere diameter. The formula applicable for outside 

surface of spheres is [24]: 

 
4/1Pr)(43.02 += GrNu  

 

• Enclosed cylindrical spaces 

 

The formula applicable for vertical or horizontal cylindrical enclosures was taken from [24]. 

The characteristic dimension is the cylinder length, with the limit of: L/D < 2.0. Only one 

formula is recommended for the whole range, but to be consistent with other formulations, 

two ranges have been distinguished 

 

(GrPr) < 104, [23], [24]: 

 

For this range the horizontal cylinders "recommended curve" is used (Table 7-2).  

 

(Gr·Pr) > 104, [24]: 
4/1Pr)(55.0 = GrNu  

 

To provide a smooth equation for the whole range of (GrPr) number the value of the Nusselt 

number for the last point of the "recommended curve", (Table 7-2), was changed from 5.37 

to 5.5. 

 

• Enclosed spherical spaces 

 

In case of enclosed spherical spaces literature typically gives equations for the effective, or 

apparent thermal conductivity of the fluid. Those correlations allow to obtain wall-to-wall 

temperature difference for constant heat flux between two concentric spheres with a small gas 

space in between. Such equation may be found in [24]: Nu = 0.228(GrPr)0.226. The MELCOR 

code [46] uses this equation to calculate a transient heat transfer coefficient on internal sphere 

surfaces ([46], page HS-RM-39). It is felt however that such correlation is not suitable for 

general application in calculating the transient wall-to-fluid heat transfer coefficient. 

Therefore the use of this correlation in SPECTRA is avoided. 
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For the spherical geometry it is difficult to find an appropriate correlation. It is felt that for 

typical applications (reactor vessel head, etc) where the radius is large, an "open" 

configuration correlation is applicable. When the model is used for spheres with a very small 

radius, two cases are possible: 

 

o A small single sphere is considered. In this case the problem practically does not 

exist, because there is very little heat exchange and an insulation boundary condition 

is sufficient. 

o Small concentric spheres are considered. In this case a correlation like that shown 

above might be desired: Nu=0.228(GrPr)0.226. Even then, the approach taken in 

MELCOR is not quite correct, since this correlation should be applied with the wall-

to-wall temperature difference [24], while the code uses it with the wall-to-fluid 

temperature difference. 

 

In SPECTRA it is assumed that typically spherical conductors will be assumed for large 

structures and the outer sphere equation is also used on the inner surface of the sphere. Models 

appropriate for very small enclosures are not implemented. 

 

A user-defined multiplier (input parameters XRBLSC, XRBRSC, XRBBTC - see Volume 2) may be 

applied for the heat transfer coefficient obtained from the above correlations, for example to obtain a 

conservative estimation of the heat transfer. 

 

Results obtained from all natural convection correlations presented above are compared in figures 

Figure 7-2. It is seen in Figure 7-2-left that vertical plates and horizontal plates "open" for natural 

circulation give approximately the same Nusselt number. Horizontal plates "closed" for natural 

circulation give roughly 2  3 times smaller Nusselt number. Figure 7-2-right shows that in case of 

low (GrPr) numbers, the Nusselt number is greater in case of heat transfer to spheres than to cylinders. 

 

 

Figure 7-2 Natural convection model, left: flat plates, right: cylinders and sphere 
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7.1.2 Forced Convection 

 

The forced convection model contains equations for internal and external flows. The equations give 

the Nusselt number, and are discussed below for each of those cases. 

 

• Internal flows 

 

The equations described in this part are applicable for internal flows, fully developed velocity 

profile and isothermal wall surface. The characteristic dimension is the hydraulic diameter. 

Three ranges are distinguished: laminar, transition and turbulent. 

 

Laminar range: Re < Relam = 0.5Rec , where Rec is the crossing point of both laminar and 

turbulent correlations, Rec = (3.656 / ( 0.023Pr0.4 ) )1.25. The correlation is (see [20], page 7-

20): 

656.3   Nu lam =  

 

Transition range: Relam < Re < Retur = 2.0Rec 

In the transition range the following interpolation is performed, which provides smooth 

transition from the laminar to the turbulent region. 

 








−

−
−−=

lamtur

lam
turlamlamtran

eReR

eReR
eRNueRNueRNueRNu )()()()(  

 

Turbulent range: Re > Retur = 2.0Rec; Dittus-Boelter correlation [22]: 

 
4.08.0023.0 rPeR  Nu tur =  

 

Experimental data for water shows that in case of internal flow in a rod bundle the heat transfer 

coefficient is higher than that obtained from the Dittus-Boelter correlation. In SPECTRA a 

multiplier, XRB, defined in the input deck (input parameters XRBLSC, XRBRSC, XRBBTC - 

see Volume 2) may be used to account for the rod bundle. Appropriate values for parallel flow 

and cross-flow may be found in literature. The ratio of pitch over diameter, XRB=P/D, is a 

good approximation for P/D < 1.6 [184]. In such case: 

 

4.08.04.08.0 023.0023.0 rPeR
D

P
rPeR X Nu RBtur 








==  

 

For tube arrangements other than equilateral triangle pitch, the multiplier is given by: 








 
=

2

21

D

PP
 X RB

 

Here P1 and P2 are the “pitches of the tubes in the bundle” and D is the tube diameter. Note 

that the rod bundle multiplier may be different for different fluids. For example, for the liquid 

metals even the trend may be different (decrease of the heat transfer coefficient with increase 

of P/D - see section 7.1.3). 
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• External flows around cylinders 

 

The characteristic dimension for this case is the cylinder diameter. Three ranges are 

distinguished: laminar, transition and turbulent. 

 

Laminar range: Re < Relam = 105, Holman correlation [24] : 
3.052.0 )56.035.0( rPeR  Nu lam +=  

Transition range: Relam < Re < Retur : 

 

In the transition range the following interpolation is performed, which provides smooth 

transition from laminar to turbulent regions. 

 
2/1

)()()()(








−

−
−−=

lamtur

lam

turlamlamtran
eReR

eReR
eRNueRNueRNueRNu  

Turbulent range: Re > Retur = 106; Bennet correlation [25]. 
3/18.0037.0 rPeR Nu tur =  

 

• External flows around spheres. 

 

The data available on forced convective heat transfer from the spheres has been brought 

together by Whitaker [26] to develop a single equation for gases and liquids flowing past the 

spheres. The characteristic dimension is the sphere diameter. The equation is [24]: 

 
4.03/22/1 )4.0(2 rPeReRNu ++=  

 

where the viscosity change near the 

wall has been neglected. The above 

equation is valid for the laminar 

range, for Reynolds numbers up to 

Re = 0.8105 [24]. Since no equation 

was found in the literature for the 

turbulent region, the Whitaker 

formula is used for the whole range 

of Reynolds numbers. 

 

Results obtained from all forced 

convection correlations are 

compared in Figure 7-3. The 

selection of a correlation is 

performed for each Solid Heat 

Conductor surface via input data. 

Default selections are given in the 

SPECTRA User’s Guide. 

 

Figure 7-3 Forced 
convection model. 
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7.1.3 Forced Convection Correlations for the Alternative Fluid 

 

The alternative fluid is intended for liquid metal fluid. A generally applicable correlation is available 

in SPECTRA that may be used to represent forced convective heat transfer. The correlation is: 

 

( ) ( ) 
x

w

fDCBDCBCB
rPeRArPeRArPeRAANu 










+++=




3

33
2

2211

3210 11  

 

Here Nu is the Nusselt number, Re is the Reynolds number, Pr is the Prandtl number, μf is the fluid 

viscosity obtained at the bulk fluid temperature, μw is the fluid viscosity obtained at the wall surface 

temperature. The constants A0, A1, A2, A3, B1, B2, B3, C1, C2, C3, x, are defined by the user. 

 

The correlation is defined in the records 843XXX (see Volume 2). These records define a single heat 

transfer correlation, valid for the entire range of Reynolds numbers. If multiple correlations are 

needed, then a set of up to 10 correlations may be defined in the records 843YYY. 

 

The rod bundle multiplier, depending on the P/D ratio may be applied, the same as in the internal flow 

configuration, described in section 7.1.2.  

 

An overview of heat transfer correlations is presented for example in references [27], [196]. Table 7-3 

and Table 7-4 show correlations applicable for constant wall temperature, Tw = const., and constant 

wall heat flux, qw = const. 

 

 

Table 7-3 Correlations applicable for liquid metals, constant wall temperature [27] 
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Table 7-4 Correlations applicable for liquid metals, constant wall heat flux [27] 

 
 

 

As a generally applicable correlation for internal flows the Notter and Sleicher correlation may be 

recommended. For external flows three correlations were recommended: 

 

• Rectangular geometry: 

 

Two correlations are mentioned, first for a single plate and second for flow between parallel 

plates [27], [28]: 
5.05.0565.0 rPeR Nu =  

775.0775.0019.06.5 rPeR Nu +=  

 

The first correlation is defined by: A1 = 0.565, B1 = 0.5, C1 = 0.5, the remaining coefficients 

are zero. The second correlation is defined by: A0 = 5.6, A1 = 0.019, B1 = 0.775, C1 = 0.775, 

the remaining coefficients are zero. 
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• Cylindrical geometry: 

 

Two correlations are mentioned, first for a single cylinder, Incropera [194], and second for 

flow in the tube bundle, Mikityuk [195]: 
4/1

3/25/4
8/5

3/15.0 4.0
1/

000,282
162.03.0























+






















++=

rP

eR
rPeR Nu  

( )   ( )2501/8.3exp1047.0 77.0 +−−−= PeDP Nu  

 

The first correlation is defined by: A0 = 0.3, A1 = 0.62, B1 = 0.5, C1 = 0.333, A2 = 

(1/282,000)5/8 = 3.923×10–4 , B2 = 0.625, D2 = 0.8, A3 = (0.4)2/3 = 0.543, C3 = –0.667, D3 = 

–0.25, the remaining coefficients are zero. The second correlation is defined by: A0 = 

0.047×250 = 11.75, A1 = 0.047, B1 = 0.77, C1 = 0.77, the remaining coefficients are zero. 

The term dependent on the pitch-over-diameter ratio, P/D, may be taken into account  using 

the multiplier, fL/D (see Volume 2, words XRBLSC, XRBRSC, XRBTSC), defined as: 

( ) 1/8.3exp1/ −−−= DPf DL  

Note that the heat transfer decreases with P/D ratio. For example, if P/D = 1.5, then fL/D = 

0.85. This is contradictory to the data for water - see section 7.1.2. 

 

Figure 7-4 shows comparison of all correlations, performed for Pr = 0.01 and 10 < Re < 109, and 

fL/D = 0.85. The following remarks can be made: 

 

(1) For the turbulent region (Re > 104) the cylindrical geometry correlations give the highest heat 

transfer (Nu number). 

 

(2) For the laminar and transition region (Re < 104) the single plate and single cylinder correlations 

give Nu → ~0 for Pe → 0. These correlations are valid for the turbulent flows and should not be 

applied in the laminar flow range. It is however easy to modify these correlations by modifying the 

value of A0. In the laminar range Nu is approximately constant and equal to between 3.66 and about 

5. The value of A0 was set to 3.66 in both correlations. The results are shown in Figure 7-5. The 

modified correlations are valid for the whole range of Reynolds numbers. In the turbulent range the 

value of A0 is very quickly becoming negligible, since the term with Re is increasing very fast. 

Therefore in the turbulent range the modification of A0 is invisible, i.e. the lines are practically 

identical in Figure 7-4 and Figure 7-5 for Re > 104. 

 

(3) The internal flow correlation (Notter and Sleicher, 1972) may be used for all geometries in a 

simple approach. The geometry-dependent correlations should be used in a more detailed approach. 

All coefficients are listed in Table 7-5. 

 

Table 7-5 Recommended heat transfer correlation coefficients for liquid lead 

Case A0 A1 B1 C1 A2 B2 C2 D2 A3 B3 C3 D3 

Plate 

Plates 

Cylinder 

T.bundle 

Internal 

3.66 

5.60 

3.66 

11.75 

4.8 

0.565 

0.019 

0.620 

0.047 

0.0156 

0.5 

0.775 

0.5 

0.77 

0.85 

0.5 

0.775 

0.333 

0.77 

0.93 

- 

- 

3.923·10-4 

- 

- 

- 

- 

0.625 

- 

- 

- 

- 

0.0 

- 

- 

- 

- 

0.8 

- 

- 

- 

- 

0.543 

- 

- 

- 

- 

0.0 

- 

- 

- 

- 

–0.667 

- 

- 

- 

- 

–0.25 

- 

- 
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Figure 7-4 Comparisons of heat transfer correlations 

 

 

Figure 7-5 Heat transfer correlations modified for laminar range 
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7.1.4 Condensation 

 

The condensation model consists of the following three sub-models: 

 

▪ Pure steam condensation model 

▪ Influence of noncondensables (non-condensable gas degradation factor) 

▪ Influence of interfacial shear (shear enhancement factor). 

 

The description below is divided into three parts, each part describes one of the sub-model, mentioned 

above. 

 

▪ Pure steam condensation model 

 

In the theoretical model condensation is assumed to be limited by conduction through liquid 

film [20]: 

cond

liq

cond

k
h


=  

 

where kliq is thermal conductivity of the condensate, and δcond is the condensate film thickness. 

The condensate flow is calculated based on the static laminar flow model. Condensate 

transport through several, vertically stacked Solid Heat Conductors may be modelled, 

however not in a dynamic, but quasi static way. In such case the condensate is deposited on 

the surface on the lower SC/TC member of the stack. Otherwise the condensate either drains 

directly to the pool, or is converted to droplets, and suspended in the atmosphere of CV, at 

the elevation of the lower edge of a Solid Heat Conductor. 

 

The condensate film thickness and consequently the heat transfer coefficient depend on the 

geometry. The program contains models appropriate for several geometries (Figure 7-6): 

vertical wall or tube, internal condensation inside horizontal, or nearly horizontal tubes, tube 

banks, horizontal surfaces. The following correlations are applied: 

 

- Vertical wall, modified Nusselt laminar flow model [130]: 

 
25.0

3)(
943.0

















−
=

−

satliq

vlliqvapliqliq

cond
TD

hkg
h




 

g gravity acceleration, (m/s2) 

 density, (kg/m3) 

k thermal conductivity, (W/m-K) 

 viscosity, (kg/m-s) 

hl-v evaporation enthalpy, (J/kg) 
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Figure 7-6 Geometries available for the condensation 

 

Tsat wall subcooling (K) (wall temperature minus saturation temperature) 

D characteristic dimension for condensation (input parameter - see Volume 2) 

Subscripts liq and vap signify liquid and vapor respectively. 

 

- Horizontal tubes or low inclination tubes, inside, based on [20], with Chato [131] correction 

for inclination: 
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θ tube inclination in degrees (θ < 20) 

 

- Horizontal tubes, tube banks, outside, modified Nusselt model [130]: 
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- Horizontal surfaces, facing down, Gerstmann and Griffith [132]: 
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where: 

3

5.0

)(

)(

x

sat

vlvapliqliq

liqliq

vapliq

x

D

T

hg

k

g
D



−
=















−
=

−








 

 

σ is the surface tension N/m. Note that this equation does not need a user input characteristic 

dimension. The characteristic dimension, Dx, is in this case determined by fluid properties. 

 

- Horizontal surfaces, facing up, Chato model [131]: 

 

D

k
h

liq

cond =  

 

Here D is the film thickness, equal to the equilibrium thickness of water layer which is formed 

while there is free fall of water at the edges of the surface. Note that if there is no free fall at 

the edges, condensation will stop almost immediately because the surface will be covered by 

pool, and the wall-atmosphere heat transfer will not be calculated. The default value of D is 

10–3 m, but may be redefined for each Solid Heat Conductor in input data. 

 

▪ Influence of noncondensables 

 

The influence of non-condensable gases is taken into account by introducing a non-

condensable degradation factor, defined as the ratio of actual local condensation heat transfer 

coefficient to the pure steam local condensation heat transfer coefficient, fNC, versus mass 

fraction, X, of noncondensable gases. Three correlations are available to calculate fNC: the KSP 

correlation, the Ogg correlation, and the Modified Ogg correlation. Each of the correlations 

mentioned above gives the value of degradation factor for a steam-air mixture, fNC(H2O-air), 

and a steam-helium mixture, fNC(H2O-He). These correlations are shown below. 

 

- Kuhn-Schrock-Petersen (KSP) correlations [133] 
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In SPECTRA the boundary values have been slightly modified compared to the original 

correlation. Values at the cross points of different correlations were selected, to provide a 

smooth transition from one correlation to another. The values are: Xa = 0.100477, XHe = 

0.0100441, 0.0998948. 
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- Ogg correlations [134] 
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In SPECTRA the boundary values have been slightly modified compared to the original 

correlation. Values at the cross points of different correlations were selected, to provide a 

smooth transition from one correlation to another. The values are: Xa = 0.300419, 0.900258, 

XHe = 0.110179, 0.863221. 

 

- Modified Ogg correlations [135] 

 

The modified Ogg correlation has been introduced in [135], based on comparisons with 

experimental data for external condensation. For low noncondensable gas fractions the 

correlation gives very similar results to the original correlation; differences are observed in 

high noncondensable fractions (Figure 7-8). The correlation is: 
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In SPECTRA the boundary values at the cross points of different correlations were applied, 

to provide a smooth transition from one correlation to another. The values are: Xa = 0.302131, 

XHe = 0.119726. 

 

Comparison of degradation factors obtained from the above three correlations, is shown in 

Figure 7-7 and Figure 7-8. It has been found out (see Volume 3) that the KSP correlation 

gives very good results for internal condensation (inside tubes), while the modified Ogg 

correlation provides good results for external condensation (outside tubes, walls). Such is 

therefore the default selection of correlation (Volume 2), which may be changed in input for 

each 1-D or 2-D Solid Heat Conductor by input parameters. 
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Figure 7-7 KSP correlation for fNC 

 

 

Figure 7-8 Ogg correlation (left) and modified Ogg (right) for fNC 

 

 

▪ Influence of shear stress 

 

Shear stress can considerably modify the condensate flow in case of high gas velocities. In 

case of co-current downward flow of gas and condensate, the interfacial shear will increase 

condensate velocity, and therefore decrease the film thickness, which finally leads to increase 

of the heat transfer coefficient. In case of counter-current flow, with gas flowing up, the 

opposite effect will be observed, and the heat transfer coefficient will be decreased. 

 

Nusselt derived equations for condensation in presence of high gas velocities, based on the 

assumption that the entire condensate layer remained in laminar flow. The resulting film 

velocity is (see [136]): 
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where δ is the film thickness, and τSH is the interfacial shear, obtained from: 

 

2

gasgasgas

SH

vv
f


 =  

 

with vgas being the gas downflow velocity, and f being the friction factor. The friction factor 

is taken from the data of Bergelin et al. [138], shown in Figure 7-9. The ratio (σw/σ) is a 

correction factor for fluids other than water, and represents the ratio between surface tension 

of water to the surface tension of the fluid being considered. 

 

Bergelin data is approximated by a correlation equation, valid for low values of (Γ/ρliq). This 

is a region of practical interest, since the condensate mass flux per unit width, Γ, is typically 

smaller than 0.1 kg/m/s and the liquid density is of order of 1000 kg/m3. The approximation 

is: 

 

- Laminar gas flow Regas < Relam = 2000 

 

Re

16
=f  

 

- Transition flow Relam < Regas < Retur = 3000 

Cubic interpolation is performed, which provides a smooth transition between laminar and 

turbulent regions. 
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- Turbulent gas flow Regas > Retur = 3000 

 
24.0Re07.0=f  

 

The values obtained from the correlation are shown in Figure 7-10. The correlation provides 

a very good fit to the Bergelin data for (Γ/ρliq) < 0.2. This formula has been introduced in 

reference [135], specifically for application in the SPECTRA code. 

 

The final value of the interfacial shear enhancement factor, fSH, is obtained as a ratio of film 

velocity with shear, to that which would be observed in absence of shear (τSH=0). 
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Figure 7-9 Friction factor for gas (air) flowing in a tube with liquid layer on the wall, Bergelin 
et al. 

 

 

Figure 7-10 Approximation of friction factor applied in SPECTRA. 

 

Note that the interfacial shear can either increase the heat transfer coefficient (fSH>1.0 when 

vgas>0.0), or decrease the heat transfer coefficient (fSH<1.0 when vgas<0.0). In SPECTRA a 

minimum and a maximum limit are imposed on interfacial shear: 0.5 < fSH < 2.0. 

 

Two other models are available for the shear enhancement calculation: the Kuhn-Schrock-

Petersen (KSP) correlation [133], and the Ogg correlation [134]. The Ogg correlation is: 

 
7.03 Re102.11 gasSHf −+=  

 

The KSP correlation takes into account the enhancement of heat transfer due to shear and 

other factors, like waviness at film surface. The Ogg and KSP correlations for shear 

enhancement are currently not used by the code. Before they can be activated their 

applicability range should be extended into the counter-current flow range, where fSH<1.0. 

The present forms of these correlations give an incorrect trend of shear influence in this range. 
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▪ Full condensation correlation 

 

The full condensation correlation consists of three factors: pure steam heat transfer 

coefficient, hcond, noncondensables degradation factor, fNC, and shear factor, fSH. It has been 

found however that the direct product of the three factors would lead to incorrect results when 

non-condensable gases are present. The equation used to calculate the average film thickness 

must be modified to take into account the influence of the non-condensable gas degradation 

factor. The degradation results in a decrease of the average condensate film thickness by the 

factor of fNC
1/4, and consequently an increase of the average heat transfer coefficient, by the 

factor of fNC
–1/4. Therefore: 

SHNC

NC

cond ff
f

h
h 













=

4/1  

 

where hcond is the pure steam condensation heat transfer coefficient, obtained from the Nusselt 

model. This formulation provides a good agreement with experimental data for Berkeley 

single tube condensation tests [133]. 

 

In the present formulation the condensation heat transfer coefficient is effectively proportional 

to fNC
3/4. In the formulation used in the GE version of the TRACG code, TRACG, it is 

proportional to fNC. This is because the TRACG formulation of condensation model is 

different. TRACG does not use the Nusselt laminar film model, but calculates the condensate 

film transport using two-phase momentum equations. Therefore the multiplier fNC
–1/4 is not 

applicable in the TRACG model. 

 

7.1.5 Nucleate Boiling 

 

Two correlations are available for nucleate boiling: Rohsenow and Chen. The selection of correlation 

is made for each SC/TC surface via input data. The default selection is: Chen for an internal flow and 

Rohsenow for an external flow. 

 

▪ Rohsenow correlation 

 

The Rohsenow correlation [139] is: 
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cp, liq specific heat of liquid, (J/kg/K) 

Twall wall surface temperature, (K) 

Tsat saturation temperature, (K) 

hl-v latent heat of evaporation, (J/kg) 

qwall wall heat flux, (W/m2) 

ηliq viscosity of liquid, (kg/m/s) 

σ surface tension, (N/m) 

g gravity acceleration, (m/s2) 
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ρliq density of liquid, (kg/m3) 

ρgas density of vapor, (kg/m3) 

Prliq Prandtl number of liquid, (-) 

Csf constant dependant on surface and fluid type (the values for water as a fluid are 

reproduced in Table 7-6), (-) 

 

Table 7-6 Values of Csf, Rohsenow correlation, water as coolant 

Surface type Csf 

Nickel 

Platinum 

Brass 

Polished copper 

Lapped copper 

Scored copper 

Ground and polished stainless steel 

Teflon pitted stainless steel 

Chemically etched stainless steel 

Mechanically polished stainless steel 

0.0060 

0.0130 

0.0060 

0.0128 

0.0147 

0.0068 

0.0080 

0.0058 

0.0133 

0.0132 

 

▪ Chen correlation 

 

The Chen correlation [125] consists of two parts: the forced convective part, and the boiling 

part. The forced convective part is calculated based on Dittus-Boelter correlation, while the 

boiling part is calculated based on Forster-Zuber correlation: 

 

ShFhh ZFBD −− +=  

 

hD-B convective heat transfer coefficient, given by Dittus-Boelter correlation (section 

7.1.2), (W/m2/K) 

F two-phase Reynolds number factor, (-) 

hF-Z boiling heat transfer coefficient, given by Forster-Zuber correlation, (W/m2/K) 

S boiling suppression factor, (-) 

 

In the present application two modifications were made into the original Chen correlation: 

 

o Instead of using the Dittus-Boelter correlation, the convective part is calculated by 

the standard natural and forced convective correlation sets (sections 7.1.1, 7.1.2), the 

using logic described in section 7.2.2. 

o The fluid-surface factor, Csf, used by the Rohsenow correlation, is applied for the 

boiling part. In the Rohsenow correlation the heat flux is proportional to Csf
-3. A 

typical value of Csf (water on stainless steel) is 0.013. The Chen nucleate boiling 

correlation is multiplied by the ratio: (0.013/Csf)3. Csf is an input parameter, with the 

default value of 0.013. Thus, with the default value the multiplier is equal to 1.0. It 

has been shown that use of the Csf factor allows to obtain better agreement with 

experimental data when the Chen correlation is used to calculate boiling on surfaces 

other than steel (see Volume 3) 
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The forced convective boiling model, as implemented, calculates the heat flux from the following 

expression: 

)(
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satwall
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The Forster-Zuber heat transfer coefficient, hF-Z, the two-phase Reynolds number factor, F, and the 

boiling suppression factor, S, are described below. 

 

▪ Forster-Zuber correlation for heat transfer coefficient, hF-Z 

 

The Forster-Zuber correlation [140] is: 
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ΔTsat wall surface temperature minus saturation temperature, (K) 

Δpsat saturation pressure difference corresponding to ΔTsat, (Pa) 

kliq thermal conductivity of liquid, (W/m/K) 

 

Other symbols are explained above. All symbols are in SI units (see [44]). 

 

▪ Two-phase Reynolds Number multiplier, F 

 

The factor F is defined as the ratio of the Reynolds number in two-phase flow to the Reynolds 

number for pure liquid phase, raised to the power of 0.8 [136]: 
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ReTP two-phase flow Reynolds number, (-) 

Reliq pure liquid Reynolds number, (-) 

 

To evaluate the F factor a correlation based on the Collier and Pulling correlation [137] is 

used. The Collier and Pulling correlation gives the F factor versus Martinelli parameter, χtt, as 

follows: 
7.0

1
5.2 
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tt
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This correlation gives values of F very similar to that recommended by Chen [125]. The 

values of F, recommended by Chen are plotted in Figure 7-11. The values obtained using the 

Collier and Pulling correlation are shown in Figure 7-12. Discrepancies are observed only for 

low (1/χtt) values. To obtain F close to the Chen data the Collier-Pulling correlation has been 

modified as follows: 
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7.0

17.0
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5.2 
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This formula has been introduced in reference [135], specifically for application in the 

SPECTRA code. The value of 0.17 was chosen since with that value F is equal to 1.0 when 

(1/χtt)  0.1. The values of F obtained with the modified correlation are shown in Figure 7-12. 

The modified Collier-Pulling correlation is in good agreement with the data given by Chen. 

The discrepancies are much smaller than the shadowed area representing the experimental 

data scatter shown in Figure 7-11. 

 

 

 

Figure 7-11 Two-phase Reynolds number factor, F, Chen [125] 

 

 

Figure 7-12 Two-phase Re factor, F, Collier-Pulling and modified Collier Pullig correlation 
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The modified Collier-Pulling correlation is used in SPECTRA to calculate F. The limits are 

imposed on the input parameter: 0.1000935875<χtt<100.0. The exact value of the lower limit 

was obtained as the χtt for which F = 1.0. The method of calculating χtt is shown in section 

7.1.13. 

 

▪ Boiling suppression factor, S 

 

The suppression factor, S, is defined as the ratio of the mean superheat, ΔTe, to the wall 

superheat, ΔTsat, raised to the power of 0.99 [136]: 

 
99.0















=

sat

e

T

T
S  

 

ΔTe mean superheat, (K), equal to the mean fluid temperature in the bubble growth zone, 

minus the saturation temperature, (K) 

ΔTsat wall superheat, (K), equal to the wall surface temperature, minus the saturation 

temperature 

 

The value of the suppression factor depends on flow. For non-flow conditions (pool boiling) 

the S factor is close to one. With increasing flow the value of the S factor decreases. This is 

caused by the fact that with increasing flow the boundary layer becomes thinner, and the 

effective temperature that is seen by the bubble is lower (Figure 7-13). 

 

The values of suppression factor are given by Chen versus two-phase Reynolds number, ReTP, 

in the form of a graph. The graph defining the S factor is shown in Figure 7-14. The S factor 

is plotted against the two phase Reynolds number, which is equal to: 

 
25.1ReRe FliqTP =  

 

To approximate the S factor the following correlation has been developed: 

 

TP

S
Re105.01

1
5−+

=  

 

with the limits imposed on the two-phase Reynolds number: 0<ReTP<600,000. This formula 

has been introduced in reference [135], specifically for application in the SPECTRA code. 

The values of S obtained with this correlation are shown in Figure 7-15. Discrepancies 

between correlation and experiment are smaller than the experimental data scatter. 
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Figure 7-13 Temperature profiles for pool boiling and convective boiling [125]. 

 

 

Figure 7-14 Suppression factor, S, Chen [125] 

 

 

Figure 7-15 Suppression factor, S, correlation 
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7.1.6 Critical Heat Flux 

 

Two models are available to calculate critical heat flux (CHF). The models are shortly referred to as 

the pool boiling, and the convective boiling critical heat flux models. The selection of a model is made 

for each SC/TC surface via input parameters (MCFLSC, MCFRSC, MCFBTC, see Volume 2). The 

default selection is: convective boiling model for internal flow, and pool boiling model for external 

flow. Both models are described in this section. 

 

▪ Pool boiling 

 

The pool boiling critical heat flux model is based on the Zuber correlation, with the Ivey-

Morris correction for subcooling, a geometry dependent multiplier, and a quality-dependent 

multiplier. The critical heat flux is calculated from the following formula: 

 

)1( XCCqq geomMIZubCHF −= −
 

 

qZub critical heat flux from Zuber correlation, (W/m2) 

CI-M Ivey-Morris correction for subcooling, (-) 

Cgeom geometry dependent multiplier, (-) 

X quality, (-), the multiplier (1–X) may be deactivated by C0IMHT (see Volume 2) 

 

The Zuber critical heat flux correlation [141], qZub, is given by: 
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ρliq liquid density, (kg/m3) 

ρgas vapor density, (kg/m3) 

hl-v latent heat of vaporization, (J/kg) 

σ surface tension, (N/m) 

g gravity constant, (m/s2) 

 

The value of constant CZub is 0.13, originally suggested by Zuber. Reference [20], page 13-31 

recommends 0.18 instead of 0.13, as a value that gives better agreement with experiment. 

However, based on reference [55] figure 4.3 it is safer to use the Zuber’s original value. 
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Tliq liquid temperature, (K) 

Tsat saturation temperature, (K) 

cp,liq liquid specific heat, (J/kg/K) 

C0 user-defined coefficient (C0IMHT, default value  = 0.1 - see Volume 2) 

 

The values of the geometry dependent multiplier, Cgeom, are based on the Leinhard et al. 

extension to the Zuber theory (see [55]): 

 

Flat plates: Cgeom = 1.140 

Cylinders: Cgeom = 0.985 
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Spheres: Cgeom = 0.840 

 

In case of cylinders and spheres, the values for "large cylinders" and "large spheres" are used. 

This is because the "small" cylinders and spheres are those for which radius is of order of: ( 

σ/g(ρliq–ρgas) )(1/2) (see [55]). For water the value is of order of 10–3 m. Diameters of typical 

structures are much larger. 

 

The term (1–X) is used as a rough representation of the decrease of CHF with quality, 

observed in experiments and taken into account in the convective boiling CHF correlations, 

described below (Zuber correlation was developed for pool boiling conditions, thus X≈0). 

 

▪ Convective boiling 

 

When the convective boiling model is applied, the critical heat flux depends on the mass flux, 

G. For low mass fluxes, G < Gpool = 1.0 kg/m2/s, the pool boiling model, described above, is 

applied. For high mass fluxes, G > Gconv = 750 kg/m2/s, the convective model is applied. In 

the intermediate region, Gpool < G < Gconv, a third order interpolation is applied to provide 

smooth transition between the models. In the convective range, G > Gconv, three critical heat 

flux models are available: 

o Biasi correlation, 

o U.S.S.R Academy of Science lookup tables, 

o Groeneveld lookup tabules. 

 

Biasi correlation 

With Biasi correlation [142], the critical heat flux, qCHF (W/m2) is given by: 

 

),( 21 qqMaxqCHF =  

 

The values of q1 and q2 are equal to: 
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The pressure dependent functions, f(p) and h(p) are calculated from: 
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The exponent a in the formulae for q1 and q2 is equal to: 
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In the above formulae p is pressure in bars, G is the mass flux in g/cm2/s, X is quality, D is 

diameter in cm, and qCHF is heat flux in W/cm2. (Note that internal calculation is performed 
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using the original units, but input and output from the appropriate subroutine is in SI units.) 

The range of application is: 
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Thus the Biasi correlation should not be applied in subcooled region. To improve results, the 

Ivey-Morris correction is used in that region (see discussion of Figure 7-18 below). 

 

U.S.S.R Academy of Sciences critical heat flux look-up tables 

The USSR Academy of Sciences has produced a series of standard tables of critical heat flux 

as a function of the local bulk mean water conditions [143]. The tables give critical heat flux 

for various pressures, mass fluxes and qualities (or subcooling, when quality is equal to zero), 

and for a reference tube diameter, Dref = 8 mm: 

 

),,( subUAS TorXGpq   

 

For the tube diameters other than Dref the critical heat flux is calculated from the following 

formula: 
5.0

),,( 
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D

D
TorXGpqq

ref

subUASCHF  

 

valid for : 4 mm < D < 16 mm. The applicability has been extended to 37.5 mm based on 

Matzner experiments [145] (see the discussion of Matzner experiments below). The 

calculation of critical heat flux is based on interpolation of the tabulated data. The tables were 

reproduced from [136]. The applicability range is shortly discussed below. 

 

Range of subcooling, ΔTsub: 

0.750.0  subT  K 

 

This is quite a wide range and no extrapolation beyond that range has been implemented. If a 

subcooling larger than 75 K is encountered, the value for 75 K will be used to obtain the value 

of the critical heat flux. 

 

Range of quality, X: 

75.00.0  X  
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The maximum quality value varies for different pressures and different mass fluxes. For 

qualities larger than maximum the critical heat flux is linearly extrapolated to give the value 

of zero at X = 1.0. 

max

maxmax
1

1
),,(),,(

X

X
XXGpqXXGpq UASUAS

−

−
==  

Range of mass flux, G: 

5000750 G  kg/m2-s 

 

No extrapolation is performed. If the value is beyond this range it is set to the nearest value 

within this range. For G > 5000 kg/m2/s the influence of mass flux on critical heat flux is 

typically very small. For mass fluxes below 750 kg/m2/s, interpolation is applied to obtain 

smooth transition between the pool boiling and the convective boiling models. 

 

Range of pressures, p: 

0.1965.29  p  bar 

 

The maximum pressure is quite large and no extrapolation is needed. The low pressure 

extrapolation is performed using the following formula: 






















 −
−==
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min
minmin 60.01),,(),,(
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pp
TorXGppqTorXGppq satUASsatUAS

 

This extrapolation has been selected to obtain qualitative agreement with the shape of the pool 

boiling curve in the low pressure region. Furthermore it was checked that it gives a 

qualitatively good agreement with the Groeneveld lookup tables (Figure 7-16), which are 

valid for pressures down to 1.0 bar. 

 

 

Figure 7-16 Comparison of UAS and Groenveld CHF model for pressures 0 - 30 bar 
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Groeneveld critical heat flux look-up tables 

A wide range critical heat flux look-up tables has been prepared by Groeneved et al. (1986) 

[144]. The tables give critical heat flux for various pressures, mass fluxes and qualities (or 

subcooling, when quality is equal to zero), and for a reference tube diameter, Dref = 8 mm: 

 

),,( XGpqGRO  

 

For the tube diameters other than Dref the critical heat flux is calculated from the following 

formula: 
5.0

),,( 







=

D

D
TorXGpqq

ref

subGROCHF  

 

valid for : 4 mm < D < 16 mm. The applicability has been extended to 37.5 mm based on 

Matzner experiments [145] (see the discussion of Matzner experiments below). The 

calculation of critical heat flux is based on interpolation of the tabulated data. The applicability 

range is shortly discussed below. 

 

Range of quality, X: 

0.15.0 − X  

 

Range of mass flux, G: 

75000 G  kg/m2-s 

 

Range of pressures, p: 

0.2000.1  p  bar 

 

Comparison of different CHF models with available experimental data showed that the look-up tables 

(LUT) of the U.S.S.R Academy of Science and of Groeneveld et al. provide most accurate prediction 

in the wide range of relevant parameters. The look-up tables of UAS is currently the default model for 

convective boiling conditions. The look-up tables of Groeneveld et al. and the Biasi correlation are 

available as alternative models. 

 

A disadvantage of the Biasi correlation is the fact that it is not applicable for subcooled liquid. This is 

illustrated based on Weatherhead experiments [126]. The experimental results are shown in Figure 

7-17 (left). It is seen that in the subcooled region the influence of mass flux is different than in the 

two-phase region. While in the subcooled region qCHF increases with increasing G, in the two-phase 

region qCHF decreases with increasing G. These trends are correctly predicted by the look-up tables 

(Figure 7-18). If the Biasi correlation is used the trend observed in the two-phase region is also 

observed in the subcooled region (Figure 7-17, right). The fact that qCHF increases with increasing 

subcooling is a consequence of using Ivey-Morris correction for subcooling. 
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Figure 7-17 Weatherhead experiments: left: data, right: Biasi+Ivey-Morris 

 

 

Figure 7-18 Weatherhead experiments: left: UAS LUT, right: Groeneveld LUT 
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▪ Influence of diameter on convective boiling CHF - Matzner experiments 

 

Figure 7-19 shows the results of Matzner experiments 

[145]. The results calculated using the UAS lookup 

tables (the base model) are shown in Figure 7-20, left. 

The CHF is somewhat overestimated in case of the 

smallest diameter (D=5.9 mm) and somewhat 

underestimated in case of the largest diameter (D=37.5 

mm). For other diameters a good agreement is 

observed. 

 

Figure 7-20 right shows the results obtained with Biasi 

(the alternative model). Generally CHF is 

overestimated for small diameters (D=5.6, 9.35 mm) 

and overestimated for D = 12.8 mm.  

 

 

 

 

 

 

 

 

Figure 7-19 Influence of diameter, reproduced from 
[136] 

 

 

Figure 7-20 Influence of diameter, left: UAS (base model), right: Biasi (alternative model) 
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7.1.7 Critical Heat Flux in Small Channels 

 

Typically the CHF increases with decreasing diameter. The dependency is well represented by: 

 
n

D

D
CHF 











0

~  

 

where D0 is a reference diameter (equal to 0.008 m) and n is between –1/3 and –1/2. This relation 

holds for diameters larger than a certain critical diameter, Dcrit. Below the critical diameter CHF 

decreases with decreasing diameter. Measurement data indicate that the critical diameter depends on 

subcooling. For large subcooling (55 K) the critical diameter is smaller than 0.3 mm [191]. For 

subcooling of about 20 K it is about 1 - 2 mm [192]. For saturated liquid it is as large as 7 mm [193]. 

This data is approximated in SPECTRA by the following correlation: 

 

]exp[ XADD cccrit −=  

 

Here X is quality (X ≤ 0.0) while Dc and Ac are constants. The data points are shown in Figure 7-21. 

The following constants are selected: Dc = 0.007 m and Ac = 30.0. The line obtained with the 

correlation is shown in Figure 7-21. The coefficients Dc and Ac may be redefined in the input (see 

Volume 2). 

 

 

 

Figure 7-21 Critical diameter for CHF 
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For narrow channels the CHF is interpolated between the value obtained for the critical diameter 

and zero. A third order, smooth interpolation is applied, as follows: 

 
2)/()]/(23[ critcritcrit DDDDCHFCHF −=  

 

The resulting CHF is shown in Figure 7-22. The solid line shows the CHF in the large diameter 

region, where CHF is proportional to (D/D0)–0.5. The values of CHF in the low diameter region are 

shown with the square marks. The critical diameter is in this case assumed to be 0.004 m. 

 

 

 

Figure 7-22 Influence of diameter on CHF 

 

 

7.1.8 User-Defined Critical Heat Flux 

 

On top of the built-in correlations for the critical heat flux, an option is provided for the user to 

define a different critical heat flux correlation. With this option the CHF is defined by a Control 

Function. Since the Control Functions have access to all parameters in SPECTRA, practically any 

CHF correlation can be built. The expense is rather tedious input development, since typically 

several Control Functions may be needed to define a CHF correlation for a single surface and 

correlations must be defined for each surface independently, because the arguments such as 

pressure, quality, etc. are generally different at each surface. 
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7.1.9 Film Boiling 

 

The overall heat transfer coefficient consists of a convective and a radiative part. The convective heat 

transfer coefficient is calculated for pool conditions and forced convection conditions. Radiation 

through the liquid film is calculated using the black-body radiation law. The heat transfer coefficient 

in saturated film boiling is equal to (see [136]): 

 

radconvFB hFhh 75.0+=  

 

hconv convective heat transfer coefficient, (W/m2/K) 

hrad radiative heat transfer coefficient, (W/m2/K) 

F void fraction-dependent multiplier 

 

When the heat transfer coefficient, h, is known, the heat flux is calculated as: 

 

)( satwallFBFB TThq −=  

 

Calculation of the convective and radiative heat transfer coefficient is described below. 

 

▪ Convective heat transfer 

 

To calculate convective heat transfer coefficient, the following general formula is used: 
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kvap vapor conductivity, (W/m/K) 

ρliq liquid density, (kg/m3) 

ρvap vapor density, (kg/m3) 

hl-v latent heat of vaporization, (J/kg) 

cp, vap specific heat of vapor, (J/kg/K) 

ΔTsat wall superheat, (K), equal to: wall temperature minus saturation temperature 

ηvap viscosity of vapor, (kg/m/s) 

C constant, (-) 

 

The values of the constant C and the characteristic dimension D0 depend on geometry, and 

are given below. 

 

o Vertical walls. The Bromley correlation is used [146]. In this correlation the 

characteristic dimension is the wall height and the constant C is equal to 0.625 - 0.883 

([55], section 3.2). The lower limit for C is applied for calculations: 
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o Horizontal plates (facing up). The Berenson correlation is used [147], with D0 given 

by the wavelength group ([55], section 3.3): 

 

425.0
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o Horizontal plates (facing down). The applicability of Berenson correlation is 

extended to down-facing surfaces, but for those surfaces the width is used as a 

characteristic dimension: 

425.0
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o Horizontal cylinders and spheres. The Bromley correlation is used [146]. The values 

of C and D0 are given by ([55], section 3.4): 
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In the formula for convective heat transfer coefficient, the expression: 0.4cp, gasΔTsat is added 

to the evaporation enthalpy. Small differences may be encountered in the value of the 

constant, used in this expression. The values recommended in reference [55] are 0.35 and 0.5 

for Bromley and Berenson correlations, respectively. Rohsenow recommends 0.4 for both 

correlations. The code uses a single value of 0.4 for both correlations. 

 

▪ Radiative heat transfer 

 

The black-body radiation law is used for the calculations. The radiative heat flux is equal to: 

 

)( 44

satwallBSrad TTq −= −  

 

where σS-B is the Stefan-Boltzmann constant, (W/m4/K), equal to 5.6710–8 [32]. The radiative 

heat transfer coefficient is calculated from: 
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▪ Void fraction-dependent multiplier 

 

The full film boiling correlation is used when the void fraction is below the critical value, α1, 

defined below. For larger void fractions a 3-rd order interpolation is performed to a mist flow 

at high void fraction (α = 0.99). The heat transfer coefficient obtained from the film boiling 

correlation is multiplied by the following void fraction-dependent factor: 

 
2)23( XXF −=  
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where: 

11

1





−

−
=X  

 

Here α is the void fraction and α1 is the critical value, above which the convective part of the 

heat transfer coefficient correlation is reduced. The value of α1 is defined by the user (see 

Volume 2, input parameter VFL0HT). The multiplier, F, is plotted in Figure 7-23. 

 

 

 

Figure 7-23 Void fraction-dependent multiplier for film boiling correlation, α1 = 0.80 

 

 

▪ Forced convective film boiling 

 

The above formulae are applicable for saturated film boiling. In case of forced flow of subcooled 

liquid the film boiling heat transfer coefficient is higher. In SPECTRA the following formula is 

used: 

( )fluidsatconvSFBFB TThAqq −+=  

 

where qFB is the saturated film boiling heat flux while hconv is a convective heat transfer coefficient, 

equal to: Max(hFC, hNC) with hFC, hNC being the forced and the natural convective heat transfer 

coefficients. ASFB, (-) is a user-defined coefficient with default value of 0.0. 
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7.1.10 Transition Boiling 

 

The transition boiling model is used in the region between nucleate boiling and film boiling. The 

limiting heat flux in nucleate boiling is the critical heat flux, qCHF. In the film boiling, it is the minimum 

film boiling qMFB. Since the heat flux should be a continuous function of wall temperature, the 

transition boiling model must provide a smooth transition between the critical heat flux point, CHF, 

and the minimum heat flux point, MFB (Figure 7-24). 

 

The heat flux in the transition region is calculated using the Kalinin correlation [128]. The basic 

formula is: 

dryMFBwetCHF aqaqq +=  

 

where the values of adry and awet must fulfill the following condition: adry + awet = 1. The formula for 

adry, as proposed by Kalinin et al. is: 

 
7

1 










−

−
−=

CHFMFB

wallMFB

dry
TT

TT
a  

 

ΔTMFB wall superheat at minimum film boiling, (K), equal to: TMFB – Tsat 

ΔTCHF wall superheat at critical heat flux, (K), equal to TCHF – Tsat 

ΔTwall wall superheat, (K), equal to Twall – Tsat 

 

 

Figure 7-24 Transition boiling range 
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The factors in the Kalinin correlation may be written in the form: 
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wallMFB
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TT
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a  

wetdry aa −= 1  

 

The heat transfer coefficient in the transition boiling is obtained from: 

 

satwall

dryMFBwetCHF

TT

aqaq
h

−

+
=  

 

7.1.11 Leidenfrost Transition 

 

The transition from a dry heating surface (film boiling) to a partially wetted heating surface (transition 

boiling), is called the Leidenfrost transition [55]. As shown in section 7.1.10 above, to calculate the 

heat transfer in transition boiling one must know the parameters at the Leidenfrost transition point, 

namely the heat flux, qMFB, and the temperature, TMFB. This section provides a description how those 

parameters are calculated. 

 

Two correlations are available for calculating TMFB: Simon and Berenson. The one giving a larger 

value of TMFB is selected. 

 

▪ Simon correlation for minimum film boiling 

 

The minimum film boiling temperature is calculated from the correlation of Simon et al. 

[149]: 

86.013.0 +=
critcrit

MFB

p

p

T

T
 

 

Tcrit critical temperature, (K), for water: Tcrit = 647.3 [31] 

pcrit critical pressure, (Pa), for water: pcrit = 2.212107 [31] 

 

▪ Berenson correlation for minimum film boiling 

 

The minimum film boiling temperature is calculated from the correlation of Berenson [147]: 
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Tsat saturation temperature, (K) 

ρ density, (kg/m3) 

hl-v evaporation enthalpy, (J/kg) 

k thermal conductivity (W/m-K) 

μ dynamic viscosity (kg/m-s) 

g  acceleration of gravity (m/s2) 

vap, liq  subscripts indicating vapor and liquid 
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CMFB  constant (user defined input parameter CMFBSC, default value 0.127) 

 

The correlations assume that the transition point is solely determined by the properties of the boiling 

fluid. Experimental results indicate that the phenomenon is more complicated [55]. Therefore the 

current approach is considered to be a good first approximation, but not a generally recommended 

model for calculations in which Leidenfrost transition is of primary interest. 

 

7.1.12 Boiling Hysteresis 

 

The boiling curve hysteresis is defined following the observation of Ramilison and Lienhard [223], 

see Figure 7-25. If the hysteresis is used, then the transition boiling curve is different when the wall 

temperature increases and different when it decreases. With increasing wall temperature, the transition 

boiling curve leads from the Critical Heat Flux (CHF) point to the Minimum Film Boiling (MFB) 

point. When the temperature decreases the transition boiling curve leads from MFB to qmax, defined 

as follows: 

),(max hystMFBCHF CqqMinq =  

 

Here Chyst is a constant, defined by the user (Volume 2). The effect of Chyst is shown in Figure 7-26. 

Calculations shown in the figures were performed using 1 bar pressure and different values of Chyst. 

The wall temperature was increased and then decreased and the resulting heat flux was plotted as a 

function of wall temperature. As can be seen, for this test, the value of Chyst at or above which both 

curves overlap is equal to 50. Therefore, in order to eliminate the boiling hysteresis at all conditions, 

the user should define a large value of Chyst. 

 

 

 

Figure 7-25 Boiling curve, Ramilison and Lienhard [223] 
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Figure 7-26 Boiling hysteresis, effect of Chyst  

 

 

7.1.13 Heat Transfer in Two-Phase Flow 

 

The description of the heat transfer to two phase flow consists of two cases: bubbly flow, and mist 

flow. 

 

▪ Bubbly flow 

 

The heat transfer rates in the two-phase, forced convective flow are typically correlated in the 

form [136]: 

)(
,

,

tt

liqc

TPc
F

h

h
=  

 

hc, TP convective two-phase heat transfer coefficient, (W/m2/K) 

hc, liq convective heat transfer coefficient based on liquid component flow 

F(χtt) multiplier, which depends on the Martinelli parameter 

 

The F-factor is calculated using the modified Collier-Pulling correlation, described in section 

7.1.5. The Martinelli parameter, χtt, is defined as follows [136]: 
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ηliq liquid viscosity, (kg/m/s) 

ηvap vapor viscosity, (kg/m/s) 

ρliq liquid density, (kg/m3) 

ρvap vapor density, (kg/m3) 

X quality, (-) 

 

In the numerical implementation of the Martinelli parameter calculation, the following limits 

are imposed on the quality: 10–6  X  1.0 – 10–6. 

 

The F-factor is called the two-phase Reynolds number factor, because in case of forced 

convection h~Re0.8, and: 
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ReTP two-phase flow Reynolds number, (-) 

Reliq pure liquid Reynolds number, (-) 

G total (steam and water) mass flux, (kg/m2/s) 

X quality, (-) 

D hydraulic diameter, (m) 

ηliq viscosity of liquid, (kg/m/s) 

 

Using the above relation the factor F may be related to the Reynolds numbers as follows 

[136]: 
8.0

Re

Re
)(














=
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TP
ttF   

▪ Mist flow 

 

In case of mist flow the Dougal-Rohsenow correlation [150] is applied: 

 














−+=
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)1(

Re
Re  

 

where ρgas is the density of the atmosphere gas, ρliq is the density of the droplets, and Regas is 

the Reynolds number for pure gas (X=1). The value of Regas has to be divided by X, because 

it is calculated in the program using the gas mass flux, while in the Dougal-Rohsenow 

correlation the total mass flux is needed (see [151], chapter 18, section 4.2). 
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7.1.14 Non-Equilibrium Mass Transfer 

 

Nonequilibrium mass transfer occurs in two cases: 

 

▪ If the temperature of water exceeds the saturation temperature at a given total pressure, then 

nonequilibrium boiling (flashing) occurs. 

▪ If the temperature of gas is below the saturation temperature at steam partial pressure, then 

nonequilibrium condensation (fogging) occurs. 

 

Very limited data exists on the mechanism of nonequilibrium mass transfer. Therefore a rather simple 

model is used. The model is based on the theoretical and experimental investigation from Friz [129]. 

The models of nonequilibrium boiling and condensation are described below. 

 

▪ Nonequilibrium boiling (bulk boiling, flashing) 

 

The mass transfer rate during flashing is approximately proportional to the water superheat 

squared [129]. The volumetric mass transfer rate, Γboil, (kg/s/m3), is calculated from: 

 









−
=

satliq

satliqsatliqliqBB

boil
TTif

TTifTTC

0.0

)( 2
 

 

ρliq density of liquid, (kg/m3) 

CBB bulk boiling constant, (1/s/K2) 

 

Based on comparison with ISPRA experimental data of Friz [129], the recommended value 

of CBB is 0.005. This is the default value of CBB, but it may be redefined for each Control 

Volume via input data (see Volume 2). 

 

The enthalpy changes for steam bubbles and liquid, associated with the process, are as 

follows: 

o The steam (bubble) enthalpy source is associated with the created steam and is equal 

to: Γboilhvap, where hvap is the specific enthalpy of saturated vapor, (J/kg). 

o The water (pool) enthalpy sink is associated with the loss of liquid and with the 

evaporation enthalpy, which is assumed to be totally taken from the liquid pool. The 

enthalpy sink associated with the loss of liquid is equal to: –Γboilhliq, The energy 

required for evaporation of water is equal to: Γboil(hvap–hliq). Total enthalpy loss for 

water is equal to: –Γboilhliq – Γboil(hvap–hliq) = –Γboilhvap, and its absolute value is 

identical to the enthalpy source for the bubbles. 

 

▪ Nonequilibrium condensation (bulk condensation, fogging) 

 

The mass transfer rate during fogging, Γcond, (kg/s/m3), is calculated from: 
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ρvap density of vapor, (kg/m3) 
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CBC bulk condensation constant, (1/s/K2) 

 

The convention used in the nonequilibrium model is that the condensation process gives 

negative Γ, while the boiling process give positive Γ. The value of the bulk condensation 

constant, CBC, is defined via input for each control volume. The default value is the same as 

the value of bulk boiling constant: 0.005 (see  Volume 2). 

 

The enthalpy changes for steam bubbles and liquid, associated with the process, are as 

follows: 

o Water (droplets) enthalpy source is equal to: –Γcondhliq (note that the value is positive, 

since in this case Γ<0). 

o Gas (atmosphere) enthalpy change is associated with the loss of vapor and with the 

enthalpy released during condensation, which is assumed to be totally deposited in 

the gas. The enthalpy sink associated with the loss of vapor is equal to: Γcondhvap. The 

energy released during condensation is equal to: –Γcong(hvap-hliq). Total enthalpy 

change for gas is equal to: +Γcondhvap – Γcond(hvap–hliq) = Γcondhliq, and its absolute 

value is identical to the enthalpy gain for liquid droplets. 
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7.2 Heat and Mass Transfer Logic 

 

This section describes the logic to calculate heat and mass (H&M) transfer in five different cases. The 

first two cases include H&M transfer from walls (SC/TC surfaces) to atmosphere and pool. Those 

cases are described in sections 7.2.1 and 7.2.2 respectively. The next section brings the description of 

H&M transfer from a pool surface. Finally, the last three sections provides the description of H&M 

transfer from the surface of dispersed components: droplets and bubbles. 

 

 

7.2.1 Wall-Atmosphere Heat and Mass Transfer Logic 

 

The wall-atmosphere heat and mass transfer model includes natural and forced convection, and 

condensation. 

 

▪ Natural and forced convection 

 

The natural convection heat transfer coefficient is calculated using the natural convection 

model (section 7.1.1). The forced convection heat transfer coefficient is calculated using the 

forced convection model (section 7.1.2). If droplets are present then the Dougal-Rohsenow 

correlation is used (section 7.1.13). Selection between the natural and the forced convection 

is performed by choosing the mode that gives the larger heat transfer coefficient. 

 

),( convectionforcedconvectionnaturalMaxh =  

 

The convective heat flux is calculated as: 

 

)( fluidwallconvconv TThq −=  

 

▪ Condensation 

 

If the surface temperature is below the saturation temperature, then the condensation model, 

described in section 7.1.4, is used. The overall heat flux is assumed to be the sum of the 

convective and condensation fluxes: 

 

)()( satwallcondfluidwallconvwall TThTThq −+−=  

 

where hcond is the condensation heat transfer coefficient, calculated as described in section 

7.1.4. (Note that the general sign convention, assumed for wall heat transfer, requires the 

positive net flux to be from the wall to the fluid.) 

 

The mass transfer flux is calculated as the condensation heat flux divided by the difference 

between the enthalpy of steam and the enthalpy of the liquid. It is assumed that the condensate 

appears with the temperature equal to the average of the wall surface temperature, and the 

saturation temperature for the steam partial pressure: 

Tcond= ½( Twall+Tsat(pH2O) ). 
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)(),(
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2 condliqOHgasvap
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hvap(Tgas,pH2O) vapor enthalpy at the temperature Tgas and steam partial pressure, pH2O 

hliq(Tcond) liquid enthalpy at the condensate temperature Tcond 

 

The net heat flux from atmosphere (the flux that changes the internal energy of gas) is 

calculated as: 

)( liqvapcondwallcondwallgas hhmqqqq −−=−=  

 

The above terms are used by the mass and energy balance for Control Volume (section 2.4). 

 

Condensation correlations typically use the wall subcooling (Tsat – Twall). The heat transfer 

coefficient needed as a boundary condition for the conduction equation is defined using the 

difference (Twall – Tfluid). Therefore when the wall heat flux, qwall, is calculated, the effective 

heat transfer coefficient is calculated as: 

 

)( fluidwall

wall

wall
TT

q
h

−
=  

 

An example of wall to atmosphere heat and mass transfer is shown in Figure 7-27 and Figure 

7-28. The heat transfer coefficient, and the mass transfer flux, are plotted versus wall 

temperature and fluid velocity, for the following atmosphere parameters: 

 

o gas temperature:  330 K 

o total pressure:  1.0105 Pa 

o steam partial pressure: 0.1105 Pa, (Tsat ~319 K, humidity ~60%) 

 

In case of low gas velocities the heat transfer is governed by natural convection (Figure 7-27), 

with the heat transfer coefficient proportional to the wall-gas temperature difference to the 

power of 1/3 (laminar boundary layer) or 1/4 (turbulent boundary layer) - see section 7.1.1. 

 

When the wall temperature is below the saturation temperature at the steam partial pressure, 

then condensation occurs. Condensation is influenced by the gas velocity, through the shear 

factor (section 7.1.4). In the present case this influence is very small, and is almost invisible 

in Figure 7-27 and Figure 7-28. The value of the condensation mass flux for the wall 

temperature equal to 300 K, increases from 2.303×10–3 kg/m2/s for gas velocity equal to zero, 

to 2.315×10–3 kg/m2/s for gas velocity equal to 2.5 m/s. 

 

It is seen in Figure 7-27 that the heat transfer coefficient during condensation decreases, when 

the wall temperature approaches the saturation temperature. This seems contradictory to the 

condensation model, which gives heat transfer coefficient proportional to ΔTsat
–1/4 (section 

7.1.4). The behavior displayed in Figure 7-27 is a consequence of the fact that the effective 

heat transfer coefficient is defined as the ratio of the heat flux to the wall-fluid temperature 

difference, while internally in the condensation model it is equal to the ratio of heat flux to 

ΔTsat. 
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Figure 7-27 Wall-atmosphere heat transfer coefficient 

 

 

Figure 7-28 Wall-atmosphere mass flux 

 

 

In the present case the saturation temperature is about 11 K lower than the gas temperature. 

If both saturation and gas temperatures are equal, then the proportionality of the heat transfer 

coefficient to ΔTsat
–1/4 is observed. This is seen in Figure 7-29, which shows results for gas 

temperature changed to 319 K. 

 

The proportionality of the heat transfer coefficient to ΔTsat
–1/4 extends up to ΔTmin (assumed 

equal to 1.0 K). For ΔTsat smaller than ΔTmin the condensation heat transfer coefficient is 

interpolated, as shown in Figure 7-30. This interpolation provides a continuous transition, 

from the fully developed condensation, to the non-condensing conditions. 
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Figure 7-29 Wall-atmosphere heat flux 

 

 

 

Figure 7-30 Interpolation of the condensation heat transfer coefficient 
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7.2.2 Wall-Pool Heat and Mass Transfer 

 

The wall-pool heat and mass transfer model includes natural and forced convection, and boiling. 

 

▪ Natural and forced convection 

 

The natural convection heat transfer coefficient is calculated using the natural convection 

model (section 7.1.1). The forced convection heat transfer coefficient is calculated using the 

forced convection model (section 7.1.2). If bubbles are present and the internal flow model is 

used, then the Reynolds number is multiplied by the two-phase Reynolds number factor, F 

(section 7.1.13). Selection between the natural and forced convection is performed by 

choosing the mode that gives a larger heat transfer coefficient. 

 

),( convectionforcedconvectionnaturalMaxh =  

 

The convective heat flux is calculated as: 

 

)( fluidwallconvconv TThq −=  

▪ Boiling 

 

The boiling model consists of nucleate, transition, and film boiling, with the critical heat flux 

and minimum film boiling models. The calculation procedure is different in case of external 

and internal flow, and is described below. 

 

Nucleate boiling 

 

In case of external flow the Rohsenow correlation is used to calculate nucleate boiling. The 

total heat flux is defined as ([136], section 5.4): 

 

Rohfluidwallconvwall qTThq +−= )(  

 

where qRoh is the boiling heat flux, obtained from the Rohsenow correlation. In case of internal 

flow nucleate boiling is based on the Chen correlation. The heat flux is calculated from the 

following expression (see section 7.1.5): 

)(
013.0

)()(
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fluidwall
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ZFfluidwallconvwall TT
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ShTThFq −













+−= −

 

Critical heat flux 

 

Critical heat flux (CHF) is calculated using the models described in section 7.1.6. In case of 

external flow the pool boiling model (Zuber correlation) is used, while in case of internal flow 

it is the combination of the Zuber correlation and the USSR Academy of Science tabulated 

data, or optionally the Biasi correlation. If the calculated wall heat flux is smaller than the 

critical heat flux, then nucleate boiling occurs and no further calculations are performed. If 

the critical heat flux, qCHF, is exceeded, then the wall superheat at CHF, ΔTCHF=(TCHF–Tsat), 

is calculated (ΔTCHF is needed for the transition boiling calculation). It is calculated differently 

in case of external and internal flow, as shown below. 
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- CHF in external flow 

 

In this case the Rohsenow correlation is used, where the wall heat flux is proportional to the 

wall superheat to the power of three (see section 7.1.5). Therefore: 
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and ΔTCHF is calculated as: 
33

)( 









=










−=

wall

CHF

wall

wall

CHF

satwallCHF
q

q
T

q

q
TTT  

 

 

- CHF in internal flow 

 

In this case the Chen correlation is used, which consists of two parts, a convective part and a 

boiling part, the latter being approximately proportional to the wall superheat squared (section 

7.1.5): 
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When the constant C is calculated using the first equation and then substituted into the second 

equation, then a quadratic expression for ΔTCHF=(TCHF–Tsat) is obtained and ΔTCHF is 

calculated as: 
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where ΔTwall=(Twall–Tsat). The above equation is solved for ΔTCHF: 

 

 

2

2/1

2

2

2

)(4

wall

boil

fluidsatconvCHF

wall

boil
convconv

CHF

T

q

TThq
T

q
hh

T








−−++−

=  

 

The above expression gives only an approximate value of ΔTCHF, because the boiling heat 

transfer coefficient is not exactly proportional to ΔTwall
2. When Twall is close to TCHF, the 

approximation is good. The accuracy decreases with increasing difference between Twall and 

TCHF. Since the value is only needed for the transition boiling calculation, the approximation 

is considered to be sufficient, in view of the fact that the other required parameter, ΔTMFB, 

introduces a relatively large error due to uncertainties in the modelling of the Leidenfrost 

transition point. The important fact is that when Twall→TCHF, then qwall→qCHF, and thus there 

is no discontinuity in the boiling curve. 
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Film boiling 

 

The film boiling heat flux, qboil, is calculated using the film boiling model, described in section 

7.1.9. In this heat transfer regime the convective flux is set to zero: qconv=0.0. 

 

Minimum film boiling 

 

The minimum film boiling is calculated using two correlations: the Simon correlation and the 

Berenson correlation (section 7.1.11): 

 

)(

)(

2,,2,

1,,1,

satMFBfilmMFBBerensonMFBMFB

satMFBfilmMFBSimonMFBMFB

TThqTT

TThqTT

−==

−==
 

 

TMFB, Simon minimum film boiling temperature from the Simon correlation 

TMFB, Berenson minimum film boiling temperature from the Berenson correlation. 

 

The minimum film boiling temperature, TMFB, is obtained as the maximum of TMFB,1 and 

TMFB,2. 

 

Transition boiling 

 

If the wall temperature, Twall, is below the minimum film boiling temperature, TMFB, then the 

transition boiling heat flux is calculated using the transition boiling model, described in 

section 7.1.10. In this heat transfer regime the convective flux is set to zero: qconv=0.0. 

 

The mass transfer flux is calculated as the boiling heat flux, divided by the difference between 

the enthalpy of vapor and the enthalpy of water in the pool. It is assumed that the vapor appears 

with the temperature equal to the saturation temperature at the total pressure. 

 

)()(( poolliqsatvap

boil

boil
ThpTh

q
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=  

 

where hvap( Tsat(p) ) is the saturated vapor enthalpy, hliq(Tpool) is the liquid enthalpy at the pool 

temperature. 

 

The net heat flux to liquid (flux that changes the internal energy of liquid) is calculated as: 

 

)( liqvapboilwallboilwallliq hhmqqqq −−=−=  

 

Boiling correlations typically use the wall superheat (Twall–Tsat). The heat transfer coefficient 

needed as a boundary condition for the conduction equation is defined using (Twall–Tfluid). 

Therefore when the wall heat flux, qwall, is calculated, the effective corresponding heat transfer 

coefficient is calculated as: 
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Figure 7-31 Wall-pool heat transfer coefficient versus T and Re, pool boiling 

 

 

Figure 7-32 Wall-pool heat transfer coefficient versus T and X, pool boiling 

 

)( fluidwall

wall

wall
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=  

 

Examples of wall to pool heat transfer are shown in Figure 7-31, Figure 7-32, Figure 7-33, 

and Figure 7-34. The heat transfer coefficient is plotted versus wall temperature and fluid 

velocity (through Re - Figure 7-31, Figure 7-33), as well as wall temperature and quality 

(Figure 7-32, Figure 7-34). The first two figures (Figure 7-31, Figure 7-32) give the heat 

transfer coefficient for the external flow ("pool boiling curve"), while the next two figures 

(Figure 7-33, and Figure 7-34) give the heat transfer coefficient for the internal flow 

("convective boiling curve"). 
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Figure 7-33 Wall-pool heat transfer coefficient versus T and Re, convective boiling 

 

 

Figure 7-34 Wall-pool heat transfer coefficient versus T and X, convective boiling 

 

The following pool parameters were assumed for calculations: 

 

▪ Pool temperature: 343 K 

▪ Total pressure:  1.0105 Pa, (saturation temperature ~373 K) 

 

Comparison of Figure 7-31 and Figure 7-33 shows that the fluid velocity has an influence on CHF 

only in case of convective boiling. This is because in case of the pool boiling model the Zuber CHF 

correlation is used, while in the convective boiling model a combination of Zuber and the flow 

dependent USSR Academy of Science or Biasi correlations, is used (section 7.1.6). 
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Comparison of Figure 7-32 and Figure 7-34 shows that the flow quality has an influence on the heat 

transfer coefficient only in case of convective boiling. This is because only in case of convective 

boiling the two phase Reynolds number factor, F, is used. 

 

In both models CHF decreases with increasing quality. The decrease is linear in case of pool boiling, 

and approximately linear in case of convective boiling. This linear dependence is not clear in Figure 

7-32 and Figure 7-34 , because the graphs are made in logarithmic scale. 

 

 

7.2.3 Pool-Atmosphere Heat and Mass Transfer 

 

The calculation of convective heat transfer and mass transfer (evaporation or condensation) from the 

pool surface to the atmosphere of a Control Volume is described below. 

 

▪ Heat transfer 

 

The convective heat transfer coefficient is calculated similarly as in case of wall-to 

atmosphere heat transfer. The pool surface is treated as a horizontal flat surface. The 

convective heat transfer coefficient is calculated using the two models: the natural convection 

model (section 7.1.1), and the forced convection model (section 7.1.2). Selection between the 

natural and forced convection is performed by choosing the mode that gives larger heat 

transfer coefficient: 

 

),( convectionforcedconvectionnaturalMaxh =  

 

The interphase velocity used to compute the forced convective correlation is taken as: 

 

),( min,

2

,

2

,int atmspoolatmshorpoolhor vvvMaxv −+=  

 

Here vhor, pool and vhor, atms are the horizontal velocities of pool and atmosphere in a Control 

Volume. The vmin, pool-atms is a minimum velocity for interphase heat transfer calculation (user-

defined parameter VINTCV(IPLAT), with a default value of 0.0 - see Volume 2). The 

convective heat flux is calculated as: 

)( gasliqconvHT TThq −=  

 

▪ Mass transfer 

 

The mass flux is calculated using the analogy between heat and mass transfer ([21], section 

9.4.4). The mass transfer coefficient is obtained using the same correlations as those for the 

heat transfer coefficient but with Prandtl number replaced by Schmidt number and Nusselt 

number replaced by Sherwood number: 

 

ShNu

ScrP

→

→
 

 

The mass transfer coefficient, KM, (m/s), is obtained from the Sherwood number, similarly as 

the heat transfer coefficient from the Nusselt number: 

 

o Natural convection: KM = ShNC  DC,f / dNC 
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o Forced convection: KM = ShFC  DC  / dFC. 

 

DC and DC,f are the diffusion coefficients for bulk and film temperature respectively, while dNC, dFC, 

are the characteristic dimensions for natural and forced convection respectively. Similarly as in case 

of heat transfer the correlation is chosen that gives larger mass transfer coefficient. 

 

The mass transfer flux is obtained from the following formula ([136], section 10.3.4): 

 

( )vapliqsat

am

vapM

MT pTp
p

K
m −= )(


 

 

mMT mass transfer flux, (kg/m2/s) 

ρvap saturated vapor density at total pressure, (kg/m3) 

psat(Tliq) steam pressure at the interphase, (Pa), equal to the saturation pressure at the liquid 

temperature 

pvap steam pressure in the bulk atmosphere, (Pa) 

pam log mean pressure, defined by: 
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where p is the total pressure. Substitution of pam definition into the equation for mMT gives the 

final formula used by the program: 
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In the program a special procedure is provided to assure smooth curve and avoid floating 

exception when either the numerator or the denominator approaches zero. The convention 

assumed here is that positive mass transfer flux means evaporation of water from the pool to 

the atmosphere of a Control Volume. 

 

The energy fluxes associated with the mass flux are calculated differently for the case of 

evaporation and condensation, as described below. 

 

- Evaporation, pvap < psat(Tliq); mMT > 0.0 

 

It is assumed that the vapor appears with the temperature equal to the pool surface 

temperature. The enthalpy of vapor is therefore equal to the saturated steam enthalpy at the 

pool temperature, hsat.vap(Tpool). The enthalpy of disappearing water is hliq(Tpool). The difference 

between the enthalpy gained by the gas, and lost by the liquid, gives the net heat effect of the 

mass transfer process, qMT: 

 

)]()([ . poolliqpoolvapsatMTMT ThThmq −=  
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In the above formula Tpool is the pool surface temperature, which may be different from the 

average pool temperature if stratification models are active. The net energy flux, qMT, is 

"consumed" during the evaporation process. This energy is assumed to be taken from the pool 

(upper layer of the pool when stratification models are active). 

 

- Condensation, pvap > psat(Tliq); mMT < 0.0 

 

It is assumed that the condensate appears with the temperature equal to the atmosphere gas 

temperature. The enthalpy of the condensate is therefore equal to the liquid enthalpy at the 

atmosphere temperature, hliq(Tatms). The enthalpy of disappearing steam is equal to hgas(Tatms, 

pvap), where pvap is steam partial pressure in the bulk atmosphere. The difference between the 

enthalpy lost by the gas, and gained by the liquid, gives the net effect of the mass transfer 

process, qMT: 

)](),([ atmsliqvapatmsgasMTMT ThpThmq −=  

 

The value of qMT, energy flux is "released" during the process. The energy is assumed to be 

deposited in the pool (upper layer of the pool when stratification models are active). 

 

Examples of the pool-atmosphere heat and mass transfer are shown in Figure 7-35, Figure 7-36, and 

Figure 7-37. The convective heat flux, qHT, the mass transfer flux, mMT, and the energy flux 

accompanying the mass transfer, qMT, are plotted versus pool temperature and gas velocity. 

 

The following parameters were assumed for calculations: 

 

▪ gas temperature:  330 K 

▪ total pressure:  1.0105 Pa 

▪ steam partial pressure: 0.1105 Pa, (saturation temperature ~319 K, humidity ~60%) 

 

 

Figure 7-35 Pool-atmosphere convective heat flux, qHT 
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Figure 7-36 Pool-atmosphere mass transfer flux, mMT 

 

 

 

Figure 7-37 Pool-atmosphere mass transfer energy flux, qMT 

 

 

Figure 7-35 shows the convective heat flux. It is seen that in case of natural convection (small vgas) 

the heat flux is clearly larger for warm pool (Tpool>Tgas=330 K), than the cold pool (Tpool<Tgas=330 K). 

If the pool is cold, a stratified cold layer of gas is created above the pool, and the heat transfer is low. 

In such case the code uses the correlation for horizontal plates "closed" for natural circulation (section 

7.1.1) to calculate the convective heat transfer coefficient. 
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Figure 7-36 shows the calculated mass transfer flux. When the pool temperature is above the steam 

saturation temperature (319 K), the mass flux is positive - water evaporates from the pool surface. 

When the pool temperature is below the steam saturation temperature, the mass flux is negative - steam 

condenses on the pool surface. Note that evaporation occurs even when the pool temperature is below 

the gas temperature (319 < Tpool < 330). In this range the evaporation rate is small, especially for low 

pool-gas relative velocities. 

 

Figure 7-37 shows the heat flux associated with the mass transfer. Since the energy flux is 

approximately equal to the mass flux times the latent heat of evaporation this plot is very similar to 

the mass transfer plot, only with different units at the vertical axis. Comparison of Figure 7-35 and 

Figure 7-37 shows that the mass transfer energy flux is in this case much larger than the convective 

heat flux. 

 

 

7.2.4 Droplet-Atmosphere Heat and Mass Transfer 

 

The heat and mass transfer from droplet surface to atmosphere is calculated based on the Nusselt 

number and the Sherwood number correlations of Ranz and Marshall [152], with correction factors 

introduced by Downing [153]. 

 

The Ranz and Marshall correlations for Nusselt and Sherwood number are: 
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It has been found out by Downing that when the gas temperature is significantly higher than the droplet 

temperature, the Ranz and Marshall correlations overpredict heat and mass transfer. Downing 

introduced correction factors, defined as follows: 
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where the value of B is calculated as: 
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In this formula cp,vap is specific heat of vapor, and hl-v is the latent heat of vaporization. With the above 

correction factors the correlations are ([153], equations 16): 
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The correction factors have a significant influence on the results if Tgas is clearly higher than Tdrop (see 

[153] figures 4, 5, 6). 

 

Schwarz and Smolik [154] have recently reviewed a large number of correlations and compared them 

with experimental data for evaporation from droplets. Their conclusion was that the correlation of 

Downing gives generally good agreement with experimental data. Therefore the Downing correction 

factors are used in the SPECTRA model. The procedure to calculate heat and mass transfer is 

described below. 

 

▪ Heat transfer 

 

The Nusselt number is calculated using the Ranz and Marshall correlation with the Downing 

correction factors: 

LMNrPeRNu )6.00.2( 3/12/1+=  

 

The correction factors, L M N, are used only if the gas temperature is above the droplet 

temperature (Tgas>Tdrop). If the droplet temperature is larger than the gas temperature, then the 

correction factors are set to one: L M N = 1.0. The heat transfer coefficient is equal to: 

 

drop

gas

D

k
Nuh =  

 

where kgas is the thermal conductivity of gas at the bulk temperature, and Ddrop is the droplet 

diameter. The interphase velocity used to compute the Reynolds number is taken as: 

 

),)()(( min,

2

,,

2

,,int atmsdropatmsverdropveratmshordrophor vvvvvMaxv −−+−=  

 

Here vhor, drop, vhor, atms, vver, drop, vver, atms, are the horizontal and vertical velocities of droplets and 

atmosphere in a Control Volume. The vmin, drop-atms is a minimum velocity for interphase heat 

transfer calculation (user-defined parameter VINTCV(IDPAT), with a default value of 0.0 - 

see Volume 2). The convective heat flux is calculated as: 

 

)( gasdropHT TThq −=  

 

▪ Mass transfer 

 

The mass transfer Sherwood number is calculated using the Ranz and Marshall correlation 

with the Downing correction factor: 

 

MSceRSh )6.00.2( 3/12/1+=  
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The correction factor M is used only if the gas temperature is above the droplet temperature 

(Tgas>Tdrop). If the droplet temperature is higher than the gas temperature, then M is set to 1.0. 

The mass transfer coefficient, KM, (m/s), is obtained from Sherwood number: 

 

drop

C
M

D

D
ShK =  

 

where DC is the diffusion coefficient for steam in the bulk atmosphere, calculated as shown 

in section 3.5.2.3. The mass transfer flux is obtained from ([136], section 10.3.4): 

 

))(( vapdropsat

am

vapM

MT pTp
p

K
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ρvap  saturated vapor density at total pressure, (kg/m3) 

psat(Tdrop) steam pressure at the interphase, (Pa), equal to the saturation pressure at the 

droplet temperature 

pvap steam pressure in the bulk atmosphere, (Pa) 

pam log mean pressure, defined above in section 7.2.3. 

 

Substitution of pam definition into the equation for mMT gives the formula used by the program: 
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The energy fluxes associated with the mass flux are calculated differently for the case of 

evaporation and condensation, as described below. 

 

- Evaporation, pvap < psat(Tdrop); mMT > 0.0 

It is assumed that the vapor appears with the temperature equal to the droplet surface 

temperature. The enthalpy of the vapor is therefore equal to hsat.vap(Tdrop). The enthalpy of the 

disappearing water is hliq(Tdrop). The difference between the enthalpy flux gained by the gas, 

and lost by the droplet, gives the net heat effect of the mass transfer process, qMT: 

 

)]()([ . poolliqpoolvapsatMTMT ThThmq −=  

 

The value of qMT represents the energy flux that is "consumed" during the process. This energy 

is assumed to be taken from the droplet. 

 

- Condensation, pvap > psat(Tdrop); mMT < 0.0 

It is assumed that the condensate appears with the temperature equal to the atmosphere gas 

temperature. The enthalpy of the condensate is therefore equal to the liquid enthalpy at the 

atmosphere temperature, hliq(Tatms). The enthalpy of disappearing steam is equal to hgas(Tatms, 

pvap), where pvap is steam partial pressure in the bulk atmosphere. The difference between the 

enthalpy gained by the gas, and lost by the liquid, gives the net effect of the mass transfer 

process, qMT: 
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)](),([ atmsliqvapatmsgasMTMT ThpThmq −=  

 

The value of qMT represents the energy flux that is "released" during the process. This energy 

is assumed to be deposited in the droplet. 

 

An example of the droplet-atmosphere heat and mass transfer is shown in Figure 7-38, Figure 7-39, 

Figure 7-40. The convective heat flux, qHT, the mass transfer flux, mMT, and the energy flux 

accompanying the mass transfer, qMT, are plotted versus droplet temperature and gas-droplet relative 

velocity. 

 

The following parameters were assumed for calculations: 

 

▪ gas temperature:  330 K 

▪ total pressure:  1.0105 Pa 

▪ steam partial pressure: 0.1105 Pa, (saturation temperature ~319 K, humidity ~60%) 

 

The graphs are generally similar to the corresponding graphs for pool-atmosphere heat and mass 

transfer (Figure 7-35, Figure 7-36, and Figure 7-37), but in the present case there is no separate regime 

of natural convection. When the gas-droplet relative velocity approaches zero, the heat and mass 

transfer are governed by the limiting criterial numbers: Nu=2.0L M N;  Sh=2.0M. 

 

 

 

 

 

Figure 7-38 Droplet-atmosphere convective heat flux, qHT 

 



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

352  K6223/24.277594  MSt-2402 

 

Figure 7-39 Droplet-atmosphere mass transfer flux, mMT 

 

 

 

 

 

 

 

 

Figure 7-40 Droplet-atmosphere mass transfer energy flux, qMT 
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7.2.5 Bubble-Pool Heat and Mass Transfer During Bubble Collapse 

 

In case of bubbles two different periods are distinguished, in which different models of heat and mass 

transfer are used. The base model, used during the long term bubble rise phase, is described in the next 

section. This section provides a description of the so-called "bubble collapse" model. Bubble collapse 

occurs typically very quickly (time of order of tens of milliseconds) when a bubble enters the pool. 

During the collapse period the bubble parameters (temperature, steam concentration) equilibrate with 

the pool. The short time of bubble collapse is a consequence of the relatively small heat capacity of 

typical bubbles, and the relatively large fluxes involved in the processes of heat and mass transfer. 

 

The bubble collapse model calculates heat and mass transfer fluxes, collapse time, etc., to determine 

the final bubble parameters (temperature, diameter, gas composition) at the end of the collapse period. 

The bubbles entering the pool are subjected to the collapse process, before they are actually added to 

the bubble component in a given Control Volume. The purpose of the bubble collapse model is to 

avoid creating very stiff numerical equations, by inserting bubbles which are far from equilibrium with 

a given pool. The bubble collapse model may be switched off via input data, resulting in a mechanistic 

calculation of the bubble collapse period using the equations described in the next section. As shown 

below, the numerical solver is capable of doing that, without excessive reduction of time step. 

However, in some cases switching off the bubble collapse model may result in significantly slower 

calculations, or even in convergence failure. Therefore the bubble collapse model should not be turned 

off, except for a separate effect calculations, like that presented below. 

 

The bubble collapse model is applied in every situation which leads to creation of bubbles in the pool 

of a Control Volume. This includes the four following cases: 

 

▪ JN flow of atmosphere 

Bubbles, which are created whenever atmosphere flowing through a junction enters the pool 

of a receiving Control Volume, are equilibrated with the pool by the bubble collapse model. 

 

▪ JN flow of bubbles 

Bubbles flowing through a junction, from the pool of one Control Volume to the pool of 

another Control Volume, are equilibrated with the pool of the receiving Control Volume by 

the collapse model. This is necessary, since the pool temperatures may be very different in 

different Control Volumes. 

 

▪ SC boiling 

Bubbles, which are created during boiling on the surface of a Solid Heat Conductor, are 

equilibrated with the pool by the collapse model. For any other conditions than a nearly 

saturated pool, this means a total collapse (full condensation), since a pure steam bubble 

cannot exist in a subcooled water environment. To provide a more realistic modelling, and 

also easier numerical solution, the bubble collapse model at the SC boiling surface is 

automatically switched off whenever the pool temperature is close to saturation. 
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▪ Tabular mass sources 

Bubbles, which are created when a tabular mass source of gas is present below the pool level, 

are equilibrated with the pool by the bubble collapse model. 

 

Typically the term bubble collapse is used to signify condensation, which occurs when a steam-rich 

bubble enters the pool. The applicability of the model has been extended to dry bubbles, as described 

below, in the discussion of the collapse model. 

 

The bubble collapse process is illustrated in Figure 7-41. It is assumed that a vertical bubble source is 

placed at a certain elevation in the liquid pool. The source injects a known quantity of gas bubbles 

(mass flow of Wgas,0), with the initial bubble diameter, dbubb,0. The bubble collapse model calculates 

the bubble size, composition, temperature, at the requested distance from the source, Zdet (referred also 

as the "detector" elevation). It also calculates the change of the gas mass flow due to condensation 

(mass flows of the final bubbles, Wgas,1, and the condensate, Wliq,1), as well as the energy effects 

(enthalpy fluxes associated with the final gas and liquid flows, and the heat flux deposited in the pool, 

Qpool). 

 

The heat transfer during bubble collapse is calculated using a model based on the analysis of Moalem 

and Sideman [155]. The heat transfer coefficient is obtained using the following correlation ([155], 

formula 3): 

 

PePekNu v 13.1)(
2 2/1 =


 

 

Nu Nusselt number, Nu = Dbubb,0hBC / kliq, (-) 

Dbubb,0 initial bubble diameter, (m) 

hBC heat transfer coefficient during bubble collapse, (W/m2/K) 

kliq thermal conductivity of liquid, (W/m/K) 

kv equal to 1.0 for a single liquid component (water), (-) 

Pe Peclet number, Pe =  RePr, (-) 

Re Reynolds number, Re = Dbubb,0vρliq/ηliq, (-) 

Pr Prandtl number, Pr = ηliqcp,liq/kliq, (-) 

v bubble velocity, (m/s) 

ηliq viscosity of liquid, (kg/m/s) 

ρliq density of liquid, (kg/m3) 

cp,liq specific heat of liquid, (J/kg/K) 

 

The heat flux from the collapsing bubble to the pool is obtained as: 

 

))(( 0, poolvapsatBC TpThq −=  

 

Tsat(pvap, 0) is the saturation temperature for the initial steam partial pressure in the bubble, pvap, 0. 
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Figure 7-41 Bubble collapse model 

 

 

 

The calculation of bubble collapse is described separately for pure steam, and steam-noncondensable 

bubbles. 

 

▪ Pure Steam Bubbles 

 

For pure steam bubbles the bubble collapse time is calculated based on the equation derived 

by Moalem and Sideman for a variable bubble velocity ([155], equation 11): 
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β dimensionless bubble diameter, (-), equal to the current diameter divided by the initial 

diameter 

τ dimensionless time, equal to: JaPe1/2Fo 

Ja Jacob number, (-), equal to: ρliqcp,liqΔT/(hl-vρvap) 

ΔT difference between the saturation temperature at bubble steam pressure and the pool 

temperature, (K) 

hl-v latent heat of vaporization, (J/kg) 

Pe Peclet number, (-), (see above) 

Fo Fourier number, (-), equal to: kliq/(ρliqcp,liq)t/(dbubb,0/2)2 

ρvap density of vapor, (kg/m3) 

t time elapsed from bubble detachment, (s) 

 

The time for full bubble collapse (t = tBC), is obtained by setting β=0 in the above formula. 

This leads to the following equation: 
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where C is a constant, equal to 5/4. After rearrangements the following formula is obtained 

for the collapse time: 

))(( 0,
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where Qcond is the enthalpy change associated with condensation of all steam, and Aeff is an 

effective area for heat transfer. The effective heat transfer area is equal to (5/12) of the initial 

bubble area: Aeff = (5/12)π(dbubb,0)2. Note that in case of constant bubble velocity, the value 

of C is equal to 3/2 (see [155]), and Aeff is equal to one half of the initial bubble area, Aeff = 

(1/2)π(dbubb,0)2, the same as recommended in [156] (equation 4). 

 

The Moalem and Sideman equation for β is written in the following form: 

 
5/4)/1( BCtt−=  

 

For times greater than the bubble collapse time, tBC, the dimensionless bubble diameter is zero. 

Thus the formula used to calculate the relative bubble diameter at any given time is: 
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▪ Steam-Noncondensable Bubbles 

 

For steam-noncondensable bubbles the relation between the dimensionless time, τ, and the 

dimensionless bubble diameter, β, recommended by Moalem and Sideman, is ([155], equation 

14): 

),()( 10 f +=  

 

where τ0 is given by the pure steam formula and τ1 is the correction term for noncondensables, 

given by a relatively complex logarithmic formula ([155], equation 15). The value of βf is the 

persistent relative bubble diameter (diameter at the end of bubble collapse), which depends 

on the initial fraction of noncondensables in the bubble. 

 

Since the theoretical formula, recommended by Moalem and Sideman, requires an iterative 

calculation to obtain β, a simple fit curve, described below, was developed that approximates 

the theoretical formula. The discrepancies between the theoretical formula and the fit curve 

are very small (see Figure 7-43, Figure 7-44) and are not important from a practical point of 

view because of the limited accuracy of the theoretical model itself and the scatter of the 

experimental data. 
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Figure 7-42 Calculation of relative bubble diameter,  

 

 

Figure 7-43 Relative bubble diameter versus dimenionless time, Wittke , [127] (p = f) 

 

 

Figure 7-44 Relative bubble diameter versus dimenionless time, approximation function 
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The theoretical equation gives an infinite bubble collapse time because τ1(β, βf) →  when β 

→ βf. In practice however β becomes approximately equal to βf at a finite time, somewhat 

larger than the time required for the pure steam bubble collapse (see Figure 7-43). The basic 

formula used in the present model is the same as that used for pure steam bubbles. The 

increased time of bubble collapse is taken into account by introducing a dimensionless factor, 

ψ, into the equation. The bubble collapse time is calculated from the formula: 

 

qA

Q
t

eff

cond
BC =  

 

where ψ is a dimensionless factor, introduced to take into account the increased collapse time 

in case of steam-noncondensable bubbles. The value of the factor ψ is calculated from the 

formula: 
b

fa −=1  

 

The above formula was developed to provide a good fit to the results of the theoretical model 

shown in [127]. The values of a and b are: a=0.9, b=2.0. The formula used to calculate the 

relative bubble diameter at any given time is as follows: 
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ti value of time at intersection of the first and the second equations (Figure 7-42), 

defined by: ti = tBC(1 - βf)3/2 

βi value of the dimensionless bubble diameter at time equal to ti, equal to: 

 βi = (1 – ti/tBC)4/5 

 

The calculation procedure to compute β for a pure steam bubble, and a steam-noncondensable bubble, 

is illustrated in Figure 7-42. The full collapse time for the pure steam and steam-noncondensable 

bubbles are denoted in the figure by tBC0 and tBC1 respectively. The value of tBC1 is related to the value 

of tBC0 by the formula: tBC1 = tBC0/ψ. 

 

The approximation formula for β has been verified by comparisons with a number of available 

experimental data. The comparison of the calculated results with Wittke and Chao experimental data 

[127] is presented in Figure 7-43 and Figure 7-44. A good agreement between the calculated results 

and the experimental data is observed. 

 

The calculation procedure within the bubble collapse model is somewhat different in case of full 

bubble collapse (t>tBC, β=βf), and partial collapse (t<tBC, β>βf). The procedure applied for full bubble 

collapse is described below. Partial bubble collapse is less important, since bubble collapse is typically 

very fast and is completed within a very short distance from the source. 
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▪ Calculational procedure, full bubble collapse 

 

In case of full bubble collapse, the final bubble is in equilibrium with the surrounding pool 

(see [155]). This means: 
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where Tbubb, 1 is the final bubble temperature, and psteam, 1 is the final steam partial pressure. 

The final partial pressures of all gases in the bubble are therefore obtained from: 
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pvap, 1 partial pressure of vapor in the final bubble, (Pa) 

pvap, 0 partial pressure vapor in the initial bubble, (Pa) 

 

With all partial pressures and the bubble temperature known, the bubble gas composition 

(mass fractions) is calculated using the subroutine GASEQP (section 3.5.2). All physical 

properties of the final bubble, like density, enthalpy, etc., are also calculated by the Fluid 

Property package. 

 

The fraction of condensed steam, Fcond, is calculated from the mass balance written using the 

initial and final steam mass fractions. Note that for pure steam bubbles the equilibrium 

condition requires that the whole bubble is collapsed (the saturation pressure at the pool 

temperature is smaller than the total pressure of the submerged bubble, thus collapse will 

proceed until the bubble disappears). 
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cvap, 1 mass fraction of vapor in the final bubble, (-) 

cvap, 0 mass fraction of vapor in the initial bubble, (-) 

 

The final mass fluxes of liquid (condensate), Wliq, 1, and gas (bubbles), Wgas, 1, are calculated 

as: 
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where Wgas, 0 is the mass flow of bubble gas, (kg/s), at the start of the collapse process. 

 

The difference between the enthalpy of the initial gas and the final enthalpies of the collapsed 

bubbles and liquid, gives the net heat effect of the bubble collapse process: 

 

0,0,1,1,0,0,1,1,0, liqliqgasgasgasgasliqgasgaspool hWhWhWHHHQ −−=−−=  
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The heat Qpool is released during the process. This heat is deposited in the pool (if stratification 

models are active, then the heat is either deposited at the bubble source elevation, or, if the 

plume model is active, it is deposited in the upper layer of the pool). 

 

The procedure described above is appropriate for a typical collapse process, when the steam 

fraction is relatively large, and steam condensation occurs in the bubble upon entering the 

pool. Initially that was the only application of the collapse model. If dry bubbles were entering 

the pool, then the bubble collapse model was not used, that means the bubble parameters at 

the end of collapse were identical to the parameters of the initial bubble. It has been observed 

that in some cases the injection of very hot dry bubbles may cause numerical problems, and 

result in slowing down the calculation. To avoid those problems the bubble collapse model 

has been extended to dry bubbles, as described below. 

 

If the bubbles are dry there is no "collapse" that means steam condensation. Instead, 

evaporation of steam into the bubbles occurs. The bubble temperature equilibrates with the 

pool temperature almost instantaneously (see the hot dry bubble test below). The evaporation 

process is somewhat slower. 

 

The only modification needed to extend the bubble collapse model to the dry bubble case is 

the calculation of final steam partial pressure in the bubble. In the extended model, the final 

bubble parameters are defined as follows: 
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With the above formula, the relative humidity of the final bubble will never be smaller than 

C100%. The value of C has been set to 0.3, based on separate calculations, described below. 

 

A simple model has been set up to investigate the behavior of a hot dry bubble in a pool. The model 

consists of a nearly saturated pool at atmospheric pressure. At t=0.0 s hot dry bubbles are injected into 

the pool. The bubbles are composed of pure hydrogen, the initial bubble temperature is 1000 K. The 

bubble collapse model has been switched off, thus the bubble behavior was calculated mechanistically, 

using the equations shown in section 7.2.6, below. Results are shown in Figure 7-45 through Figure 

7-50. 

 

Figure 7-45 through Figure 7-47 show the bubble temperature, the energy fluxes due to convection 

and evaporation, and the bubble relative humidity, results obtained with a time step of 10–4 s. It is seen 

that the bubble temperature decreases very quickly (in about 0.001 s) to the pool temperature. In this 

period the bubble is intensively cooled by convection. The convective flux is of order of megawatts 

per square meter (Figure 7-46). The convective heat transfer coefficient, calculated from the LeClair-

Hamielec correlation (see section 7.2.6) is about 8000 W/m2/K. The large convective flux and very 

small heat capacity of bubble result in extremely fast cooling down of the bubble. 
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Figure 7-45 Bubble and pool temperature - hot dry bubble test 

 

Figure 7-46 Convective heat flux and evaporation energy flux - hot dry bubble test 

 

Figure 7-47 Relative humidity of the bubble gas - hot dry bubble test 

Hot Dry Bubble Test, SPECTRA

0.0

200.0

400.0

600.0

800.0

1000.0

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030

Time, [s]

T
e
m

p
e
r
a

tu
r
e
, 

[K
]

Pool temperature, time step 0.001 s

Bubble temperature, time step = 0.001 s

Hot Dry Bubble Test, SPECTRA

-5000000

-4000000

-3000000

-2000000

-1000000

0

1000000

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030

Time, [s]

E
n

e
r
g

y
 f

lu
x

, 
W

/m
2

Convective energy flux, time step = 0.001 s

Evaporation energy flux, time step = 0.001 s

Hot Dry Bubble Test, SPECTRA

0.0

0.2

0.4

0.6

0.8

1.0

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030

Time, [s]

H
u

m
id

it
y

, 
[-

]

Humidity, time step = 0.0001 s



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

362  K6223/24.277594  MSt-2402 

 

Figure 7-48 Bubble and pool temperature - hot dry bubble test 

 

Figure 7-49 Convective heat flux and evaporation energy flux - hot dry bubble test 

 

Figure 7-50 Relative humidity of the bubble gas - hot dry bubble test 
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During the next period (t>0.001 s) quasi stable conditions are established. The bubble temperature 

stabilizes at the a value little lower than the pool temperature (Figure 7-45). Relatively slow 

evaporation of steam into the bubble occurs. The evaporation is driven by the fact that the bubble is 

dry (at 0.001 s the relative humidity is ~10% - Figure 7-47). The evaporation process needs a 

continuous supply of energy. The energy stored in the bubble is very small, therefore energy has to 

be taken from the water. This is the reason why the bubble temperature stabilizes at the value a little 

lower than the pool temperature. With the established temperature difference the convective heat 

flux is able to supply energy needed for evaporation. It is seen in Figure 7-46 (as well as Figure 

7-49), that after about 0.002 s both convective and evaporation energy fluxes become practically 

identical. 

 

Comparison of the results of two runs is shown in Figure 7-48, Figure 7-49, Figure 7-50. The base 

run was performed using the time step of 10–4 s. Such a small time step was needed to show how 

the key parameters evolve in time. The comparison run was performed with the time step of 0.1 s. 

No internal reduction of time step was observed. It is seen that practically the same results are 

obtained. Thus, the numerical solver was capable of solving the present problem, involving rather 

"stiff" equations, using the time step of 0.1 s (further discussion of solving stiff equations is provided 

in section 16.6.3 and 19.1). The following conclusions are drawn from the present example problem: 

 

▪ The bubble temperature equilibrates almost instantaneously with the pool temperature. 

Therefore, assuming the end of collapse temperature to be equal to equal to the pool 

temperature, Tbubb,1 is a good approximation. 

▪ The evaporation of steam into the bubbles proceeds slower. Therefore the minimum relative 

humidity at the end of bubble collapse period was set at 30%, in the present example problem 

the value achieved after 0.003 s. The actual value is not very important, since the evaporation 

will proceed, calculated in a mechanistic way, once the bubble collapse is finished. The limit 

of 30% on the relative humidity allows to reduce somewhat the initial stiffness of the 

governing equations, and speed up calculations, as has been ascertained in several test runs. 

 

One final remark has to be made about the bubble collapse model. The initial intention was to apply 

the model for the "detector elevation" (see Figure 7-41) being close to the bubble source elevation. 

With such approach an incomplete collapse may occur when the bubble flow time from the source to 

the detector is shorter than the bubble collapse time. This incomplete bubble collapse was observed to 

cause occasionally numerical problems. Incomplete collapse occurs very seldom. It may occur in some 

"pathological" cases, when Tsat(pvap, 0) is extremely close to the pool temperature. In such case the 

denominator of the equation for the bubble collapse time, tBC, becomes very small, and consequently 

tBC becomes very large. To avoid such situations, the present implementation of the model makes sure 

that the bubble collapse proceeds to the end in all circumstances, even when the model predicts partial 

collapse. This approach allows to prevent occasional numerical problems and it is considered to have 

no major impact on the results in practical cases. 

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

364  K6223/24.277594  MSt-2402 

7.2.6 Bubble-Pool Heat and Mass Transfer 

 

When the bubble collapse period is finished (section 7.2.5), then the bubbles are placed in the pool of 

a Control Volume at the elevation of the bubble source, and begin their rise towards the pool surface 

(they can also be dragged downwards, if there is sufficiently strong downflow of liquid - see the 

description of the bubble velocity calculation, section 4.2.3). The equations used to calculate heat and 

mass exchange between bubble and pool in this period are discussed below. 

 

▪ Heat Transfer 

 

The convective heat transfer coefficient is calculated using the correlations developed by 

LeClair and Hamielec for bubbles in swarms, with the creeping flow correlation, valid for low 

Reynolds numbers. The LeClair and Hamielec correlation [157] is: 
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where α is the void fraction (volumetric fraction of bubbles in the pool). The transition 

Reynolds numbers, Re1, Re2, and Re3 are as follows: 

 

o Re1 = 10.0 from [157] 

o Re2 = 20.0 an interpolation range is defined to provide a smooth transition from 

the first to the second formula. For Re1<Re<Re2 the Sherwood number is obtained 

by linear interpolation between the values obtained from the first and the second 

formula. 

o Re3 = 504.435 for this value of the Reynolds number the second and the third 

formula give the same Sherwood number, thus providing a smooth transition. The 

exact value is equal to: (2.213/1.13)(1/0.108). 

 

For large Reynolds numbers the correlation is: 

 

5.0

5.0

)1(
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which is the same as the Nusselt number correlation for the bubble collapse model (section 

7.2.5). 

 

The creeping flow correlation is ([158], section 3.III.2): 

 
3/1)1(1 PeShC ++=  

 

Selection of the correlation is made by the program by choosing the correlation that gives the 

larger Sherwood number: 
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),( CHL ShShMaxSh −=  

 

In practical cases this means that the creeping flow correlation is used for Reynolds numbers 

up to about 1  10 - Figure 7-51 (Re < ~1 for α = 0.7, and Re < ~10 for α = 1.0). This is in 

agreement with its range of validity (see [158], section 3.III). For higher Reynolds numbers 

the LeClair and Hamielec correlation is used. 

 

For the heat transfer calculation a heat and mass transfer analogy is used, thus: 

 

)()( ScNuPeSh =  

 

 

Figure 7-51 Pool-bubble heat transfer correlation 

 

 

The Nusselt number, calculated for the heat transfer Peclet number (Pe = RePr), is equal to 

the Sherwood number, calculated for the mass transfer Peclet number (Pe = ReSc) (see also 

[159], section IV.D). Note that the fluid properties for the criterial number are those of the 

liquid at pool temperature. When the Nusselt number is known the heat transfer coefficient is 

obtained as: 

 

bubb

liq

D

k
Nuh =  

 

where kliq is the thermal conductivity of liquid. The interphase velocity used to compute the 

Reynolds number is taken as: 

 

),)()(( min,

2

,,

2

,,int poolbubbpoolverbubbverpoolhorbubbhor vvvvvMaxv −−+−=  

 

Here vhor, bubb, vhor,pools, vver, bubb, vver, pool, are the horizontal and vertical velocities of bubbles and 

pool in a Control Volume. The vmin, bubb-pool is a minimum velocity for interphase heat transfer 
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calculation (user-defined parameter VINTCV(IBBPL), with a default value of 0.0 - see 

Volume 2). The heat flux is equal to: 

 

)( bubbpool TThq −=  

 

The convention used here is that the heat flux is positive when the heat is transported into the 

bubble, and negative when the heat is transported from the bubble to the pool. 

 

▪ Mass transfer 

 

The mass transfer is limited by an internal diffusion limit. The diffusion limit is calculated 

using the Newman correlation [160]: 

 
58.6=Sh  

 

The mass transfer coefficient, KM, (m/s), is obtained from Sherwood number: 
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=  

 

where DC is the diffusion coefficient for steam in the bubble gas. The mass transfer flux is 

obtained similarly as in case of pool-atmosphere mass transfer (section 7.2.3), and droplet-

atmosphere mass transfer (section 7.2.4): 
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Substitution of the pam definition into the equation for mMT gives the formula used by the 

program: 
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The energy fluxes, associated with the mass flux, are calculated differently for the case 

evaporation and condensation, as described below. 

 

- Evaporation, pvap < psat(Tpool); mMT > 0.0 

It is assumed that the vapor appears at the temperature equal to the pool temperature. The 

enthalpy of the vapor is therefore hsat.vap(Tpool). The enthalpy of the disappearing water is 

hliq(Tpool). The difference between the enthalpy flux gained by the bubble, and lost by the pool, 

gives the net heat effect of the mass transfer process, qMT: 

 

)]()([ . poolliqpoolvapsatMTMT ThThmq −=  

 

The value of qMT represents the energy flux is "consumed" during the process. This energy is 

assumed to be taken from the bubble. 

 

- Condensation, pvap > psat(Tdrop); mMT < 0.0 
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It is assumed that the condensate appears with the temperature equal to the bubble gas 

temperature. The enthalpy of the condensate is therefore equal to the liquid enthalpy at the 

atmosphere temperature, hliq(Tbubb). The enthalpy of the disappearing steam is equal to 

hgas(Tbubb, pvap), where pvap is steam partial pressure in the bubble. The difference between the 

enthalpy gained by the gas, and lost by the liquid, gives the net effect of the mass transfer 

process, qMT: 

)](),([ bubbliqvapbubbgasMTMT ThpThmq −=  

 

The value of qMT represents the energy flux is "released" during the process. This energy is 

assumed to be deposited in the bubble. 

 

Examples of the pool-bubble heat and mass transfer is shown in Figure 7-52, Figure 7-53, Figure 

7-54, showing the convective heat flux, qHT, the mass transfer flux, mMT, and the energy flux 

accompanying the mass transfer qMT. The values are plotted versus pool temperature, and pool-bubble 

relative velocity. 

 

The following bubble parameters were assumed for calculations: 

 

▪ temperature:  330 K 

▪ total pressure:  1.0105 Pa 

▪ steam partial pressure: 0.1565105 Pa, (saturation temperature: 328 K, humidity 90.5%) 

 

The heat flux is governed by forced convection, with the heat transfer coefficient proportional to Re1/2. 

The mass flux is driven by the steam pressures. The relative humidity of the bubbles (90.5%) was 

selected to obtain such steam partial pressure in the bubble, that the saturation temperature at this 

pressure is almost exactly equal to 328 K. It is seen in Figure 7-53, that if the pool temperature exceeds 

328 K, then evaporation of steam into the bubble occurs. If, on the other hand, the pool temperature is 

lower than 328 K, then steam is condensed in the bubble. There is no influence of the bubble velocity 

on the mass transfer rates. This is a consequence of the fact that the Sherwood number is constant 

(Sh=6.58), in contrast to the droplet mass transfer, where the Sherwood number is a function of the 

Reynolds number (section 7.2.3), and the mass transfer rate depends on the droplet velocity (Figure 

7-39). 

 

 

Figure 7-52 Pool-bubble convective heat flux, qHT 
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Figure 7-53 Pool-bubble mass transfer flux, mHT 

 

 

 

Figure 7-54 Pool-bubble mass transfer energy flux, qHT 

 

 

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  369 

8 Thermal Radiation Package 

 

8.1 Introduction 

 

When thermal radiation is less important, then a simple radiation model, available inside the Solid 

Heat Conductor Package, may be used. In the simple radiation model only the radiative heat 

exchange between wall surface and gas is modeled. The gas is assumed to be opaque (gas emissivity 

and absorptivity are equal to one). For such cases the radiative heat flux is given by (see [113]): 

 

)()( 44

gwwwr TTTq −=   

 

where σ is the Stefan-Boltzmann constant (σ=5.67×10–8 W/m2/K4), εw(Tw) is the wall emissivity (a 

function of temperature), Tw, Tg, are the wall and the gas temperatures respectively. 

 

In case when radiation is more important, a detailed radiation model, based on the net enclosure 

with grey surfaces and non-grey gas (Hottel gas) approximations, is available. The model is 

available in the SPECTRA Thermal Radiation Package, and is shortly described below. 

 

The Thermal Radiation Package allows to model up to nine independent radiating systems. Each 

system may consist of up to 50 radiating surfaces, and may use one of the two available models: 

 

• Radiation in an enclosure with non-absorbing/non-emitting medium (section 8.2). 

• Radiation in an enclosure with participating gas (section 8.3). 

 

Each radiating system is characterized by a consistent set of view factors and, if the second model 

is used, by a set of mean beam lengths between surfaces. The characteristic features of a radiating 

system are described below. 

 

A radiating system is defined by selecting surfaces of 1-D or 2-D Solid Heat Conductors, which 

will participate in the radiative heat transfer. Both left and right surfaces of a SC and any boundary 

cell of a TC may be selected. An option for radiation to a water pool instead of the structure may be 

selected for a surface representing a horizontal floor. The pool option is available only for 1-D Solid 

Heat Conductors. With the pool option the radiative flux is deposited at the SC surface in absence 

of a pool, or at the pool surface if a pool is present. Further discussion of the radiation calculations 

in presence of a water pool is given in section 8.4. 

 

When all radiating surfaces of the given system are selected, a matrix defining view factors, Fij 

(called also shape factors), must be supplied. The view factors must fulfill the reciprocity relation, 

and the enclosure relation. The reciprocity relation is ([21], section 6.3.1): 

 

jijiji FAFA =  
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Here Ai, Aj are areas of the surfaces i and j. The enclosure relation is ([21], section 6.3.2): 

 

0.1
1

=
=

N

j

ijF  

 

where N is the total number of radiating surfaces. The enclosure relation (called also the summation 

rule) expresses the fact that within a given radiating system all radiant energy leaving surface i must 

be intercepted by some surface of the enclosure (including i itself if it is concave). If the enclosure 

relation is not fulfilled, then a system will not be conserving energy. If ΣFij<1.0, then energy will 

be lost, that means the system will be radiating part of its energy to a “black hole”. In case of ΣFij>1.0 

the system will be gaining energy. 

 

The SPECTRA program performs a total mass and energy check at the end of each time step. 

Typically the mass and energy errors are caused only by round-off errors of double precision 

arithmetics, which give relative errors of order of 10–15. If the thermal radiation model is active then 

the energy error is governed by the accuracy with which view factors are entered. 

 

The program will not accept view factors unless they fulfill the reciprocity relation and the enclosure 

relation, with the accuracy of at least 8 decimal places. While this requirement puts a significant 

burden on the user, it is deemed necessary to assure proper energy conservation during calculations. 

With the required accuracy of 8 decimal places, the expected relative energy error is of order of 10–

8, which is still a relatively large value, compared to the typical energy error of order of 10–15, made 

by the program when thermal radiation model is inactive. 

 

When the second radiation model is applied (radiation with participating gas), the user must supply 

the matrix of mean beam lengths, Lij. The mean beam lengths are used to calculate gas emissivities 

and absorptivities. Since the emissivity correlations themselves have an accuracy of at best two 

decimal places, there is no need to enter the mean beam lengths with excessive accuracy (see 

Volume 2). The following relations must however be fulfilled when the beam length matrix is 

prepared: 

0.00.0

0.00.0



==

ijij

ijij

FifL

FifL
 

 

A description of the two thermal radiation models is provided below. Section 8.2 presents the model 

for radiative heat exchange in a multi-surface enclosure, with a non-absorbing and non-emitting 

medium. Section 8.3 presents the model for radiative heat exchange in an enclosure with a 

participating gas. 
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8.2 Radiation Exchange in an Enclosure with a Non-absorbing Media 

 

The theoretical basis of the model is described in more detail in [20], pages 15-31 through 15-35, 

and [113] sections 2, 3. The model is based on the following assumptions: 

 

a) The enclosure can be divided into a finite number of isothermal surfaces. 

b) Surfaces are gray body emitters, absorbers and reflectors. 

c) The direction distribution of radiation leaving the surface obeys Lambert's Cosine Law. 

d) Radiant energy leaving any surface is uniform over that surface. 

 

At each surface of the enclosure an equation can be written expressing the fact that the flux of radiant 

energy leaving the surface is the sum of the emitted radiation plus the reflected radiation (see [113] 

section 2.1): 

 

iiiiiiii GAEAHA  +=  

 

Ai area of the surface i, (m2) 

Hi radiosity, radiant energy leaving surface i per unit area, (W/m2) 

Ei i'th surface black body emission power, equal to: σTi
4, (W/m2) 

Gi radiation coming from other surfaces to surface i, per unit area of the surface i, (W/m2) 

εi emissivity of the surface i, (-) 

ρi reflectivity of the surface i, (-) 

 

The radiation coming at the surface i is equal to: 

 


=

=
N

j

jijjii FHAGA
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Fij view factor from the surface i to the surface j, (-) 

N number of radiating surfaces 

 

Thus the basic equation has the form: 
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N
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jijjiiiiii FHAEAHA
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The surface blackbody emission power, Ei, is, according to Stefan-Boltzmann's law, equal to: 

Ei=σTi
4, where: σ is the Stefan-Boltzmann's constant, (W/m2/K4), (equal to 5.67×10–8 [32]), and Ti 

is the temperature of the surface i, (K). 

 

Surface reflectivities of the gray surfaces, ρi, are equal to: ρi=1–εi. Taking into account the relation 

between εi and ρi, and the reciprocity law: Ai×Fij=Aj×Fji, the above equation may be written as: 
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The above equation, written for each of the N radiating surfaces, defines a set of N linear equations 

with respect to Hj. This equation set may be written shortly in a matrix form: 

 

ECH =  

 

where the coefficients of the matrix C, and the vector E, are given by: 

 

4

)1(

ii

ij

ijijij

ij

TE

F
C







=

−−
=

 

 

δij is the Kronecker delta, δij=1 when i=j, and δij=0 when i  j. The coefficients Cij are known, since 

they depend only on the system geometry and physical properties. If the right hand sides of the 

equations are known (i.e. the surface temperatures, Ti, are determined) then the equation set can be 

solved to calculate the surface radiosities, Hi, using a standard procedure to solve linear equations. 

 

When all radiosities, Hi, are determined, the heat flux lost from the surface i due to thermal radiation, 

can be calculated as a difference between the radiosity and the incoming radiation flux ([113] section 

2.1): 

iiiiii GAHAqA −=  

or: 
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qi is the heat flux lost from the surface i due to thermal radiation, (W/m2). It is interesting to note 

that the sum of radiation heat fluxes from all surfaces is equal to: 
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Using the reciprocity relation the above equation can be rewritten as: 
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From the closure relation it follows that ΣFji = 1.0, and finally: 
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Thus the total radiative energy is conserved provided that the reciprocity and closure relations are 

fulfilled. 
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8.3 Radiation Exchange in an Enclosure with a Participating Gas 

 

The theoretical basis of this model is described in more detail in [20], pages 15-54 through 15-64 

or [113] section 7. The assumptions for the model are the same as for the first model (assumptions 

a) through d), section 8.2). Additionally it is assumed that: 

 

e) Gas in the enclosure is assumed to be homogeneous and isothermal. 

f) Gas is assumed to be nongray, and does not reflect the radiation. 

 

The terms “gray” and “nongray” are sometimes confusing since they are not consistently applied in 

the literature. A gray gas (in general a gray body) is defined as such that the monochromatic 

emissivity ελ is independent of wavelength [24]: 

 

.const==    

 

For a non-gray body on the other hand, radiation properties are wavelength-dependent. Some 

authors [21], [114] put a further requirement on gray gas, that gas absorptivity is equal to its 

emissivity, a=ε. If absorptivity is different than emissivity, then such gas is called “nongray gas”, 

or “Hottel gas”. Thus: 
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According to the above nomenclature the model present in the SPECTRA code is based on the 

nongray gas approximation. Since the term “nongray” may be confusing, the term “Hottel gas” is 

used below to signify the gas for which absorptivity and emissivity are wavelength independent, 

and a  ε. 

 

The basic equation is similar to the case without participating gas. Again, for each surface of the 

enclosure the flux of radiant energy leaving the surface is the sum of the emitted radiation plus the 

reflected radiation: 

 

iiiiiiii GAEAHA  +=  

 

The meaning of all symbols has been explained in section 8.2. In the present case the reflected 

radiation consists of two parts. The flux coming directly from other surfaces (due to some 

transmittance of gas), and the flux coming from the radiating gas itself. The equation is ([113], 

section 7.1): 
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Eg,ij gas black body emission power of gas between surfaces i and j, equal to: σTg,ij
4, (W/m2), 

εg,ij gas emissivity on the path between surfaces i and j, (-), 

τg,ij gas transmittance on the path between surfaces i and j, (-). 

 

In the above equation the gas emission, εg,ij×Eg,ij, is written for each individual radiation path i-j, 

rather than using a single value, εg×Eg, as in reference [113]. This is done to keep the formulation 

general, and applicable in case of several enclosures with different gases (different Control 

Volumes). 

 

If only one enclosure is considered, then according to assumption e) the gas emission is the same 

on each path, and the term εg,ij×Eg,ij is constant (=εg×Eg) and may be moved before the summation 

sign. In this case the sum gives 1.0 (which follows from the closure relation) and the term for gas 

emissivity becomes the same as in [113]. 

 

Taking into account the surface reflectivity: ρi = 1 – εi, the gas transmittance: τg = 1 – ag and using 

the reciprocity relation, the basic equation can be written as: 
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The equation may be rearranged to obtain a set of linear equations, similarly as in the case of non-

absorbing medium: 

ECH =  

 

The coefficients of the matrix C, and the vector E, are given by: 
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A standard procedure to solve linear equations is used to solve the matrix, and calculate the surface 

radiosities, Hi. 

 

When all radiosities, Hi, are determined, the heat flux lost from the surface i due to thermal radiation 

can be calculated as a difference between the radiosity and the incoming radiation flux ([113] section 

2.1): 

 

iiiiii GAHAqA −=  

which leads to: 
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As it was done in section 8.2, the sum of heat fluxes from all surfaces is calculated. This time the 

result should not give zero, but the energy absorbed in gas. 
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Using the reciprocity and closure relations it may be easily shown that the first two terms on the 

right hand side are equal to zero (see section 8.2). Finally the sum of heat fluxes is equal to: 
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The right hand side gives the total net absorption of energy by gas, and is identical to the expression 

used in the program to calculate the radiative energy source for gas in Control Volumes. Thus the 

total energy is conserved provided that the reciprocity and closure relations are fulfilled. 

 

Note that a single term of the above double sum represents the net absorption of energy by gas on 

the path from surface i to surface j: 

 

)( ,,,, jigijgjigjijiijg EaHFAQ −=  

 

To write the above formula the reciprocity relation, Ai×Fij=Aj×Fji, has been used, and then the 

indices j and i have been swapped for convenience. Since the emissivity of gas depends only on gas 

properties (temperature, optical length) the order of indexes does not matter, as εg,ij = εg,ji. Similarly 

Eg,ij = Eg,ji. Absorptivity however depends not only on gas properties but also on surface temperature. 

Therefore generally ag,ij  ag,ji and the order of indexes should not be mixed. 

 

If a radiation beam passes through a single Control Volume on a path between surfaces i and j, then 

the interface between the Thermal Radiation package and the Control Volume package is quite 

simple. The gas properties, εg,ij, ag,ij, are calculated from the Control Volume conditions, as shown 

in section 8.5. Basically, they are functions of the CV temperatures, TCV, gas partial pressures, pCV, 

beam length, Lij, as well as wall surface temperatures, Tw: 
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The gas heat absorption, Qg,ij, calculated by the Thermal Radiation package, is in such case taken 

directly by the Control Volume package as a heat source for CV gas space. 

 

ijgCV QQ ,=  

 

If a radiation beam passes through several Control Volumes on a path between surfaces i and j, then 

the calculation procedure is more complicated. Such case is shortly described below. 

 

It is possible to build a model where a radiation beam passes through several Control Volumes, on 

its way between surfaces i and j. For each of these CV's the user must specify a path length, Lijk. The 

sum of all individual path lengths must be equal to the overall beam length on the path between 

surfaces i and j: 

ij

k

ijk LL =  

 

The radiation model is valid for a homogeneous, isothermal enclosure - assumption e), above. 

Therefore to perform the calculation the Thermal Radiation package needs to have representative 

values for the gas temperature, Tg, and the gas properties, εg,ij, ag,ij. These values are obtained from 

the following relations: 
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where ε(T, pL) and a(T, pL, Tw) are the values obtained from emissivity and absorptivity 

correlations, described in section 8.5. 

 

The last relation is just one of many possible formulations that can be used to average gas 

temperatures and heat fluxes. With this relation the gas in Control Volume k does not emit/absorb 

radiation if: 

 

• beam length in this CV is infinitesimally small, Lijk → 0.0 

• gas emissivity (and absorptivity) is equal to zero, εg,ijk = 0.0 

• gas temperature is equal to wall temperature, Tg,ijk = Tw 

 

The condition of zero emission/absorption in these three cases must be preserved for a realistic 

averaging of gas properties in the case when a radiation beam passes through many Control 

Volumes. The above relations lead to the following formulae for average values: 
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The gas heat absorption, Qg,ij, calculated by the TR package, is distributed over all Control Volumes 

on the beam path between surfaces i and j, using the following formula: 
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This formula is consistent with the formula for the gas average temperature calculation, and it may 

easily be checked that the overall heat is conserved, that means:
ijg

k

kCV QQ ,)( =  

 

 −
−

=
−

−
=

k

wkCVijkijkg

wgijjig

ijg

k wgijjig

wkCVijkijkg

ijg

k

kCV TTL
TTL

Q

TTL

TTL
QQ )(

)()(

)(
44

)(,44

,

,

44

,

44

)(,

,)( 



 

 

According to the definition of the representative gas temperature, Tg, given above, the last sum is 

equal to: 

)( 44
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8.4 Radiation in to Water Pool 

 

Typically the radiation model is applied for “dry” systems, meaning when there is no water pool in 

a Control Volume. If radiation to a pool needs to be taken into account, then the user may activate 

a “pool option” for one of the SC surfaces forming the radiation enclosure (input parameter IPLRAD 

- see Volume 2). The pool option is available only for 1-D Solid Heat Conductors. The structure 

with the pool option must be a floor of the Control Volume. With the pool option the radiative flux 

is deposited at the SC surface in absence of a pool, or at the pool surface if a pool is present. A 

transition zone is defined (0, 10–3 m), in which the radiative fluxes are interpolated between the SC 

surface and the pool surface. The emissivity of the pool surface is assumed to be constant, equal to 

0.96. 

 

If the pool option is not used, then the thermal radiation model will calculate radiation fluxes as 

long as there is at least one structure of the enclosure that is uncovered. If all surfaces are covered 

by pool, then the radiation model is turned off. In the previous versions of SPECTRA the radiation 

model was turned off when there was a single uncovered surface. This was not correct because in 

general self-radiation is possible. 
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8.5 Radiative Properties of Gases 

 

For the calculation of radiative heat exchange with a participating gas the radiation properties of 

gases, such as emissivities, absorptivities and transmittances, must be known. The models to 

calculate the radiation properties of gases and gas mixtures are presented in this section. 

Recommended correlations to calculate individual emissivities of steam and carbon dioxide, are 

described in sections 8.5.1, 8.5.2, 8.5.3. Section 8.5.4 describes the method to calculate emissivities 

and absorptivities of a mixture of gases. The emissivities of steam and CO2 may be either computed 

from the recommended correlations, or from a general equation which includes the effect of 

aerosols, shown in section 8.5.5. 

 

8.5.1 H2O Emissivity 

 

The following correlation is used in SPECTRA to calculate the emissivity of steam: 

 

),( ,,2 = HKHHOH CMin   

 

εH, K steam emissivity at atmospheric pressure and small steam partial pressure 

CH correction factor for different total pressures and steam partial pressures 

εH, maximum emissivity, emissivity for infinitely large optical length 

 

The three terms: εH, K, CH, and εH,, are described below. 

 

• H2O emissivity at atmospheric pressure and low H2O partial pressure, εH, K 

 

Steam emissivity at atmospheric pressure and low steam partial pressure is calculated from the 

correlation proposed in [113], referred here as the Kostowski correlation. This particular correlation 

has been selected after extensive review of available models and comparison of their results with 

graphs with Hottel data [115]. The Kostowski correlation was found to give the best representation of 

the Hottel data. The emissivity correlation has the general form: 

 

])()(exp[1
2,

c

OHKH LpbTa +−−=  

 

pH2OL optical length, (kPa m) 

T temperature, (C) 

 

The values of coefficients a, b, c, are shown in Table 8-1. The ranges of application for the coefficients 

a, b, c, originally recommended by Kostowski, are shown in this table. Those recommended ranges 

are a little overlapping each other, meaning that in some regions the value may be obtained from 

different sets of coefficients and they should give similar values. For the purpose of numerical 

implementation only one equation must be selected in each case. Moreover, the obtained emissivity 

line should be smooth, thus discontinuities, even small, should be avoided. 
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To achieve this, the actual ranges of application of parameters (a, b, c) have been narrowed, leaving 

"gaps" between regions. In the "gaps" the emissivity is calculated by linear interpolation between the 

values obtained for the neighboring regions. The actual ranges are shown in Figure 8-1. 

 

Results of the correlation are compared to the Hottel data in Figure 8-2. A good general agreement is 

observed. Differences are about 10% to 20%. 

 

 

Table 8-1 Coefficients for Kostowski correlation for H2O [113] 

T range 

(C) 

 

 

pL range, (kPa m) 

(1) 

0.093 - 1.0 

(2) 

0.93 - 5.0 

(3) 

4.0 - 10.0 

(4) 

10.0 - 80.0 

(5) 

70.0 - 

200.0 

(1) 

200 - 800 

 

a 

b·103 

c 

+0.06421 

–0.05438 

+0.797 

+0.05772 

–0.04022 

+0.672 

+0.06151 

–0.03602 

+0.580 

+0.07526 

–0.03358 

+0.470 

+0.11039 

–0.03959 

+0.367 

(2) 

800 - 1400 

 

a 

b·103 

c 

+0.04433 

–0.02552 

+0.945 

+0.03892 

–0.02027 

+0.814 

+0.04210 

–0.01979 

+0.692 

+0.05729 

–0.02375 

+0.530 

+0.09700 

–0.03809 

+0.395 

(3) 

1400 - 2000 

 

a 

b·103 

c 

+0.02510 

–0.01066 

+1.117 

+0.02197 

–0.00870 

+0.947 

+0.02273 

–0.00828 

+0.831 

+0.03677 

–0.01211 

+0.588 

+0.07379 

–0.02274 

+0.405 

 

 

 

Figure 8-1 Applicability ranges for different sets of coefficients. 
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Figure 8-2 H2O emissivity, left - Hottel data, right - model applied in SPECTRA 

 

 

• Correction for total pressure and steam partial pressure, CH 

 

The emissivity correlation described above is valid for atmospheric pressure and low steam partial 

pressures. For different conditions the correction factor, CH, must be used. CH depends on the optical 

length, pH2OL, and (p+pH2O)/2. For computer calculation the values of CH must either be tabulated or 

represented by a correlation. Reference [113] shows a correlation which allows to represent the 

correction factor CH, but only in case when the total pressure, p, is equal to 105 Pa, and the steam 

partial pressure is within the range 0 - 4103 Pa. This means that it covers only part of the available 

data. Therefore a broad-range expression was developed, to be used by the SPECTRA code, which is 

valid for the whole range of parameters shown in the Hottel graph. The expression is: 
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pH2OL optical length, (Pa m) 

pH2O steam partial pressure, (Pa) 

p pressure, (Pa) 

L radiation beam length, (m) 
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The following restrictions are imposed on the arguments: 

 

52

7

2

1061.1
2

0.0

100.11500


+





OH

OH

pp

Lp

 

 

With the above restrictions the applicability range of this correlation is extended into higher pressure 

ranges. Results of the correlation are compared to the Hottel data in Figure 8-3 and Figure 8-4. A 

good agreement is observed. 

 

 

 

Figure 8-3 Pressure correction factor for H2O - Hottel data 

 

 

 

Figure 8-4 Pressure correction factor for H2O - model applied in SPECTRA 
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• Maximum emissivity, εH, 

 

For a gray gas the emissivity (as well as the absorptivity) is equal to 1.0 for a very thick gas layer. In 

reality emission and absorption occurs only in certain spectral regions. When a radiation beam passes 

through a thick gas layer the absorbable wavelengths are filtered out, but for the remaining 

wavelengths the transmittance of the gas is 1.0. Thus in contrast to the gray gas model, in reality the 

absorptivity and emissivity of the gas are never equal to 1.0 (see [115], page 112, [113], page 127). 

 

The values of the maximum emissivity, εH,, for an infinitely large optical length: pH2OL →  are 

shown in [113] (figure 6.15) as a function of gas temperature. For the purpose of numerical calculation 

the values were tabulated, as shown in Table 8-2. The program calculates εH, using linear 

interpolation of the tabular data. The values of εH,, as calculated by the program, are shown in Figure 

8-5 (as shown in Volume 3, Figure 8-5 is practically identical as the figure 6.15 in [113]). 

 

 

Table 8-2 Maximum emissivity of H2O as a function of temperature 

T, (C) εH, T, (C) εH, T, (C) εH, 
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200.0 
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Figure 8-5 Maximum emissivity of H2O and CO2, as calculated by SPECTRA 
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8.5.2 CO2 Emissivity 

 

The following correlation is used in SPECTRA to calculate the emissivity of CO2: 

 

),( ,,2 = CKCCCO CMin   

 

εC, K CO2 emissivity at atmospheric pressure 

CC correction factor for different total pressures 

εC, maximum emissivity, emissivity for infinitely large optical length 

 

The three terms: εC, K, CC, and εC,, are described below. 

 

• CO2 emissivity at atmospheric pressure, εC, K 

 

The CO2 emissivity at atmospheric pressure is calculated from the correlation proposed in [113], 

referred here as the Kostowski correlation. This particular correlation has been selected after extensive 

review of available models and comparison of their results with graphs containing Hottel data [115]. 

The Kostowski correlation was found to give the best representation of the Hottel data. The correlation 

has the general form: 

 

])()(exp[1
2,

c

COKH LpbTa +−−=  

 

Here pCO2L is the optical length, (kPa m), and T is the temperature, (C). The values of coefficients a, 

b, c, are shown in Table 8-3. The ranges of application for the coefficients a, b, c, originally 

recommended by Kostowski, are shown in this table. As in case of steam emissivity correlation, the 

overlapping ranges have been narrowed, leaving "gaps" in which linear interpolation is performed. 

The "map" of the actual ranges is shown in Figure 8-1. Results of the correlation are compared to the 

Hottel data in Figure 8-6. A good general agreement is observed. Differences are about 10% to 20%. 

 

Table 8-3 Coefficients for Kostowski correlation for CO2 [113] 

T range 

(C) 

 

 

pL range, (kPa m) 

(1) 

0.093 - 1.0 

(2) 

0.93 - 5.0 

(3) 

4.0 - 10.0 

(4) 

10.0 - 80.0 

(5) 

70.0 - 

200.0 

(1) 

200 - 800 

 

a 

b·103 

c 

+0.05320 

–0.00168 

+0.527 

+0.04596 

+0.01220 

+0.345 

+0.04608 

+0.01707 

+0.308 

+0.05000 

+0.02277 

+0.262 

+0.05070 

+0.03051 

+0.244 

(2) 

800 - 1400 

 

a 

b·103 

c 

+0.08697 

–0.04108 

+0.614 

+0.07814 

–0.03321 

+0.391 

+0.07613 

–0.03038 

+0.374 

+0.07791 

–0.02573 

+0.314 

+0.07350 

–0.02081 

+0.310 

(3) 

1400 - 2000 

 

a 

b·103 

c 

+0.06787 

–0.02619 

+0.672 

+0.06136 

–0.02245 

+0.449 

+0.06099 

–0.02146 

+0.414 

+0.06579 

–0.02228 

+0.362 

+0.06707 

–0.02193 

+0.346 
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Figure 8-6 CO2 emissivity, left - Hottel data, right - model applied in SPECTRA 

 

 

• Correction for total pressure, CC 

 

The emissivity correlation described above is valid for atmospheric pressure. For different conditions 

the correction factor, CC, must be used. CC depends on the optical length, pCO2L, and p. For computer 

calculation the values of CC must either be tabulated or represented by a correlation. An expression 

was developed to be used by the SPECTRA code, which gives a good approximation of the Hottel 

data. The expression is: 

 

( ) ( )25

10

5

101010 )}10/({log12.0)10/(log)(log115.0675.0)(log
2

ppLpC COC −−=  

 

Here pCO2L is the optical length, (Pa m), pCO2 is CO2 partial pressure, (Pa), p is thew total pressure, 

(Pa) and L is the radiation beam length, (m). The following restrictions are imposed on the arguments: 

6

33

100.10.0

10740106.0
2





p

LpCO
 

 

With the above restrictions the applicability range of this correlation is extended into higher pressure 

ranges. Results of the correlation are compared to the Hottel data in Figure 8-7 and Figure 8-8. A 

good agreement is observed. 
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Figure 8-7 Pressure correction factor for CO2 - Hottel data 

 

 

Figure 8-8 Pressure correction factor for CO2 - model applied in SPECTRA 

 

 

• Maximum emissivity, εC, 

 

Similarly as in case of steam, an upper limit is imposed on the CO2 emissivity, εC,. The values of the 

maximum emissivity, εC,, are shown in [113] (figure 6.15). The program uses linear interpolation of 

the tabulated values, shown in Table 8-4. The values of εC,, as calculated by the program, are shown 

in Figure 8-5. 

 

 

Table 8-4 Maximum emissivity of CO2 as a function of temperature 

T, (C) εC, T, (C) εC, T, (C) εC, 
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8.5.3 Emissivity Correction for H2O and CO2 Spectral Overlap 

 

The emissivity correction for spectral overlap is shown in form of graphs in [115], [113]. The graphs 

shown in [113] are given in SI units, and are reproduced in Figure 8-9. 

 

Typically the computer codes use the Leckner model [65] (MELCOR, CONTAIN) to calculate this 

correction factor. However, it was found that the results obtained with the Leckner correlation do not 

represent the Hottel data much better than the gray gas model (which gives the correction factor equal 

to the product of individual emissivities, g = H2OCO2). An expression was developed to be used 

by the SPECTRA code, which gives a good approximation of the Hottel data. The expression is: 
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Figure 8-9 H2O and CO2 spectral overlap correction factor - Hottel data 

 

 

Figure 8-10 H2O and CO2 spectral overlap correction factor - model applied in SPECTRA 
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In the above formulae T is the temperature in (K), pH2O and pCO2 are the partial pressures (Pa) of H2O 

and CO2, respectively, and L is the radiation beam length, (m). Results of the correlation are compared 

to the Hottel data in Figure 8-9 and Figure 8-10. 

 

 

8.5.4 Emissivity and Absorptivity of a Gas Mixture 

 

The general method, used to calculate the emissivity and absorptivity of any gas mixture, is described 

in this section. The discussion is divided into two parts. In the first part a method to calculate the gas 

mixture emissivity is described. The second part brings description of the mixture absorptivity 

calculation. 

 

• Gas Emissivity 

 

The emissivity of a mixture of gases is calculated in two steps. First, the emissivities of the individual 

gases are calculated. Individual emissivities are calculated using either the recommended correlations, 

described above in sections 8.5.1, 8.5.2, 8.5.3, or a general equation, described below, with user 

defined constants. 

 

The recommended correlations for the calculation of the emissivity of gas k, k, are: 

 

o H2O Kostowski correlation k = Min(CH εH, K, εH,) - section 8.5.1 

o CO2 Kostowski correlation k = Min(CC εC, K, εC,) - section 8.5.2 

o Other no radiation  k  = 0.0 

 

The general equation has the form similar to that shown in [113]: 

 

]})()(exp[1{ kc

kkkk LpTba +−−=   

 

εk  emissivity of the gas k, (-) 

pkL  optical length of the gas k, (Pa m) 

T  temperature, (K) 

εk,  maximum emissivity, emissivity of the gas k, for pkL →  

ak, bk, ck  user-defined constants 

 

The general equation may be applied for all gases, also steam and carbon dioxide, thus overruling the 

default Kostowski correlations. The general correlation allows to obtain in a simple way any desired 

gas emissivity. For example, in the test cases presented in Volume 3, for which constant gas emissivity 

was desired (“screen” test, “Christiansen system” test, etc.) the general correlation was used with the 

following values: ak = 1010, bk = 0.0, ck = 0.0, and εk, equal to the desired emissivity value. 

 

When the individual emissivities of all component gases are determined the emissivity of the mixture 

of gases is calculated using the gray gas approximation. The transmittance of the gas mixture is equal 

to the product of individual gas transmittances [113], section 5.3): 
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τmix transmittance of gas mixture, for Hottel gas equal to 1 – εmix, (-), 

τk transmittance of gas k, for Hottel gas equal to 1 – εk, (-), 

Ngas number of gases in the mixture. 

 

This leads to the following expression for the emissivity of the mixture: 
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where εmix is the emissivity of the gas mixture, while εk is the emissivity of the gas k. 

 

The correlation equation for the spectral overlap of H2O and CO2 may be requested if the emissivity 

of at least one of the two gases: H2O or CO2, is calculated using the recommended (Kostowski) 

correlation. If it is requested, then the correlation for the H2O and CO2 overlap (section 8.5.3) is 

superimposed on the gray gas model as follows. 

 

The general expression for a gas emissivity  contains the product εH2OεCO2: 
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This product represents the gray gas overlap correction factor. Thus if the correlation for Δεg needs to 

be applied, then the product εH2OεCO2 should be replaced by Δεg. The formula for gas mixture 

emissivity becomes: 
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When only steam and carbon dioxide are present in the mixture, the mixture emissivity is: 

 

gCOOHmix

COOHCOOHmix
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The gray gas model: ∆𝜀𝑔 = 𝜀𝐻2𝑂 ⋅ 𝜀𝐶𝑂2 is used if EMSMAX>0.0 (see Volume 2). The correlation for 

the overlap correction factor, ∆𝜀𝑔 = 𝑓(𝑇, 𝑝𝐻2𝑂, 𝑝𝐶𝑂2), shown in Figure 8-10, is used if 

EMSMAX<0.0 (see Volume 2), with the limit set by the gray gas model: ∆𝜀𝑔 ≤ 𝜀𝐻2𝑂 ⋅ 𝜀𝐶𝑂2. The gray 

gas limit is active at high temperatures (see Volume 3, “Emissivity Correction for Spectral Overlap of 

H2O and CO2”). 

 

In cases when not only steam and carbon dioxide are present in the mixture and the correlation for Δεg 

is used, the method described above is not quite consistent, because it will not use Δεg for the third (or 

higher) order terms. For example, in case of three radiating gases, the term ( εH2OεCO2εk ) will be 

used rather than ( Δεgεk ), where εk is the third gas emissivity. Those terms are typically very small 

and have negligible contribution to the overall emissivity. Thus there is no need to calculate them with 

very good accuracy. 
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An important fact in calculating the emissivity of the gas mixture is that physically the total emissivity 

can never be greater than 1.0. The gray gas equation, 1–εmix = Π(1–εk), will always yield εmix between 

0.0 and 1.0, provided that the individual emissivities are also within this range. When the model for 

H2O and CO2 overlap correction, Δεg, is superimposed this may not necessarily be true. Therefore an 

additional check is made to ensure that the calculated value is in permitted range. 

 

• Gas Absorptivity 

 

The absorptivity of a mixture of gases is calculated in a similar way as the emissivity. First 

absorptivities of individual gases are calculated. Individual absorptivities are calculated using the 

relation (see [115] page 90): 
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Tg gas temperature, (K), 

Tw wall temperature, (K), (in case of ag,ij this is the temperature of the surface i, while for ag,ji this 

is the temperature of the surface j) 

εg gas emissivity, evaluated at wall temperature and optical length multiplied by (Tw/Tg), (-) 

 

The exponent n is an input parameter. The default values are: for H2O n=0.45; for CO2 n=0.65; for 

other gases n=0.5. 

 

The value of maximum absorptivity, a, is determined similarly as the value of maximum emissivity, 

ε. The argument for determining a is the wall temperature rather than the gas temperature, as in case 

of ε. 

 

When the individual absorptivities are determined the overall absorptivity is found using the gray gas 

assumption, which leads to the expression: 
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The correction term for the H2O and CO2 spectral overlap is calculated using the same equation which 

is valid for the emissivity correction factor. The argument is the wall temperature ([115] page 90): 
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To be consistent with the expression for gas individual absorptivity, the correction factor should be 

proportional to the term (Tg/Tw)n. 
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If the default values for n are used, then the correction factor is proportional to: Δag ~ aCO2aH2O ~ 

(Tg/Tw)0.45+0.65, and finally: 
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The correction term for the H2O and CO2 spectral overlap is superimposed on the gray gas model, 

similarly as in case of the emissivity calculation. 

 

8.5.5 Gas Emissivity and Absorptivity in Presence of Aerosols 

 

The presence of aerosol particles in the gas changes the emissivity and absorptivity of the medium. 

This section describes how the emissivity and absorptivity are calculated in presence of aerosols. 

 

• Emissivity of Gas and Aerosols 

 

The emissivity of a gas with aerosol particles is calculated from: 

 


=

−−−=
gasN

k

kaermix

1

)1()1(1   

 

Here aer is the emissivity of aerosol particles while εk is the emissivity of the gas k. The aerosol 

emissivity is calculated from ([113], equation 5.8): 
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εaer  emissivity of aerosols, (-) 

L  radiation beam length, (m) 

ni  density of aerosol size section i, (1/m3) (number of particles per unit volume) 

Nsize  number of aerosol size sections 

σi  cross section for radiation absorption, (m2), assumed to be temperature-dependent: 
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Here σi,0 is the geometrical cross section of the aerosol particle, equal to (π Di
2 / 4). Therefore: 
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Di  diameter of aerosol size section i, (m) 

T  temperature, (K) 

aaer, baer, caer user-defined constants 
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The final expression for the aerosol emissivity is: 
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The model constants aaer, baer, caer characterize the aerosol particles and in general should be found in 

thermal radiation handbooks. In absence of a more detailed data, a simple way to take the aerosol 

emissivity into account is to use the following values of the model constants: 

 

▪ aaer = 1.0 baer = 0.0 caer = 0.0 

 

In such case the aerosol emissivity is equal to: 
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• Absorptivity of Gas and Aerosols 

 

The absorptivity of a gas with aerosol particles is calculated from: 
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Here aaer is the absorptivity of aerosol particles. The aerosol absorptivity is assumed to be equal to the 

emissivity: 

aeraera =  

Therefore: 
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8.6 Radiative Properties of Solid Materials 

 

Surface emissivity data is given in literature either as total emissivity, or spectral emissivity. For the 

radiation models presented in sections 8.2 and 8.3 the total emissivities must be used. If spectral 

emissivity data is available the total emissivity may easily be calculated using the function TSEMIS, 

described here. 

 

Using the band approximation the total emissivity is given by: 
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C1 constant: 3.741810–16 [113] page 25, (W m2) 

C2 constant: 1.438810–2 [113] page 25, (m K) 

λ wavelength, (m) 

T temperature, (K) 

σ Stefan-Boltzmann constant (equal to: C1/15(π/C2)4 = 5.6710–8) [113] page 28, (W/m2/K4) 

λi upper boundary wavelength for band i, (m) 

εi emissivity, for band i, (-) 

 

The following expression: 
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may be calculated using Wiebelt approximation formulae, given in [116] (as well as [113], section 

1.4). The formulae are: 

 

• For x < 2: 
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• For x > 2: 
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Here x = C2(λT). It is sufficient to use the first 3 - 4 terms of the sum in the formula for x > 2. This is 

because for n>5 and x>2 the value of exp(–nx)/n4 is smaller than 10–8, and thus those terms have 

negligible influence on the result. Subroutine TSEMIS always uses the first four terms of the sum. 

 

When the values of F(λ,T) are calculated, the total emissivity, which is of course a function of 

temperature, T, is obtained as: 
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Note that the subroutine TSEMIS, although it is a part of the Thermal Radiation Package in 

SPECTRA, is not used during SPECTRA calculations. In SPECTRA the total (temperature-

dependent) emissivities , (T), are used for solid surfaces. Volume 3 provides an example of how to 

use the subroutine TSEMIS to obtain a total emissivity, (T) based on spectral emissivities, i, for gold. 

 

In practical cases there is no need to use the function TSEMIS to calculate the total emissivity 

because the total emissivities, (T), obtained from experiments are available in literature for many 

materials. Spectral emissivities, i, are in fact much more difficult to find. 
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9 Reactor Kinetics Package 

 

9.1 Introduction 

 

The Reactor Kinetics Package in SPECTRA consists of the following parts (models): 

• Point Reactor Kinetics Model, 

• Isotope Transformation Model, 

• Reactor Kinetics Model for Circulating Fuel 

• Nodal Point Kinetics Model. 

 

These models allow calculating the power behavior of a nuclear reactor, including the immediate 

fission power and the power from decay of fission products. The effect of delayed neutrons is taken 

into account. Reactivity feedback from fuel temperature, moderator temperature and void fraction, as 

well as changes in core composition, are taken into account. The core composition changes caused by 

fuel burn-up, production of poisons (such as Xe-135, etc.), fuel reload, are calculated by the Isotope 

Transformation Model. The power resulting from decay of fission products is also calculated by the 

Isotope Transformation Model. 

 

The models are described subsequently in the following sections. The Point Kinetics Model is 

described in section 9.2. The Isotope Transformation Model is described in section 9.3. The Reactor 

Kinetics Model for Circulating Fuel is described in section 9.4. The Nodal Point Kinetics Model is 

described in section 9.5. 

 

9.2 Point Kinetics 

 

9.2.1 Point Kinetics Equations 

 

The derivation of the point kinetics equations may be found in [66] or [67]. The equations are ([67], 

equations 7.3.13): 
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n neutron concentration, (1/m3), 

Ci concentration of delayed neutron precursor group i, (1/m3), 

ρ reactivity, (-), 

Λ prompt neutron generation time, (s), (constant or calculated by a Control Function) 

λi decay constant of delayed neutron precursor group i, (1/s), 

βi yield fraction of delayed neutron precursor group i, (-), 

β sum of delayed neutron fractions, β = Σ βi, (-), 

SV,ext external neutron source per unit volume per unit time, (1/m3/s), 

t time, (s). 

 

Reactivity is frequently expressed in dollars. A reactivity of one dollar means that reactor is prompt-

critical, that means the absolute reactivity ρ is equal to β. The relation between the reactivity in dollars 

(R), and the dimensionless reactivity (ρ) is therefore: R($) = ρ/β. 
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Using the reactivity in dollars, the point kinetics equations are written as: 
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The reactor fission power, Qf (W), is calculated based on the neutron concentration, n, from: 

 

fnfRffRf qvtnVqttVtQ )()()()( ==  

 

where VR is the reactor volume (m3), Σf is the macroscopic fission cross section (1/m), Φ is the neutron 

flux, (1/m2/s), qf is the energy generated per fission (W/fission), vn is the thermal neutron velocity. The 

thermal neutron velocity is calculated from vn=CnT
1/2. The initial value of the fission cross section, 

Σf(t0), is a user defined input parameter. The user must also specify the initial fission power, Qf(t0). 

These values are used by the code to calculate the initial neutron density, n(t0). 

 

Most of the model parameters have their default values, which are used if no value is entered, or zero 

is entered in the input deck. The default values are listed below. 

 

- Λ  the default value is calculated from: Λ = ( v Σf vn )-1. This relation is obtained from: 

Λ = ( k  vn Σa )-1 ([68], section 5.3.1) and the one speed diffusion model: Σa = ( v Σf / k ), 

((Dude, 1976), equation 5-217). 

- qf  3.0910-11 (J/fission) (=192.9 MeV/fission), based on [66] table 2-5, 

- Cn  128.0 (m/sK-1/2), = (2k/m)1/2 [66], equation 9-10 (the formula follows from E = kT) 

- v  number of neutrons per fission, equal to 2.5, based on [68], sections 1.5.1, 1.5.2, 

- λi, βi, delayed neutron precursor data, discussed in section 9.2.2. 

 

A limit is imposed in the numerical solution scheme to prevent the neutron density, n(t), from 

decreasing to zero. The applied scheme results in a minimum neutron density of about 1000 (m-3) (1 

neutron per litre) in case of a reactivity equal to –1.0 $, and being inversely proportional to the 

reactivity. For example, at the reactivity of –10.0 $ the minimum neutron flux is roughly equal to 100 

(m-3). 

 

9.2.2 Delayed Neutron Precursors 

 

In the past, six-groups of delayed neutron precursors (DNP) were often used (e.g.: [67], [224]). 

Currently, eight-group data is recommended [224]. An important fact, that needs to be remembered, 

is that the yield fractions of DNP depend on a number of factors, among others the energy of the 

neutron causing the fission and the kind of nucleus that undergoes the fission process. The data for 

thermal neutrons and three fissile isotopes, obtained from [224], is shown in Table 9-1. In the case of 

U-235, the total fission yield of all DNP groups is 0.0065, while for U-233 and Pu-239 it is much 

smaller, 0.0026 and 0.0021 respectively. 
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Table 9-1 Delayed neutron precursors data, six groups and eight-group data [224] 

  

 

 

Table 9-2 Delayed neutron precursors, eight group data 

Group  

i 

Decay constant  

λi, (1/s) 

Yield fractions, βi  

U-235 U-233 Pu-239 

1 

2 

3 

4 

5 

6 

7 

8 

1.24667E-02 

2.82917E-02 

4.25244E-02 

1.33042E-01 

2.92467E-01 

6.66488E-01 

1.63478E+00 

3.55460E+00 

2.145E-04 

1.001E-03 

5.915E-04 

1.281E-03 

2.151E-03 

5.850E-04 

5.265E-04 

1.495E-04 

8.580E-05 

4.004E-04 

2.366E-04 

5.122E-04 

8.606E-04 

2.340E-04 

2.106E-04 

5.980E-05 

6.930E-05 

3.234E-04 

1.911E-04 

4.137E-04 

6.951E-04 

1.890E-04 

1.701E-04 

4.830E-05 

 sum: 6.500E-03 2.600E-03 2.100E-03 
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In SPECTRA, the user may define up to 10 DNP groups. The default DNP data is the eight-group 

data for U-235, obtained from [224]. The values are shown in Table 9-2 (see also Volume 2). Table 

9-2 also shows the yield fractions appropriate for U-233 and Pu-239, estimated as described in Volume 

3 (test cases DNP-1). 

 

• Individual fission yields for DNP 

 

The user may define individual DNP yields for different fissile isotopes, where an individual yield 

fraction of DNP group i from fission of isotope j, βj→i, is defined in the input deck (BIDNRK - see 

Volume 2) for each of the fissile isotopes present in the model. In such case the current fission yields 

are calculated from. 
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Here: Nj(t)  current concentration (1/m3) of the fissile isotope j  

 σf, j microscopic fission cross section, (m2), of the fissile isotope j  

 βj→i  individual yield fraction of the DNP group i from fission of the isotope j  

 βi(t) current yield fraction of the DNP group i  

 

The isotope concentrations are discussed in section 9.3. The definition of individual yields and 

calculation of current yield fraction for different and time-varying concentrations of fissile isotopes 

are discussed in Volume 3, see tests DNP-1, DNP-2. 

 

The individual yields are very useful in case of Molten Salt Reactor (MSR) long term analyses (e.g. 

plant lifetime), for example MSRE analyses to calculate noble metals and noble gases behavior, 

discussed in Volume 3 and publications referenced there. 

 

When using the concept of individual yields, care must be taken when defining the following user-

defined reactivity values: 

 

- “Control rod” (or tabular) reactivities (input parameter IREARK, see Volume 2) 

- Reactivity feedback tables (input parameter RXTBRK, see Volume 2) 

 

These values were always given in dollars. With the current concept of individual yields, the value of 

a “dollar” changes in time. It would be most convenient to define the above mentioned reactivities 

using absolute values (or pcm). However, to preserve compatibility with old input decks, it was 

decided to keep using dollars for those input parameters. It should be remembered that the definition 

of dollars is related here to the global DNP yields (input parameters BTDNRK) and not the individual 

DNP yields (BIDNRK). This is illustrated in Volume 3, test cases DNP-1, DNP-2. 
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9.2.3 Reactivity Calculation 

 

The reactivity, R, is a function of time, and it consists of three parts: 

 

- “Control rod” (or tabular) reactivities, Ri, CR(t), defined using either Tabular or Control Functions. 

Up to nine independent tabular or control functions may be used. The total "control rod" reactivity 

is obtained as a sum of the independent reactivities, RCR = Σ Ri, CR. 

- Thermal-hydraulic feedback, that means reactivity feedback from fuel temperature, moderator 

temperature and void fraction, RTF(Tfuel, Tmod, α). 

- Feedback from isotope composition changes, RIC(Ni), which is a function of isotope concentrations, 

Ni. 

 

The overall reactivity is obtained from: 

 

biasiICdmofuelTF

j

CRj RNRTTRtRtR +++= )(),,()()( ,   

 

where Rbias is the initial reactivity bias, calculated by the code in order to obtain the desired initial 

reactivity (user input). Optionally one can use the moderator density, ρmod, (kg/m3), instead of the 

moderator temperature. This option is foreseen mainly for gas cooled fast reactors (the only 

moderating material is gas). Each of the three reactivity terms is briefly described below. 

 

- "Control rod" reactivity 

 

 The "control rod" reactivities are defined by Tabular or Control Functions. Simple control rod 

operations, for example sudden control rod insertion or withdrawal, may be easily modeled by 

Tabular Functions, specifying reactivity in dollars as a function of time. More complex control 

systems may be modeled using Control Functions, where the reactivity (in dollars) may be 

specified as a desired function of any parameters of the analyzed system. 

 

 The use of multiple independent control rod reactivity tables allows easy modeling of elaborate 

systems, consisting of multiple groups of control rods, with groups controlled by different systems, 

for example by a reactor power level control system and by an emergency shutdown system. With 

the Control/Tabular Functions one may model not only the control rod movement, but also other 

phenomena, for example injection of a control poison, such as boron, into the core, etc. 

 

- Thermal-hydraulic feedback 

 

 The feedback from fuel temperature (Doppler effect and fuel expansion), moderator temperature, 

and void fraction is calculated by the code with user defined reactivity feedback tables and 

weighting factors. The three parameters: 

 - fuel temperature, Tfuel, (K), 

 - moderator temperature, Tmod, (K), or moderator density, ρmod, (kg/m3), 

 - void fraction, α, 

 are calculated by the code according to the user prescribed weighting factors, Wi: 
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where Wi, Wj, Wk are user defined weighting factors. The weighting factors are normalized to 1.0 

if all entered values are positive. The local fuel temperatures, Tf, i, may be taken from SC, TC, or 

CV packages, as: 

 

• Volume averaged cell temperature of a 1-D Solid Heat Conductor No. i. 

• Volume averaged cell temperature of a 2-D Solid Heat Conductor No. i. 

• Pool temperature of a Control Volume No. i. 

• Atmosphere temperature of a Control Volume No. i. 

 

The local moderator temperatures, Tm, j, or densities, ρm, j, may be taken from SC, TC, or CV 

packages: 

 

• Volume averaged cell temperature of a 1-D Heat Conductor No. m, (available Tm, j only). 

• Volume averaged cell temperature of a 2-D Heat Conductor No. m. , (available Tm, j only). 

• Pool temperature of a Control Volume No. m, (available for Tm, j and ρm, j). 

• Atmosphere temperature of a Control Volume No. m, (available for Tm, j and ρm, j). 

 

Note that for the solid materials only the temperature is available for the moderator reactivity 

feedback calculations. In case of gas cooled thermal reactors the gas moderation is negligible and 

the reactivity feedback is specified for the solid moderator (e.g. graphite) as a function of 

temperature. The void reactivity is not applicable for this case and should not be specified. For the 

fluids (pool, atmosphere) both temperature and density may be used. In case of water-cooled 

reactors the user may specify alternatively reactivity versus water temperature or versus water 

density. Additionally the void reactivity feedback may be specified. In case of gas cooled fast 

reactors, where the only moderating material is the cooling gas, the feedback should be specified 

versus gas density (temperature would not be adequate in this case since the moderator density is 

depends not only on temperature but also on pressure). The void reactivity is not applicable for this 

case and should not be specified. 

 

 The local void fractions, αk, may be taken from SC, TC, or CV packages: 

 

• Local void fraction at the surface of a 1-D Conductor No. k,   αSC. 

• Effective void fraction at the surface of a 1-D Conductor No. k,  αSC Xpool, SC + Xatms, SC. 

• Local void fraction at the surface of a 2-D Conductor No. k,   αTC. 

• Effective void fraction at the surface of a 2-D Conductor No. k,  αTC Xpool, TC + Xatms, TC. 

• Average void fraction in the pool of a Control Volume No. k,  αCV. 

• Effective void fraction in a Control Volume No. k,    αCV Xpool, CV + Xatms, CV. 

 

 The symbols Xatms, SC, Xpool, SC represent the fractions of the SC/TC surface covered by atmosphere 

and pool respectively, and Xatms, CV, Xpool, CV the fractions of the CV volume occupied by atmosphere 

and pool respectively. 
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 With the three thermal-hydraulic parameters, Tfuel, Tmod, α, the reactivity is calculated from a 3-

dimensional reactivity feedback table, which defines reactivity versus these three parameters. The 

reactivity feedback table consists of three coordinate tables: 

 - fuel temperature table,    Tf,T(i),   i=1, 2, ..., Nf, 

 - moderator temperature or density table,  Tm,T(j), or ρm,T(j), j=1, 2, ..., Nm, 

 - void fraction table,     αT(k),    k=1, 2, ..., Nα, 

 and the reactivity feedback data table: 

 - reactivity table,     RT(i, j, k) = RT( Tf,T(i), Tm, T(j), αT(k) ). 

 

 The user may create a reactivity table, or use the built-in data, which contains values appropriate 

for most common LWR reactor types. The reactivity tables may be created in two ways: 

 

 - Independent reactivity table format: 

  Three independent reactivity tables are created: 

 

  1.) Rf,T(i)  =  f ( Tf,T(i) ), 

  2.) Rm,T(j)  =  g ( Tm,T(j) ), 

  3.) Rα,T(k)  =  h ( αT(k) ). 

 

  The full reactivity table is then created by the code, as a sum of the individual values: 

  RT(i,j,k)  =  Rf,T(i)  +  Rm,T(j)  +  Rα,T(k). 

 

 - Full reactivity table format: 

  The full reactivity table is entered: R(i,j,k), where i = 1, ..., NT, j = 1, ..., Nm, k = 1, ..., Nα. 

 

When the full reactivity table format is selected, then gaps may be left in the table, which 

means not all reactivity values have to be entered. The gaps are filled in by the program, using 

linear interpolation. The interpolation is performed in each of the three "dimensions", between 

the two closest defined points, bounding the gap from both sides (Figure 9-1). No 

extrapolation is performed, the defined points must be bounding the point being filled in from 

both sides. If such points cannot be found in a given direction, then interpolation is skipped 

in this direction. 

 

Therefore up to 3 interpolations may be performed to fill a gap. If three or two interpolations 

are performed, then an arithmetic average is calculated, and assigned to the gap - Figure 9-1 

(a) and (b). If one interpolation is performed, the resulting value is assigned to the gap - Figure 

9-1 (c). If no interpolation is performed, an error message is printed and the execution is 

stopped - Figure 9-1 (d). Only the user defined points are used for interpolation. The points, 

for which values have been obtained previously by interpolations, are not used in subsequent 

interpolations. 

 

The method of calculating the average value of independent interpolations is used to fill the 

gaps rather than a full 3-dimensional interpolation (see description of 3-d interpolation 

below), because in practice it would be difficult to find 8 defined points bounding the gap 

from all directions. Thus a full 3-d interpolation scheme would often fail because of lack of 

data. With the applied scheme the interpolation will fail for the first and the last points: (i=1, 

j=1, k=1), (i=NT, j=Nm, k=Nα), so these points must be filled in by the user. But other points, 

or whole rows of data may be left out and they will be filled in by interpolation. 
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Figure 9-1 Interpolations to fill gaps in the reactivity feedback table. 

 

 - Default values of reactivity feedback 

Instead of entering the reactivity feedback table, a simple built-in table might be used. The 

built-in values are defined through independent reactivity feedback tables. These tables are 

based on reactivity coefficients shown in [66], table 14-2 (the selected values are those 

appropriate for light water reactors). 

 

  - Fuel temperature:  ρ/Tfuel  –3.010-5 (K-1),  R/Tfuel  –510-3 ($/K), 

  - Moderator temperature:  ρ/Tmod –2.510-4 (K-1),  R/Tmod –410-2 ($/K), 

  - Void fraction:  ρ/α     –1.510-3 (%-1),  R/α     –210-1 ($/%). 

 

  The built-in tables are: 

  Tf,T(1)  = 0.0 K Rf,T(1)  = 0.0 $  Tf,T(2)  = 10000 K  Rf,T(2) =  –50.0 $ 

  Tm,T(1) = 0.0 K Rm,T(1) = 0.0 $  Tm,T(2) = 10000 K  Rm,T(2) =-400.0 $ 

   αT(1) = 0.0  Rα,T(1)  = 0.0 $  αT(2)    = 1.0   Rα,T(2) =  –20.0 $ 
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- Linear interpolation in 3-D space to obtain reactivity 

 

 Once the reactivity table is filled, the program can start calculations. During calculations the 

reactivity is calculated for actual values of the fuel temperature, Tfuel, the moderator temperature, 

Tmod, and the void fraction, α. This is done by performing a linear interpolation in a 3-dimensional 

"space", using eight tabulated points bounding the point: (Tfuel, Tmod., α) from all sides - Figure 9-2. 

No extrapolation is performed. The end point values are kept outside the tabulated space. 

 

 The interpolations are performed in the following order (see Figure 9-2). First, four interpolations 

are performed for the fuel temperature direction. Next, two interpolations are performed in the 

moderator temperature direction. Finally, the last interpolation is performed in the void fraction 

direction. Since all interpolations are linear, the order of interpolations is meaningless. The same 

end value would be obtained by, for example, performing first four interpolations in Tmod., next two 

interpolations in α, and finally one interpolation in Tfuel. 

 

 
 

Figure 9-2 Calculating reactivity by 3-D linear interpolation in reactivity feedback table. 
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- Reactivity feedback from core composition changes 

 

 The concentrations of isotopes change during reactor operation due to fuel burn-up, production of 

poisons, fuel reload, etc. The method of calculating isotope concentrations is described below, in 

section 9.3. The changes of isotope concentrations affect the reactivity. The reactivity effect is 

calculated by SPECTRA for all poisons (isotopes for which σc > 0.0), and fuels (isotopes for which 

σf > 0.0). The calculation is based on the one speed diffusion model ([66], chapter 5). 

 

 The relation between the reactivity, ρ, and the multiplication factor, k, is (see [66]), equation 15-

3): 

k

k 1−
=  

 

 Using the one speed diffusion model, the multiplication factor is given by (see [66], equation 5-

222): 
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 where:  - average number of neutrons generated per fission, 

    Σf - macroscopic fission cross section, (1/m), 

    Σa - macroscopic absorption cross section, (1/m), 

    PNL - non-leakage probability, (-), 

    PFNL - fast neutron non-leakage probability, (-), 

    PTNL - thermal neutron non-leakage probability, (-). 

 

 We need to calculate the reactivity change resulting from a change in one of the above mentioned 

parameters. The reactivity change from the initial value of ρ0, to the final value of ρ, is given by: 
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 If the one speed model expression for k is substituted into the above formula, we obtain a general 

formula for the reactivity change: 

 

0

0
0












































−















=−

NL

a

f

NL

a

f

NL

a

f

NL

a

f

PP

PP





  

 

 It is assumed that only the macroscopic cross sections, Σa, Σf, can change. The non-leakage 

probabilities are assumed to remain constant PNL = PNL,0. The reactivity change is calculated below 

for two cases: 

 

 - poison isotopes (σf = 0.0, σc > 0.0), 

 - fissile isotopes (σf > 0.0). 
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 - Reactivity change due to varying concentrations of poison isotopes (σc > 0.0) 

 

A change of concentration of a poison isotope is considered. This change of course does not 

affect Σf, so: 

0,ff =  

 

  The absorption cross sections with and without poison are related by: 

 

Ncaa += 0,
 

 

  where:  σc - microscopic cross section for neutron capture of the poison 

isotope, (m2), 

     N - nuclide concentration of the poison isotope, (1/m3). 

 

When the above relations are introduced into the general formula for ρ-ρ0 (keeping in mind 

that PNL,0=PNL), then one obtains: 
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In SPECTRA the reactivity expressed in dollars, R, is used, where R=ρ/β. Therefore the final 

formula, used by SPECTRA to compute the reactivity effect of any isotope i, for which 

σc, i > 0.0, is: 
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SPECTRA calculates also the reactivity change, defined by the following formula: 
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In the above formulae σc, i is the microscopic cross section for neutron capture for isotope i 

(m2), Ni is the current concentration of isotope i (1/m3), Ni,0 is the initial concentration of 

isotope i (1/m3), Σf,0 is the initial macroscopic fission cross section (1/m), and CR, i is a user 

defined multiplier, which accounts for reactivity worth in case of non-uniform neutron flux 

distribution. It may be shown using the perturbation theory that the reactivity worth is given 

by: 
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where Φ(r) is a local neutron flux at position r. With the point reactor kinetics the neutron 

flux is uniform, and the reactivity worth is given by: 

 

f

a

ntpoi



−=


  

 

The factor CR, i maybe therefore defined as the ratio of the true reactivity worth, given by the 

integral formula, and the space independent value, characteristic for the point kinetics model: 
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Reference [66] shows that for example, in case of an equilibrium poison concentration and a 

neutron flux distribution appropriate for a slab reactor, the ratio defined above is equal to 4/3. 

 

The following parameters: PFNL, PTNL, v, CR, i, are defined in the input (see Volume 2). The 

default values are: 

- PFNL = 0.97, based on [66], chapter 3, 

- PTNL = 0.99, based on [66], chapter 3, 

- v = 2.5, based on [68], sections 1.5.1, 1.5.2. 

- CR, i  = 1.0 . 

 

 - Reactivity change due to varying concentrations of fuel isotopes (σf > 0.0) 

 

A change of concentration of a fissile isotope is considered. In such case both Σf and Σa will 

change: 
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Again, we start with the general formula, and we keep in mind that PNL,0=PNL, but this time 

both fission and capture macroscopic cross sections will change: 
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Now we substitute the relations for macroscopic cross sections: 
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Next, some rearrangements are performed to simplify the formula: 
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Now a use is made of the multiplication factor definition in the one speed diffusion model 

([66], chapter 5): k = vΣfPNL/Σa, and the fact that in a critical reactor k=1.0. This leads to: Σa 

= vΣfPNL, and: 
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The formula used in SPECTRA to compute reactivity effect of any isotope i, for which σf, i > 

0.0, is obtained again by expressing reactivity in dollars, and using the multiplier, CR, i: 
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Similarly as in case of poisons, the reactivity change is given by: 
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where Ni and Ni,0 are the current and the initial concentrations of fissile isotope i, while Σf,0 is 

the initial macroscopic fission cross section. Note that the second term (the term with σc) is 

exactly the same as in case of poison isotopes. 

 

The SPECTRA code contains an option to include the resonance escape probability, p, and 

the fast fission factor, ε, in the calculation of reactivity effects. If this option is used, then the 

reactivity effect is inversely proportional to pε (see [92], equation 7.89), that means the ratio:  

1/(vPFNLPTNL)  is replaced everywhere by:  1/(vpεPFNLPTNL). 

 

In the above formulae only the initial fission cross section, Σf,0, is used, while the current 

value, Σf, is not needed. The current value of Σf is however needed for the reactor power 

calculation (see the description of the point kinetics equations above). The Reactor Kinetics 

Package is updating the macroscopic fission cross section, Σf, at every time step, based on the 

current values of fuel concentrations, Ni: 
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9.3 Isotope Transformation Model 

 

The Isotope Transformation Model is available in SPECTRA as a part of the Reactor Kinetics 

Package. It allows to calculate the core composition changes, caused by fuel burn-up, production of 

poisons (such as Xe-135, etc.), decay of isotopes, fuel reload (adding or removing fuel during the 

simulated transient), etc. The changes in isotope concentrations have an effect on the reactivity and 

the decay power production. The method of calculating reactivity effects is described above, in section 

9.2.3. Effects related to decay heat production are described in this section. 

 

9.3.1 Description of the Isotope Transformation Model 

 

The reaction rate equations describing the concentrations of nuclei in the reactor core can be derived 

using simple balance ideas. Let Ni be a concentration (1/m3) of nuclides of isotope i. In a more rigorous 

treatment Ni would be a function of position, Ni(r). Since the isotope transformation model in 

SPECTRA works with the point reactor kinetics model, space dependencies cannot be taken into 

account. Therefore Ni is considered to be an average value for the whole core. 

 

In general, a change of nuclide concentration of isotope i may be caused by the following eight 

reasons: 

 

1.)  Removal due to decay of isotope i. The rate of nuclide removal is equal to: 

 

ii N−  

 

  where λi is a decay constant (1/s) of isotope i. 

 

2.)  Production due to decay of some other isotope j. The rate of change of i is equal to: 

 




→

ij

ijdii N ,  

 

where γd, j→i is a yield fraction of isotope i from the decay of isotope j. In other words, γd,j→i is 

a probability of the fact that a decay of a nuclide of isotope j will result in production of a 

nuclide of isotope i. 

 

3.)  Removal due to neutron capture in isotope i. The rate of nuclide removal is equal to: 

 

− iic N,  

 

where σc, i is a microscopic cross section for neutron capture, (m2), for isotope i, and Φ is the 

neutron flux (1/m2/s). The neutron flux is equal to nvn, with vn being thermal neutron velocity 

(m/s), and n being the neutron density (1/m3), calculated by the reactor kinetics model, as 

shown in section 9.2. 
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4.)  Production due to neutron capture by some other isotope j. The rate of change of i is: 

 

ijc
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jjc N →



  ,,   

 

where γc, j→i is a yield fraction of isotope i from the neutron capture by isotope j. In other 

words, γc, j→i  is a probability of the fact that a neutron capture by a nuclide of isotope j will 

result in production of a nuclide of isotope i. 

 

5.)  Removal due to fission of nuclide of isotope i. The rate of nuclide removal is equal to: 

 

− iif N,  

 

where σf, i is a microscopic cross section for fission, (m2), for isotope i. 

 

6.)  Production due to fission of some other isotope j. The rate of change of i is equal to: 
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where γf, j→i is a yield fraction of isotope i from fission of isotope j. In other words, γf,j→i  is a 

probability of the fact that nuclide of isotope i will be created from fission of a nuclide of 

isotope j. 

 

7.)  Removal due to removing of fuel elements from the core. The removal rate is: 

 
R

ii RCN−  

 

where RR (1/s) is the relative rate of removal of fuel elements from the reactor core: 

RR = –(1/Nfe)(dNfe/dt). The symbol Nfe is used here to denote the number of fuel elements in 

the core. RR must be positive (or zero). Ci is a user-defined multiplier. It may be used to 

simulate removal of fuel with specified burn-up. For example, suppose the average 

enrichment in the core is 5%, and the fuel elements with an enrichment of 2% need to be 

removed from the core. The multiplier of CU-235 = 2/5 = 0.4 would then need to be imposed 

on U-235, while other isotopes would be removed according to their current concentrations 

Ci = 1.0. 

 

8.)  Increase due to inserting of fuel elements into the reactor core. The rate of change is: 

 


k

FF

i kRkN )()(  

 

where RF(k) (1/s) is the relative rate of inserting of fuel elements into the reactor core: 

RF(k) = (1/Nfe)(dNfe(k)/dt). The symbol Nfe is used here to denote the number of fuel elements 

in the core. Ni
F(k) is the concentration of isotope i in the "fresh" fuel elements, being loaded 

into the core. The symbol k is the loading function count. Several loading functions may be 

specified, each may have a different isotope composition Ni
F(k). RF(k) may be both positive 

and negative. With negative values of RF(k) user may remove particular isotopes from the 

core, independently of the current core composition. This is in contrast to the removal 

function, RR, which removes isotopes proportionally to the current core concentration. 
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Taking all the removal and production terms described above, a general balance of nuclide 

concentration of isotope i, is written as: 
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This equation can be written in a finite difference form, by replacing dNi/dt by t)/NN( ii − , where 

iN  is the concentration of isotope i at the start of the time step. The finite difference form of the 

isotope balance equation is: 
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where the terms with actual (unknown) nuclide concentrations have been grouped on the left hand 

side, while other (known) terms were grouped at the right hand side of the equation. The above 

equation, written for each isotope, forms a set of linear equations that can be written shortly in a matrix 

form: 

BNA =  

 

where N is a vector of unknown nuclide concentrations, Ni, A is a square matrix, and B is a vector of 

right hand side quantities. The elements of matrix A are equal to: 
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The elements of vector B are given by: 
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Note that Ni
F(k) are known quantities, since those are user defined concentrations of isotopes in fuel 

being loaded into the core during transient (see Volume 2). 

 

This above matrix equation is solved by the isotope transformation model using one of the standard 

matrix solvers (see section 17.4). The current version of the program can accommodate up to 200 

different isotopes. 

 

In cases when an equilibrium initial core composition is requested (see Volume 2), then a steady-state 

version of the matrix equation is solved to determine the initial concentrations of isotopes. In the steady 

state version the terms with 1/Δt are set to zero:  1/Δt → 0.0. Isotopes for which there is no removal 

mechanism (λi=0, σc, i=0, σf, i=0) are excluded from the matrix (infinite equilibrium concentration). 

Such isotopes are assigned zero initial concentrations, unless the user specifies a different 

concentration in the input (see Volume 2). 

 

All isotopes with a positive decay constant, λi > 0.0, contribute to the reactor decay heat. The decay 

heat is calculated from the following formula: 

 

=
i

idiiRd qNVQ ,  

 

where VR is the reactor volume (m3), and qc, i is the heat per decay of isotope i, (W/decay). The total 

reactor power, Qr, calculated by the reactor kinetics package, consists of the fission power, Qf, and the 

decay power, Qd, and is therefore given by the following formula: 

 

+=+=
i

idiiRffRdfr qNVqVQQQ ,  

 

where Σf is the macroscopic fission cross section (1/m), and qf is the heat released per fission, 

(W/fission). 

 

The parameters needed by the isotope transformation model, such as decay constants, heat released 

per decay, cross sections, rates of removal and filling of fuel elements, are user defined. For 

convenience SPECTRA contains a built-in library of most important isotopes. The isotopes present in 

the library are shortly described below. 

 

9.3.2 Description of the Built-in Isotope Library 

 

The built-in data may be requested by the user through an input parameter (see Volume 2). The 

average, one-group thermal cross sections are used, appropriate for the thermal reactor types. The 

following data is built-into the code: 

 

- Isotope chain for 233U / 235U fuel (8 isotopes). 

- Isotope chain for 239U / 239Pu / 241Pu fuel (8 isotopes). 

- Isotope chain for 135Xe poison (3 isotopes). 

- Isotope chain for 149Sm poison (3 isotopes). 

- Isotope chain for 157Gd poison (2 isotopes). 

- 11 groups of main isotopes responsible for the decay heat generation. 

 

These isotope chains are described subsequently below. 
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- Isotope chain for 233U / 235U fuel (isotopes 101 through 108) 

 

 The isotope chain for 233U / 235U fuel is shown in Figure 9-3 (reproduced from [67]). The chain 

implemented in the SPECTRA built-in isotope library is somewhat simplified - the isotopes behind 
235U are not taken into account. The isotope chain for 233U / 235U fuel, as implemented in 

SPECTRA, is shown in Figure 9-4. The decay constants were taken from [67]. The decay constant 

for 234Pa was taken from reference [69]. Decay heats were taken from [70]. One-group cross-

sections are used; the fission and the capture cross-sections were obtained from [71]. 

 

 

Figure 9-3 The isotope chain for 233U / 235U fuel, ([67], figure 6.2). 

 

 

Figure 9-4 The isotope chain for 233U / 235U fuel, as implemented in SPECTRA. 
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- Isotope chain for 239U / 239Pu / 241Pu fuel (isotopes 201 through 208) 

 

 The isotope chain for 239U / 239Pu / 241Pu fuel is shown in Figure 9-5 (reproduced from [67]). The 

chain implemented in the SPECTRA built-in isotope library is somewhat simplified - the isotopes 

beyond 241Pu are not taken into account. The isotope chain for 239U / 239Pu / 241Pu fuel, as 

implemented in SPECTRA, is shown in Figure 9-6. Decay data were taken from [67] and [70]. 

One-group cross-sections are used; the fission and the capture cross-sections were obtained from 

[71]. 

 

Figure 9-5 The isotope chain for 239U / 239Pu / 241Pu fuel, ([67], figure 6.1). 

 

Figure 9-6 The isotope chain for 239U / 239Pu / 241Pu fuel, as implemented in SPECTRA. 
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 Correction for resonance capture by 232Th and 238U 

 

 In case of 232Th and 238U there is a significant neutron capture in resonances. To take that into 

account, the neutron capture cross sections for those two nuclides are modified. The "effective" 

cross sections are calculated from (compare [92], equation 7.119): 
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 where: σc, i - effective cross section for isotope i, i=1 (232Th) or =9 (238U), 

    pi - probability of escaping resonance absorption in isotope i, 

    ε - fast fission factor, 

    v - number of neutrons generated per fission, 

    PFNL - fast non-leakage probability, 

    σf, j - fission cross section for isotope j, (barn), 

    Ni,Nj - concentrations of isotopes i, j, (1/m3). 

 

 In the above equation the true capture cross section is given with the superscript "true", and the 

sum is taken over all fissile isotopes. The resonance escape probability is given by ([92], equation 

6.119): 

 

)exp( iii NIcp −=  

 

 where Ii is the resonance integral for isotope i and c is a certain constant, the value of which varies 

for different reactors. The resonance integral for cylindrical fuel rods is given by ([92], equation 

6.120): Ii = Ai + Ci/(rρ)1/2, where r is rod diameter (cm), ρ is fuel density (kg/cm3), and Ai, Ci are 

constants, equal to ([92], table 6.5): 

 

 - i = 238U (metal)  Ai = 2.8  Ci = 38.3, 

 - i = 238UO2   Ai = 3.0  Ci = 39.6, 

 - i = 232Th (metal)  Ai = 3.9  Ci = 20.9, 

 - i = 232ThO2   Ai = 3.4  Ci = 24.5. 

 

 It is assumed that resonance absorption occurs only in 232Th and 238U. Therefore the individual 

resonance escape probabilities, pi, are related to the overall resonance escape probability, p, by: 

p1p9=p. The value of p is a user input (see Volume 2). After easy transformations one obtains the 

following expressions for p1, p9: 
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 The following values are assumed for calculations: r=1.0, ρ=19.1, Ai, Ci for dioxides. These gives 

I1 = 9.0, I9 = 12.1. The effective cross sections are calculated based on initial concentrations, and 

are not modified during the transient. 

 

 It must be remembered that the effective cross sections are calculated as described above only if 

the built-in library is being used, and if the capture cross sections for 232Th, 238U are not modified 
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in the input data. Thus, the user can calculate his own resonance integrals, and enter the effective 

capture cross sections in the input data, overwriting the default values. 

 

- Isotope chain for 135Xe poison (isotopes 301 through 303) 

 

 The isotope chain for 135Xe fission product poison is shown in Figure 9-8. A simplified chain is 

used, and the short life isotopes, 135Sb, 135Te, are neglected. The yield fraction of 135I is taken as a 

sum of the yield fractions for 135Sb, 135Te, and 135I. For comparison, the full 135Xe chain is shown 

in Figure 9-7. The decay constants were taken from reference [66] (figure 15-1). The decay heats 

were taken from [70]. The fission product yields were taken from reference [71] (table 8). One-

group cross-sections are used; the fission and the capture cross-sections were obtained from [71]. 

 

 

Figure 9-7 A full decay scheme for 135Xe, [66], figure 15-1. 

 

 

Figure 9-8 The isotope chain for 135Xe, as implemented in SPECTRA. 
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- Isotope chain for 149Sm poison (isotopes 401 through 403) 

 

 The isotope chain for 149Sm fission product poison is shown in Figure 9-9. The decay constants 

were taken from reference [67] (figure 6.3). The decay heats were taken from [70]. The fission 

product yields were taken from reference [71] (table 8). One-group cross-sections are used; the 

fission and the capture cross-sections were obtained from [71]. 

 

 

Figure 9-9 The isotope chain for 149Sm, as implemented in SPECTRA. 

 

- Isotope chain for 157Gd poison (isotopes 501 through 502) 

 

 The isotope chain for 157Gd fission product poison is shown in Figure 9-10. The decay constants 

were taken from reference [71] (table 6). The decay heats were taken from [70]. The fission product 

yields were taken from reference [71] (table 8). One-group cross-sections are used; the fission and 

the capture cross-sections were obtained from [71]. 

 

 

Figure 9-10 The isotope chain for 157Gd, as implemented in SPECTRA. 
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- Isotope groups of main decay heat producers (isotopes 601 through 611) 

 

 The decay heat producers are represented by 11 groups of "isotopes", similarly as in the RELAP 

code [72]. The decay constants and fission yields of these groups were established based on data 

from [72] and comparisons with ANS standard [73], as described below. 

 

 For all decay heat groups the values of the decay constant, λi, and the decay heat, qd, i are positive. 

The neutron absorption is neglected, thus the neutron capture cross section, σc, i, as well as fission 

cross section, σf, i, are equal to zero. Therefore, if the removal, RR or refilling functions, RF(k), are 

not used, then the general isotope balance equation for decay heat groups reduces to: 
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 where: Ni - concentration of nuclides from group i, (1/m3), 

    λi - decay constant of group i, (1/s), 

    γd, j→i - decay yield fractions (probability that a decay of nuclide from group j 

will result in creation of nuclide in group i), 

    yf, j→i - fission yield fractions (probability that a fission of nuclide from a fissile 

group j will result in creation of nuclide in group i), 

    Φ - neutron flux, (1/m2/s). 

 

 The value of decay heat of each group is calculated as: 

 

idiid qNQ ,, =  

 

 where: Qd, i - decay heat density, group i, (W/m3), 

    qd, i - heat release per decay, group i, (W/decay). 

 

 The model parameters include the decay constants, λi, the fission yield fractions, yf, k→i, the decay 

yield fractions, yd, j→i, as well as the energy per decay, qd, i. The decay constants for all decay groups 

were taken from RELAP [72]. The values of the decay yield fractions, yd, j→i, as well as the energy 

per decay, qd, i, could not be directly taken from RELAP, since RELAP works with energy fractions 

rather than the yield fractions and the energy per decay. The values applied in SPECTRA were 

calculated in order to obtain values, which provide exactly the same final result as the RELAP 

model. The transformation of RELAP data into SPECTRA model leaves some degree of freedom. 

Since one has to fit the product of the yield fractions and the energy per decay, the individual values 

may be arbitrary, as long as the product is in agreement with the value from RELAP. The values 

of the decay constants, λi, the fission yield fractions, yf, k→i, the decay yield fractions, yd, j→i, as well 

as the energy per decay, qd, i, are shown in Table 9-3 and Figure 9-11. 
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Table 9-3 Decay heat group constants. 

Group 

No. 

Isotope 

i 

Decay constant, 

λi, (1/s) 

Decay yields 

yd, i→i+1, (-) 

U fission yields 

yf, U→i, (-) 

Pu fission yields 

yf, Pu→i, (-) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

601 

602 

603 

604 

605 

606 

607 

608 

609 

610 

611 

1.77 

0.577 

6.74×10-2 

6.21×10-3 

4.74×10-4 

4.81×10-5 

5.34×10-6 

5.73×10-7 

1.04×10-7 

2.96×10-8 

7.59×10-10 

1.000 

1.000 

1.000 

0.602 

0.554 

0.358 

0.710 

0.700 

0.506 

1.000 

0.2392 

0.4208 

0.5800 

0.3080 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.1600 

0.3000 

0.5800 

0.3080 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

 

 

Figure 9-11 Decay heat group constants. 

 

 

 Comparison of the decay heat calculated by SPECTRA, with the decay heat curves obtained from 

the ANS standard [73], is shown in Figure 9-12 and Figure 9-13. The long-term behavior is very 

similar. Initially the SPECTRA calculated values are somewhat higher. This discrepancy is caused 

by the fission power, which did not decrease instantaneously to zero. In the model the reactor was 

shutdown by inserting a large negative reactivity. The fission power was produced for some time 

after the scram due to the delayed neutron precursors. 
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Figure 9-12 Comparison of decay heat for 235U fuel, ANS and SPECTRA 11 groups. 

 

Figure 9-13 Comparison of decay heat for 239Pu fuel, ANS and SPECTRA 11 groups. 
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9.4 Point Kinetics Model for Circulating Fuel 

 

9.4.1 Introduction 

 

The point kinetics model for circulating fuel is intended for applications such as molten salt reactors 

(MSR). In MSRs the fissile fuel is dissolved in a fluid (molten salt) which circulates in the primary 

reactor system. The point kinetics model for circulating fuel is invoked in the input deck by setting the 

fuel type, IFTORK, to 2 (Volume 2). 

 

The main difference between the circulating fuel and the “normal”, solid fuel point kinetics is the fact 

that the isotopes such as fission products, including the delayed neutron precursors, are circulating 

together with the carrier fluid  The point kinetics model for circulating fuel is built using two packages: 

 

1. The RK package, which calculates the reactor power using the point kinetics model. The main 

purpose of the RK Package is to compute the reactor power. 

2. The RT package calculates transport of fission products in atmosphere and pool, including 

evaporation, condensation, sorption of vapors on metallic surfaces, etc. The main purpose of 

the RT package is to track the behavior of fission products released from the core. 

 

In case of circulating fuel, the calculation procedure is as follows: 

 

• The isotopes from the RK Package are “mapped” to the RT Package. This includes: 

o delayed neutron precursors, 

o isotopes such as poisons (Xe-135), main decay heat generators. 

The purpose is to create a set of isotopes in the RT Package that have identical properties as 

the isotopes that are used in the RK Package. 

 

• The RK Package equations are modified, to calculate sources of isotopes (as described in 

detail in section 12.3). These sources are defined for the pool of core Control Volumes. Core 

Volumes are defined by positive fuel weighting factors. The source strength is assumed to be 

proportional to the weighting factor. 

 

• The isotope concentrations in Control Volumes are calculated using the standard models 

(inter-volume transport with flowing fluid, filters, etc.) 

 

• The masses of isotopes in the core volumes (positive fuel weighting factors) are passed back 

to the RK Package and are used to calculate the fission power as well as decay power, effects 

of poisons, etc. 

 

In short, the existing RT Package in SPECTRA is used as a convenient “carrier” of isotopes in the 

fluid. Because of this fact a relatively small modification was sufficient to adapt the point kinetics 

model for the circulating fuel. This modification is described in detail in the following sections. 
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9.4.2 Point Kinetics Model Equations - Solid Fuel 

 

The standard point kinetics equations, applied for solid fuel are (section 9.2.1): 
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n neutron concentration, (1/m3), 

Ci concentration of delayed neutron precursor group i, (1/m3), 

R reactivity, ($), 

Λ prompt neutron generation time, (s), 

λi decay constant of delayed neutron precursor group i, (1/s), 

βi yield fraction of delayed neutron precursor group i, (-), 

β sum of delayed neutron fractions, β = Σ βi, (-), 

SV,ext external neutron source per unit volume per unit time, (1/m3/s), 

t time, (s). 

 

The reactor fission power, Qf (W), is calculated based on the neutron concentration, n, from: 

 

fnfRf qvVtntQ = )()(  

 

where VR is the reactor volume (m3) (user input), Σf is the macroscopic fission cross section (1/m), qf 

is the energy generated per fission (W/fission), vn is the thermal neutron velocity. 

 

The isotope transformation model equations are (section 9.3.1). 
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Ni concentration of isotope i, (1/m3), 

λi decay constant of isotope i, (1/s), 

σc, i  microscopic cross section for neutron capture of isotope i, (m2), 

σf, i  microscopic cross section for fission, (m2), for isotope i , 

γd, j→i  yield fraction of isotope i from the decay of isotope j , 

γc, j→i  yield fraction of isotope i from the neutron capture by isotope j, 

γf, j→i  yield fraction of isotope i from fission of isotope j , 

Φ  neutron flux (one-group) (1/m2-s), 

RR  user-defined relative rate of removal of fuel elements from the reactor core (1/s), 

RF(k)  user-defined relative rate of inserting fuel elements into the reactor core, (1/s), 

Ni
F(k)  user-defined concentration of isotope i in the "fresh" fuel, being loaded into the core, (1/m3). 
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The purpose of the isotope transformation 

model is to calculate decay heat, concentrations 

of poisons, such as Xe-135, Sm-149, as well as 

eventual changes of fuel concentrations due to 

burn-up, continuous reload (HTR/PBMR), etc. 

(section 9.3.2). For example, the isotope chain 

of the main poison, Xe-135, consists of two 

isotopes, I-135 and Xe-135, with the following 

data: 

 

The sum of fission power and the decay power 

from all isotopes is available as the Control 

Function called the “reactor kinetics CF”. 

Typically this CF is then used as a source of 

power for the solid structures (1-D or 2-D Solid 

Heat Conductors) that represent the fuel, with 

appropriate power fractions that take into 

account the axial and radial peaking factors. 

 

 

9.4.3 Point Kinetics Model Equations - Circulating Fuel 

 

For circulating fuel the RK Package calculates the isotope sources as follows: 

 

• Delayed neutron precursors: 

)(, tnS i
iV


=


 

 

SV, i source of delayed neutron precursor i per unit volume, (1/m3-s). 

 

• Isotopes from the RK package (fission product, poisons, etc.): 
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SV, i source of delayed neutron precursor i per unit volume, (1/m3-s). 
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The source is distributed over all core volumes, according to the user-defined fuel weighting factors, 

WK: 

)()( , KV
W

W
SKS pool

K
iVi =  

 

S i(K)  source of delayed neutron precursor i in Control Volume K, (1/s), 

WK  user-defined weighting factor for the core volume K, (-), 

W   average weighting factor, equal to: NWW
N

K

K /
1


=

=  

Vpool(K)  volume of pool (liquid) present in Control Volume K, (m3), 

N  number of core volumes. 

 

Finally, the mass source SM, i, in kg/s for the Control Volume K is obtained from: 
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SM, i mass source of delayed neutron precursor i in Control Volume K, (kg/s), 

NAv Avogadro number, 6.022×1026 (kmol–1), 

M i molar weight of the delayed neutron precursor i, (kg/kmol). 

 

The sources calculated from the above equations are passed on to the RT Package. This Package 

calculates the isotope concentrations in Control Volumes using the standard models (inter-volume 

transport with flowing fluid, filters, etc.), as described in detail in Chapter 12 (Radioactive Particle 

Transport Package). For a single Control Volume, the equation used in the RT Package for the 

atmosphere or the pool of each Control Volume is: 
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Ni concentration of isotope i, (1/m3), 

λi decay constant of isotope i, (1/s), 

γd, j→i  yield fraction of isotope i from the decay of isotope j , 

SV, i external sources of isotope i per unit volume, (1/m3-s), including eventual release of isotope 

from fuel, transport from neighboring volumes with flowing fluid, condensation or 

evaporation, sorption on surfaces, etc. 

 

The masses of isotopes in the core volumes are passed back to the RK Package which finally calculates 

the neutron concentrations, power, reactivity effects of poisons, etc. The isotope average 

concentrations in the core are obtained from: 

 


==

==
N

K

Ki

N

K R

pool

ii FKN
V

KV
KNN

11

)(
)(

)(  

 

Vpool(K)  volume of pool (liquid) in the Control Volume K, (m3), 

Ni(K)   concentration of isotope i in the pool of Control Volume K, (-), 

FK  = Vpool(K) / VR , 

VR  current reactor volume, (m3), sum of pool volumes in all core Control Volumes: 

 



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

422  K6223/24.277594  MSt-2402 


=

=
N

K

poolR KVV
1

)(  

 

The final point kinetics equations of the applied to circulating fuel are  
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The first equation is computed by the RK package, while the second is computed by the RK Package. 

 

The isotope transformation model equations for circulating fuel are: 
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Here again, the first equation is computed by the RK package, while the second is computed by the 

RK Package. 

 

The reactor fission power, Qf (W), is calculated from the same formula as in case of the solid fuel: 

 

fnfRf qvVtntQ = )()(  

 

However, in case of circulating fuel the reactor volume, VR, may vary in time, as it is equal to the sum 

of pool volumes in all Control Volumes defined as core volumes. The fission power is available in the 

Control Function defined as the “reactor kinetics CF”. Typically this CF is then used as a source of 

power for the pool of Control Volumes representing the core, with appropriate power fractions that 

take into account the axial and radial peaking factors. 

 

In contrast to the solid fuel type, in case of liquid fuel only the fission power is included in the reactor 

kinetics CF. This is because the decay power is calculated by the RT Package and is automatically 

added to the pool of all Control Volumes. 
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9.4.4 Mapping of Isotopes Between the RK and the RT Packages 

 

Mapping is required for the circulating fuel. At least one isotope chain must be mapped, which is the 

delayed neutron precursors. Additionally other chains may be mapped, such as the 11 isotopes of the 

main decay heat producers, the main poisons, etc. 

 

During the mapping, new isotopes are created in the RT Package. If there are already isotopes present 

in the RT Package, the mapped isotopes are added as additional chains, below the chains already 

present. All properties of the mapped isotopes are taken from the corresponding isotopes in the RK 

Package. This includes: name, molar weight, fission yields, decay yields, absorption cross section, 

decay constants, as well as energy per decay. In case of delayed neutron precursors, the value of energy 

per decay is not used by the RK Package. The RT Package requires a positive heat for a decaying 

isotope. It is set arbitrarily to a relatively small value (0.1 MeV, typical energies are ~1 MeV). A small 

value is used to minimize discrepancies between the RK and the RT Package. 

 

Below an example of mapping output is shown for the case where all isotopes from the RK Package 

are mapped to the RT Package and no other isotopes are present in the RT Package. 

 
 =RT=  DETAILED MAPPING OF ISOTOPES FROM RK TO RT : 

 

         RK Isotope         RT Isotope 

         ----------        ------------- 

       - 101 Th-232   <->  FP-111 Th-232  

       - 102 Th-233   <->  FP-112 Th-233  

       - 103 Th-234   <->  FP-113 Th-234  

       - 104 Pa-233   <->  FP-114 Pa-233  

       - 105 Pa-234   <->  FP-115 Pa-234  

       - 106  U-233   <->  FP-116  U-233  

       - 107  U-234   <->  FP-117  U-234  

       - 108  U-235   <->  FP-118  U-235  

       - 201  U-238   <->  FP-121  U-238  

       - 202  U-239   <->  FP-122  U-239  

       - 203  U-240   <->  FP-123  U-240  

       - 204 Np-239   <->  FP-124 Np-239  

       - 205 Np-240   <->  FP-125 Np-240  

       - 206 Pu-239   <->  FP-126 Pu-239  

       - 207 Pu-240   <->  FP-127 Pu-240  

       - 208 Pu-241   <->  FP-128 Pu-241  

       - 301  I-135   <->  FP-131  I-135  

       - 302 Xe-135   <->  FP-132 Xe-135  

       - 401 Nd-149   <->  FP-141 Nd-149  

       - 402 Pm-149   <->  FP-142 Pm-149  

       - 403 Sm-149   <->  FP-143 Sm-149  

       - 501 Eu-157   <->  FP-151 Eu-157  

       - 502 Gd-157   <->  FP-152 Gd-157  

       - 601 DHG-01   <->  FP-161 DHG-01  

       - 602 DHG-02   <->  FP-162 DHG-02  

       - 603 DHG-03   <->  FP-163 DHG-03  

       - 604 DHG-04   <->  FP-164 DHG-04  

       - 605 DHG-05   <->  FP-165 DHG-05  

       - 606 DHG-06   <->  FP-166 DHG-06  

       - 607 DHG-07   <->  FP-167 DHG-07  

       - 608 DHG-08   <->  FP-168 DHG-08  

       - 609 DHG-09   <->  FP-169 DHG-09  

       - 610 DHG-10   <->  FP-16A DHG-10  

       - 611 DHG-11   <->  FP-16B DHG-11  

       - D.N.PREC.01  <->  FP-171 DNP-01  

       - D.N.PREC.02  <->  FP-172 DNP-02  

       - D.N.PREC.03  <->  FP-173 DNP-03  

       - D.N.PREC.04  <->  FP-174 DNP-04  

       - D.N.PREC.05  <->  FP-175 DNP-05  

       - D.N.PREC.06  <->  FP-176 DNP-06  
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9.4.5 Additional Reactivity Effects 

 

9.4.5.1 Non-Uniform Reactivity Effects 

 

SPECTRA relies on the point kinetics model, so spatial effects are not taken into account. However 

some provisions have been made and tested against MSRE data, which allow introducing multi-

dimensional effects in case of circulating fuel (molten salt reactors). The main problem lies in the 

difference between the neutron flux in graphite (where the thermal flux is generated) and the fuel salt 

(where it is mainly absorbed). Xenon exists both in the salt (where it is generated from decay of iodine) 

and in the graphite (due to migration from salt and diffusion into the graphite). Calculations show that 

the depth of xenon diffusion is of order of centimeters. Quite a significant amount of Xenon is 

therefore present in graphite, where the thermal neutron flux is relatively high. This is taken into 

account in a simplified way, described below. The theoretical background is based on reference [212]. 

 

In case of MSRE core with fuel salt and graphite moderator, the effective Xe concentration is ([212], 

sec. 7.1): 
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Here NXe is the importance-averaged concentration per unit reactor volume, Ns and Ng are the local 

concentrations per unit volumes of salt and graphite respectively, Φ2 Φ2
* are the thermal neutron flux 

and the adjoint thermal neutron flux respectively NXe is the uniform equilibrium concentration of xenon 

in the reactor, which produces the same reactivity effect as the actual distribution. 

 

Effective Concentrations 

 

This is approximated in SPECTRA by introducing the reactivity worth multipliers. The isotope 

concentrations in liquid (CV pools) are multiplied by RLITRK, while the concentrations in solids 

(SC/TC) are multiplied by RSITRK: 
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Here NCV and NSC are the isotope concentrations in the core CV pools and core SCs respectively. The 

theoretical values of the reactivity worth multipliers are: 
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The values of RLITRK and RSITRK are defined by the user (input record 748000 - see Volume 2). 

The values are relative and may be scaled by any number. For example, let’s assume that we define: 

 

• RLITRK = 0.5,  RSITRK = 1.0 

 

Exactly the same results will be obtained when the values are defined as: 

 

• RLITRK = 1.0,  RSITRK = 2.0 

 

Analyses performed for the MSRE showed that roughly speaking the ratio is 2.0: RSITRK/RLITRK 

~ 2.0. 

 

More detailed investigation showed that the ratio varies depending on the relative xenon concentration. 

In the initial situation, when graphite is “clean” (i.e. no xenon is present in graphite) the neutron flux 

in graphite is relatively large. In this case the ratio is larger, 3.0 to 3.5. When xenon has migrated into 

the graphite, the neutron flux in graphite is becoming smaller and the ratio RSITRK/RLITRK is also 

smaller. The value is approximately 1.8 for large concentrations in graphite. Values obtained based on 

the MSRE data [212] are shown in Figure 9-14. An approximation functions was developed to match 

the data: 

 

( ) )14exp()77.15.3(77.1exp)(2 xxCABAf −−+=−−+=  

 

 

Figure 9-14 Ratio of (Rsolid/Rliquid) versus (Nsolid/Nliquid)  
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The approximation functions are shown in Figure 9-14. The function may be applied in calculations 

when a positive value of IRSLRK is entered (see Volume 2). In such case, instead of using constant 

values of RSITRK, RLITRK, the ratio of RSITRK/RLITRK is defined by a Tabular Function number 

IRSLRK as a function of the ratio of the concentration in solid to the concentration in liquid of the 

user-defined isotope (for example Xenon-135) that is indicated by the input parameter JRSLRK. (The 

approximation functions must be tabulated to be used in calculations. An advantage of using tabulated 

functions is to obtain a relatively smooth function, defined by large number of data pairs, i.e. small 

intervals.) Note that the ratio RSITRK/RLITRK may be a function of only one isotope. The same 

value is applied for all isotopes in a problem. 

 

Concentrations and Effective Concentrations in Solid/Liquid/Gas 

 

Concentrations of isotopes in fuel and solids are calculated by the RT Package. The total number of 

atoms in liquid, solid, as well as an eventual gas phase, are available as plot parameters, defined as 

follows. 

• RK-000-Nliq-XXXX (XXXX is the isotope number): 

 




+=
coreCV

partCV

coreCV

poolCVpoolCVliq nVNN ,,,
 

 

NCV,pool  volume concentration (atoms/m3) in the pool of CV, 

VCV,pool  volume (m3) of the pool of CV, 

nCV,part  number of atoms attached to the aerosol particles deposited in the CV pool. 

 

• RK-000-Nsol-XXXX (XXXX is the isotope number): 

 




+=
coreSC

SC

coreSC

SCSCsol nANN  

 

NSC  surface concentration (atoms/m2) deposited on SC adjacent to core CV, 

ASC  surface area (m2) of SC, 

nSC  number of atoms attached to the aerosol particles deposited on SC, 

 

• RK-000-Ngas-XXXX (XXXX is the isotope number): 

 




+=
coreCV

atmsCV

coreCV

atmsCVatmsCVgas nVNN ,,,
 

 

NCV,atms  number concentration (atoms/m3) in the atmosphere of CV, 

VCV,atms  volume (m3) of the atmosphere of CV, 

nCV,atms  number of atoms attached to the aerosol particles in the CV atmosphere. 

 

The effective concentrations are defined as described below. 

 

• RK-000-Xliq-XXXX (XXXX is the isotope number): 

 

gassolliq

coreCV

partCVpoolCVpoolCV

effliq
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+

=
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Vliq  volume of liquid in the core, obtained from: 
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=
coreCV

poolCVliq VV ,
 

 

Vgas  volume of gas in the core, obtained from: 

 




=
coreCV

atmsCVliq VV ,
 

 

Vsol  volume of solid structures in the core, obtained from: 

 





−

=
−

=
coreCV

poolCVliqsol V
RLTVRK
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V

RLTVRK

RLTVRK
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RLTVRK liquid volume fraction in the reactor, Vliq/(Vliq + Vsol), defined by the user. 

 

Note: the volume of solid structures in the core is not necessarily equal to the volume of all 

structures (SC / TC) adjacent to the core Control Volumes (CVs with positive fuel weighting 

factors). Concentrations of isotopes are calculated by the code per unit surface area. An 

effective “depth” of solid structures is obtained as the ratio between the solid volume, Vsol, 

obtained as shown and the surface area: 

 




=

coreSC

SC

sol
eff

A

V
D  

 

The value of effective depth is calculated by the code and printed at the end of the RT Package 

edit: 
  

   =RT= PARAMETERS FOR REACTOR KINETICS WITH CIRCULATING FUEL 

        - CORE FLUID VOLUME  = 4.72016E-01 m3 

        - CORE SOLID VOLUME  = 2.01752E+00 m3 

        - SOLID SURFACE AREA = 1.35871E+02 m2 

        - EFFECTIVE DEPTH    = 1.48488E-02 m 

 

• RK-000-Xsol-XXXX (XXXX is the isotope number): 

 

gassolliq

coreCV

SCSCSC

effsol
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• RK-000-Xgas-XXXX (XXXX is the isotope number): 

 

gassolliq
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effgas
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Xe Poisoning and Xe Reactivity 

 

In relating the total reactivity change, it is convenient to define a third quantity, the effective thermal 

poison fraction, PXe. This is the number of neutrons absorbed in xenon per neutron absorbed in the 

fuel (U-235), weighted with respect to neutron importance ([212], eq. 7.2): 
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or: 

fuelinabsorption

Xeinabsorption
PXe =  

 

 NU  concentration of fuel (U-235) per unit volume, 

 σU,1  microscopic absorption cross section for fast neutrons, 

 σU,2 microscopic absorption cross section for thermal neutrons, 

 σXe  xenon thermal absorption cross section. 

 

Recalling the formula for NXe, shown earlier this section, we have: 
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The relation between total xenon reactivity RXe and poisoning PXe is given by ([212], eq.7.3): 
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or: 

XeXe P
fissionperneutronsofnumberfuelinfission

fuelinabsorption
R 


−=  

 

This can be written as: 

Xe

f

U
Xe PR 




−=


 

 

The proportionality coefficient is referred to as “poison fraction”. References [212] (Table 3.5) and 

[213] (page 49) give the values of poison fraction between 0.691 and 0.752. 
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9.4.5.2 Change of Liquid Volume 

 

In case of solid fuel the core volume is constant (user-defined). In case of circulating fuel the core 

volume is, in general, time dependent. The liquid volume may change because of for example fuel 

dump, when the reactor eventually becomes completely dry, but also in case of bubbles or other 

materials are entering the core region. The total core volume is equal to the sum of liquid volumes of 

the Control Volumes that are defined as the core volumes (note that the core volumes are defined by 

a positive fuel weighting factor, ). When the core volume changes, reactivity will generally change, 

for example due to different neutron leakage. This effect is taken into account by a user-defined 

Tabular Function. The function defines reactivity (in dollars) as a function of relative core volume: 

 











=

REF

R

V
V

tV
fR

)(
[$]  

 

RV reactivity effect caused by changes of core volume, ($), 

VR(t) current core volume, m3 , 

VREF reference core volume, m3 , 

f user-defined tabular function. 

 

Typically the reactivity decreases with decreasing core volume. The values of this function must be 

obtained from external calculations. 

 

9.4.6 Options 

 

Three options are available, concerning the initial distribution of isotopes: 

• Option 1: Isotope concentrations are initially set only in the core volumes, i.e. Control 

Volumes with a positive fuel weighting factor (WTFFRK>0). The concentrations are 

proportional to the fuel weighting factors, WTFFRK. Figure 9-15 shows the initial 

concentrations of delayed neutron precursors (six groups) and fuel (U-235) isotopes. The 

concentrations are proportional to the assumed power profile in the core and zero outside the 

core. 

• Option 2: Isotope concentrations are initially set in all Control Volumes belonging to a user-

defined CV group. The concentrations are not proportional to the fuel weighting factors, 

WTFFRK, in the core volumes. Figure 9-16 shows the initial concentrations of delayed 

neutron precursors and fuel. The concentrations constant in the entire loop. 

• Option 3: Isotope concentrations of fuel (σf > 0) are initially set in all Control Volumes 

belonging to a user-defined CV group. The concentrations are not proportional to the fuel 

weighting factors, WTFFRK. All other isotopes (fission products, including delayed neutron 

precursors) are initially set only in the core volumes, i.e. Control Volumes with a positive fuel 

weighting factor (WTFFRK>0). The concentrations are proportional to the fuel weighting 

factors, WTFFRK, in the core volumes. Figure 9-17 shows the initial concentrations of 

delayed neutron precursors and fuel. The delayed neutron concentrations are proportional to 

the assumed power profile in the core and zero outside the core. The concentrations of fuel 

are constant in the entire loop. This option gives the most realistic initial conditions and is 

therefore selected as the default option. 
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Figure 9-15 Initial distribution of isotopes - Option 1, 
(above) delayed neutron precursors, 
(below) fuel 
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Figure 9-16 Initial distribution of isotopes - Option 2, 
(above) delayed neutron precursors, 
(below) fuel 
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Figure 9-17 Initial distribution of isotopes - Option 3 (default), 
(above) delayed neutron precursors, 
(below) fuel 

 



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  433 

9.4.7 Analyzing Fission Product Behavior in Circulating Fuels 

 

When a user wishes to analyze behavior of a fission product decay chain that is not a part of the RK 

Package, there are two alternative ways to do that. 

 

1. The decay chain can be defined in the RK Package as a user-defined chain and then mapped 

to the RK Package. This way the calculation procedure will be exactly the same as used for 

the delayed neutron precursors and the default chains of the RK Package. 

 

2. The user may activate the option to calculate the source of the isotopes within RT Package 

(non-mapped from the RK) on the same way as those mapped from the RK Package. The 

source is calculated by the code as: 

 

ija

ij

jjaiia

fisk

kkfifi NNNS →



 +−= ,,,,,   

 

Here Φ is the neutron flux (1/m2-s), Nk is the concentration (1/m3) of isotope k, σf, k is the 

fission cross section of isotope k, σa, j is the neutron capture (non-fissile absorption) cross 

section of isotope j, γf, i is the average yield fraction of isotope i from fission of all fissile 

isotopes, γa,j→ i is the yield fraction of isotope i due to neutron capture by isotope j. 

 

In such case the isotope chain is present only in the RT Package and the calculational 

procedure is somewhat different but the results are almost exactly the same as in method 1. 

 

 

 

Figure 9-18 Decay chain MW = 135 / 136, 
left: RK Package, see: “Description of the Built-in Isotope Library” 
right: RT Package, see: “Isotope Chains (Decay Chains)” 
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One difference is related to the fission yields. In the RK Package, the built-in fission yields are 

different for each fissile isotope, as the yield fraction is given as γf,k→i: yield fraction of isotope i from 

fission of a nuclide of isotope k. In the RT Package uses by default only one yield fraction for each 

isotope. For example, the built-in Xe-135 chain in the RK Package is shown in Figure 9-18, left. The 

built-in values for the RT Package are shown in Figure 9-18, right. It is possible to define the 

individual fission yields for each fissile isotope, but this must be done by the user in the input file 

(examples are shown in Volume 3 test cases Kr-88-SOL, Kr-88-LIQ, Xe-136). 

 

As an example, let’s consider chain 137, which is one of the built-in chains for the RT Package. The 

chain is shown in Figure 9-19. The two methods are shortly described below. A more detailed 

description is provided in Volume 3. 

 

Figure 9-19 Decay chain, Mw = 137 

 

1. Method 1 

Step 1. The decay chain is defined in the RK Package as a user-defined chain, using 

records 741XXX, 742XXX, 743XXX. At the same time, the built-in chain 137 is 

NOT activated in the RT Package. 

Step 2. The user-defined chain is mapped to the RT Package using IMAPRK (h0). 

Step 3. The values of molar weight as well as the vapor classes, which are not a part 

of the RK, are defined within the RT Package using records 880XXY, 885XXY, 

886XXY. Those values are not defined within the RK Package and during the 

mapping process they receive default values, molar weight of 235/2=117.5 and vapor 

class 9. (Note that this is only necessary in case of a user-defined RK chain. In case 

of the built-in chains, for example Xe-135 chain, these parameters are correctly 

defined during mapping.) 

2. Method 2. 

Step 1. The built-in chain 137 is activated in the RT Package. 

Step 2. The option to calculate the RT isotope source in the circulating fuel is 

activated by setting IRTSRK to 2 

 

Results of both methods are compared in Figure 9-20 and Figure 9-21, showing stationary state in 

a simple test loop. It is seen that the concentrations of Cs-137 as well as the source strengths in the 

core are practically identical. 
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Figure 9-20 Analysis of Chain 137, results of method 1 

 

Figure 9-21 Analysis of Chain 137, results of method 2 

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

436  K6223/24.277594  MSt-2402 

 

9.4.8 Isotope Averaging Scheme 

 

An averaging scheme, similar to the temperature averaging scheme (section 5.6), is available for 

isotopes in the circulating fuel. The concept is described in this section. 

 

Without averaging, the concentration of isotopes, e.g. delayed neutron precursors (DNP), in the core 

is obtained by summing up concentrations is all Control Volumes belonging to the core (volumes 

with positive fuel temperature weighting factors). The formula is (see section 9.4.3): 
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Here Ni(K) is the concentration of isotope i in the pool of Control Volume K, (-). This situation is 

illustrated in Figure 9-22, showing DNP concentrations in the Standard MSR System test (see 

Volume 3). The concentrations of DNP increase as the salt flows through the core, as in this test 

case there is a continuous flow of salt. It may be argued that the average concentration in every core 

volume is better represented by an average of the concentration in the CV (which is equal to the 

outlet concentration, as transported through the outlet JN) and the inlet concentration. This argument 

is very similar to the argument leading to the temperature averaging (section 5.6). 

 

When the isotope averaging scheme is applied (ITAISC>0, Volume 2), the average concentration 

in the core is obtained from: 
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The average concentration in the volume K is defined  
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For example, if ITAISC = 1, the average value is equal to: 

 

)(5.0)(5.0)( inletiii KNKNKN +=  

 

This means that the average concentration is obtained as the average value between the CV value 

and the inlet value. This situation is illustrated in Figure 9-23. 

 

If ITAISC=3, then the average value is equal to: 
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Figure 9-22 Delayed neutron concentrations, no isotope averaging 

 

 

 

Figure 9-23 Delayed neutron concentrations, with isotope averaging 
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The averaging scheme for isotopes is linked to the Temperature Averaging (T-A) scheme (section 

5.6). Therefore, in order to apply this scheme, the user must first activate the T-A scheme. All 

parameters valid for the T-A scheme also affect the isotope averaging, namely  

 

• The limiting flows (WTA in section 5.6, WTALSC / WTARSC, VLLMSC in Volume 2) 

below which the averaging is reduced. When the flow direction reverses, the averaging 

scheme is automatically adjusted. When there is no flow, the averaging is not applied and 

the value of isotope concentration (as well as temperature) is equal to the CV value. 
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9.5 Nodal Point Kinetics 

 

9.5.1 Introduction 

 

The point kinetics, described in section 9.2, provides the simplest, 0-D model to calculate a time-

dependent reactor power behavior. The nodal point kinetics, described in this chapter, is a 1-D, 1-

group model, which is using basically the same input as is required by the point kinetics. The 

advantage of this model is a possibility of extending the point kinetics model into a 1-D 

representation, which can be very useful in some cases (described in Volume 3) without the need of 

supplying a significant amount of neutron cross section data. The most accurate 3-D neutronics 

model may be used by an interactive coupling between SPECTRA and a 3D neutronic code. 

Generally such multi-physics coupling is realized using the External Data File Package (Chapter 

18). 

 

The nodal point kinetics is based on the references [219], [220], [221]. However, the formulation is 

somewhat different for the reasons explained in section 9.5.2. 

 

The derivation presented below is based on one-group diffusion equation, with space discretization 

valid for arbitrary node sizes. It is assumed that the diffusion coefficient may, in general, be different 

in different nodes. The one-group diffusion equation is [220]: 

 

++−−=
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Φ neutron flux, (1/m2-s) 

v neutron velocity, (m/s) 

β sum of delayed neutron fractions, β = Σ βk, (-) 

ν average number of neutrons per fission 

Σf macroscopic fission cross section (1/m) 

Σa macroscopic absorption cross section (1/m) 

λk decay constant of the delayed neutron precursor group k, (1/s) 

Ck concentration of the delayed neutron precursor group k, (1/m3) 

D diffusion coefficient, (m) 

 

9.5.2 Diffusion Term 

 

Neutron diffusion in 1-D situation, shown in Figure 9-24, is considered. The diffusion term applied 

here is somewhat different than in the references [219], [220], [221] for the following reasons. 

 

In a system code, the user determines size of the nodes. The method must take into account the fact 

that the node size may be different. Consequently, in general: 
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Figure 9-24 Numerical discretization for nodal kinetics 
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Also it is assumed that the diffusion coefficient may, in general, be different in different nodes: 

 

11 +−  iii DDD  

 

In the formulation from [220] and [221] the diffusion coefficient D is constant therefore the equations 

presented there are not directly applicable. In the formulation from [219] the diffusion coefficient is 

node-dependent; however the approach presented there is not used here for a different reason. The 

diffusion term is in [219] proportional to: 
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If Di–1 ≠ Di non-physical results may be obtained. Suppose that Di → 0. For a given (constant) value 

of the neutron fluxes, Φi–1 = Φi, the diffusion flux from the node i–1 to the node i will be maximum 

when Di → 0, which is against common sense. Furthermore, if Di → 0 and at the same time Φi–1 < Φi, 

there will be a diffusion flux from the region with the smaller flux, Φi–1, to the region with the larger 

flux, Φi, simply because the product Di·Φi → 0. 

 

In SPECTRA, the diffusion term is written analogously to the heat conduction term, where the heat 

conduction from one node (i) to another node (j), Qij (W), is given by: 
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Here Rij is the thermal resistance between the nodes i and j and is given by: 
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Here ki and kj are the thermal conductivities in the nodes i and j.  

 

The diffusion term is written in the same manner. The neutron transfer from node i–1 to node i 

(Figure 9-24), Γi–1,i (1/s), is given by: 
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Here Xi–1,i is the diffusive resistance between the nodes i–1and i and is given by: 
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If one of the diffusion coefficients is becoming very small, e.g., Di → 0.0, then the diffusion term 

is zero, which is expected. 

 

9.5.3 Nodal Kinetics Equations 

 

The neutron balance equation shown in section 9.5.1 is written for a node i, which has a volume of Vi, 

using the diffusion term, shown in section 9.5.2: 
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The neutron flux is equal to: 

iii vn=  

 

Here ni is the neutron density in the zone i (1/m3) and vi is the 1-group neutron velocity in the zone i 

(m/s). Therefore: 
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The following substitutions are made (see e.g. [219]) 
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Here l is the average neutron lifetime (s), k is the multiplication factor (-), Λ is the neutron generation 

time (s). Furthermore it is assumed that vi–1 ≈ vi ≈ vi+1. 
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Substituting kk /)1( −= , the following form is obtained: 
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As in the case of point kinetics, the reactivity is expressed in dollars: Ri ($) = ρi/β, which leads to: 
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After substitutions and simple rearrangements, the equation becomes. 
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The external source of neutrons, SV,ext,i (1/m3), was added to account for eventual presence of external 

sources as is done in the point kinetics model (section 9.2.1). The equation can be written as: 
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where the source Si consists of the user-defined external source, SV,ext,i (1/m3) and the term obtained 

from the decay of the delayed neutron precursors: 

 

iextV

k

ikki SCS ,,, +=  

 

For numerical implementation, the equation is written for three cases: interior nodes (1 < i < N), first 

boundary node (i = 1), last boundary node (i = N). 
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• Interior nodes, 1 < i < N 
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The 
in is the previous time step value. The equation above is very similar to the 1-D 

conduction equation, shown in section 5.2. The volumetric heat capacity, ρicpi, is replaced by 

ΛiνΣf,i, the conduction resistance Aij/Rij is replaces by the diffusion resistance Aij/Xij and the 

heat source Qi is replaced by the neutron source, Si. The additional term ViνΣf,i β(Ri–1) does 

not significantly change the form of the equation and the same solution scheme, based on tri-

diagonal matrix, is used, as will be shown below. 

 

• Boundary node, i = 1 

 

Boundary conditions are needed for the boundary nodes. In contrast to e.g. [219], the 

boundary conditions are not defined from first principles. Physically, the boundary conditions 

represent the neutron loss in the upper and the lower part of the reactor core. These depend 

on the physical configuration of the reactor, i.e. the reflector thickness, the reflector material, 

eventual presence of control rods, etc. Thus the boundary conditions are different for different 

reactors. In the current model, user-defined reflection factors, FR1, FRN - Figure 9-25, are used. 

FR1 = 0.0 means no reflection (all neutrons are lost), FR1 = 1.0 means perfect reflection (no 

neutron loss). The values of FR1, FRN must be determined from 3D neutronics models (as 

shown in Volume 3). The diffusion term for the node 1 is given by: 
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The neutron balance for the node 1 is given by: 
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Figure 9-25 Boundary conditions for nodal kinetics 

 

• Boundary node, i = N 

 

The diffusion term for the node N is given by: 
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The neutron balance for the node N is given by: 
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The above formulae present a set of N equations, with unknown neutron densities ni. This equation set 

may be written shortly in a matrix form: 

 

BAn =  
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The matrix A is a tri-diagonal matrix, because the equations for internal nodes contain three unknown 

variables: ni–1, ni, and ni+1. Therefore the matrix equation may be written as: 

 

iiiiiiiiii bnanana =++ ++−− 1,1,1,1
 

 

• Interior nodes, 1 < i < N 
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• Boundary node, i = 1 
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• Boundary node, i = N 
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The matrix elements are very similar to the 1-D conduction elements (section 5.2) and the matrix is 

solved using the same tri-diagonal matrix solver. The source due to the decay of delayed neutron 

precursors, which depends on the neutron densities, is solved in an implicit manner using the general 

SPECTRA implicit solver. The solution scheme is very similar to the one applied for the point kinetics 

and solution was proven by a number of tests described in Volume 3. 
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9.5.4 Verification - Nodal Kinetics versus Point Kinetics 

 

This section shows that the nodal kinetics equation shown in the previous section reduces to the point 

kinetics equation if the node diffusion term is equal to 0.0. We start with the matrix elements written 

for the internal node and assume that Di = 0.0, or Xi → ∞. The matrix elements are: 
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This means that for the (single) node i: 
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This is transformed to: 
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The source term is given by: 
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Finally, after dropping the node number i, the following form is obtained: 
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This is the point kinetics equation, described in section 9.2. Thus, it was shown that in the case when 

no diffusion from one node to another occurs, each node behaves exactly as a separate point kinetics 

model. This behavior is shown in several tests discussed in Volume 3. 
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9.5.5 Initialization of the Nodal Kinetics Model 

 

Providing initial values for the nodal kinetics is more difficult that in case of point kinetics. The user 

must provide the initial power for every node and this would be very difficult and require a lot of 

iterations and external calculations. Therefore an initialization procedure is available which 

calculates the initial power distribution automatically. The user needs to do the following: 

 

• Provide an initial guess for the power in every node. The recommended values here are the 

uniform power distribution, i.e. the same power in every node. 

• Activate the initialization option (INONRK, Volume 2). 

• Define the target total reactor power (POW0RK, Volume 2). 

 

When the initialization option is used, the code automatically controls the power using a built-in PI 

controller. The proportional and integral constants, CPCVRK and CICVRK, were selected to 

provide quick convergence of power. The values may be redefined by the user as shown in Volume 

2. 

 

The code will calculate the neutron density and thus the power in every node. At the end of each 

time step the relative change of power is calculated from: 
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Here Δni is the neutron density change (1/m3) over time step and Δt is the time step size (s). 

Calculations are automatically terminated when the maximum value is smaller than the convergence 

criterion, set by XCNNRK (Volume 2).  

 

XCNNRK
t

n

n
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1
 

 

Test calculations showed that XCNNRK = 10–7 usually provides a very good accuracy. The user 

may change the convergence criterion as shown in Volume 2. Applying a smaller value, e.g. 10–8, 

will give better initial power distribution at the expense of a longer calculations. 

 

At the end of the calculations all values, including the neutron densities, the delayed neutron 

precursor concentrations, the concentrations of decay heat groups, poisons such as Xe-135, etc. are 

stored in the Initial Conditions File (ICF). Thus, once the initialization run is finished, the ICF file 

from this run should be used as a starting point for the subsequent transient calculations. 

 

Of course, if the initial conditions at different power level are needed, for example 105% power for 

conservative calculations, a separate initialization run should be performed for this power. 

 

The initialization procedure is illustrated in Figure 9-26 and Figure 9-27 using the GEMINI+ model 

as an example case. Figure 9-26 shows the user-defined uniform power distribution applied as a 

starting point. Figure 9-27 shows the stationary state power distribution. More details about the 

GEMINI+ test are shown in Volume 3. 
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Figure 9-26 Initial power distribution, GEMINI+ test 

 

 

Figure 9-27 Final (stationary state) power distribution, GEMINI+ test 
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10 Material Oxidation Package 

 

10.1 Introduction 

 

A general material oxidation model is available for 1-D and 2-D Solid Heat Conductor surfaces. For 

every surface (left and right surface for SC, boundary cell surface for TC) the user may specify one 

or more oxidation reactions. If more than one reaction is specified (for example oxidation by steam 

and oxygen), two options are available: 

 

• All reactions proceed simultaneously, according to their own reaction kinetics and 

availability of the oxidizing media (steam, oxygen). This option gives conservative results. 

• Reactions proceed in sequence, defined by the user. If there is enough oxidant for the first 

reaction, only this reaction occurs. If not, second reaction starts, then third, etc. Note that 

according to [198], reaction with oxygen dominates over reactions with steam and nitrogen. 

 

Several reactions are built-in and may be simply selected from the list. The built-in reactions are 

described in section 10.2. Other reactions may be built by specifying coefficients determining 

reaction kinetics, reaction heat, etc. The user-defined reactions are described in section 10.3. 

 

10.2 Built-In Oxidation Reactions 

 

The following built-in reactions are available: 

 

• Oxidation by steam 

o Zircaloy + H2O, model of Cathcart [95] and Urbanic-Heidrich 

o Zircaloy + H2O, model of Urbanic-Heidrich [96] 

o Steel + H2O,   model of White [97] 

 

• Oxidation by O2 

o Zircaloy + O2  model of Benjamin et al. [98] 

o Graphite + O2  model of Roes [99] 

 

The models are described in sections 10.2.1 through 10.2.5, below. 

 

10.2.1 Zircaloy + H2O Reaction, Model of Cathcart and Urbanic-Heidrich 

 

The Zircaloy-steam reaction is: 

222 22 HZrOOHZr +→+  

 

The reaction proceeds according to the parabolic rate law: 
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where: m mass of metal reacted per unit surface area, (kg/m2) 

KT(T) temperature dependent reaction coefficient, (kg2/m4/s) 
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A reaction kinetics first constant, (kg2/m4/s) 

B reaction kinetics second constant, (K) 

T temperature, (K) 

 

The reaction coefficients are taken from Cathcart [95] for temperatures below the crystal structure 

change from tetragonal to cubic (1853 K), and Urbanic-Heidrich [96] for temperatures above the 

structure change. This method is used following MATPRO [100]. In SPECTRA an interpolation 

zone is defined to ensure smooth transition between the models. The value of 1853 K is taken as the 

high temperature limit for the interpolation zone. The value from Prater-Courtright, 1783 K [103], 

is used as the low temperature limit. 

 

The reaction kinetics constants are converted into SI units to give the kg of reacted metal (the 

original coefficients were specified to give weight gain, in other words, the oxygen uptake. The 

oxygen weight gain constants, shown in [100] (table 4-46 on page 4-210) are converted to give the 

mass of reacted Zr, using the ratio of molar weights of Zr and O2 

 

• For T < 1783.0 K, Cathcart model 

o A1 = (2×16.8) × (MwZr/MwO2)2 = 273.0 (kg2/m4/s) 

o B1 = 20,060.0 (K) 

 

• For T > 1853.0 K, Urbanic-Heidrich model 

o A1 = (2×5.410) × (MwZr/MwO2)2 = 87.9 (kg2/m4/s) 

o B1 = 16,610.0 (K) 

 

where: MwZr molar weight of Zr, (kg/kmole), equal to 91.22 ([32], page 4-113) 

 MwO2 molar weight of O2, (kg/kmole), equal to 32.00 ([32], page 4-80) 

 

The heat of reaction, Qox, is equal to 6.45×106 (J/kg) ([100], page 4-228, and [102], page 446). 

During calculations the heat generated due to reaction, q (W/m2), is obtained from: 

 

oxQmq =  

 

 q heat generated per unit surface area due to oxidation, (W/m2) 

 Qox heat of reaction, (J/kg), expressed per kg of metal oxidized 

 

This heat is deposited at the surface of the structure (in the first or the last cell for SC, or in the 

boundary cell for TC). The depth of oxidized material and the oxide layer thickness are obtained 

from: 

Zr

ox

m
d


=   

ox

Zr

ox

m
t 


=  

 

where  m mass of Zr oxidized per unit surface area, (kg/m2) 

 ρZr density of Zr, (kg/m3), equal to 6490 ([100], page 4-230, and [102], page 446) 

 σox volumetric growth upon oxidation, equal to: 1.5, ([102], page 446) 

 

The oxide layer thickness is calculated although it is not further used in calculations. The values are 

only used for output; they are printed in the main output file and available for plotting. Because 

oxide thickness is not important for calculations, it is not obtained from separate correlations (as in 

the original model, where additional coefficient sets are provided for calculating the oxide layer and 

the alpha layer) but from the oxidized mass, m. Since σox is just an estimation, the calculated oxide 
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thickness is not exactly the same as that obtained from the separate correlation. Differences are 

shown in Volume 3. 

 

 

10.2.2 Zircaloy + H2O Reaction, Model of Urbanic-Heidrich 

 

The Zircaloy-steam reaction is: 

 

222 22 HZrOOHZr +→+  

 

The reaction proceeds according to the parabolic rate law: 
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where: m mass of metal reacted per unit surface area, (kg/m2) 

A reaction kinetics first constant, (kg2/m4/s) 

B reaction kinetics second constant, (K) 

T temperature, (K) 

 

The reaction coefficients are taken from Urbanic-Heidrich [96]. An interpolation zone is defined to 

ensure smooth transition between the low- and the high-temperature formula. The value of 1853 K 

is taken as the high temperature limit for the interpolation zone. The value from Prater-Courtright, 

1783 K [103], is used as the low temperature limit. 

 

The reaction kinetics is calculated from (see [46], page COR-RM-43): 

 

• For T < 1783.0 K 

o A1 = 29.6 (kg2/m4/s) 

o B1 = 16,820.0 (K) 

 

• For T > 1853.0 K 

o A1 = 87.9 (kg2/m4/s) 

o B1 = 16,610.0 (K) 

 

The values of heat of reaction, the volumetric growth upon oxidation, and the Zr density, are shown 

in the previous section. Again, the depth of oxidized material and the oxide layer thickness are 

calculated from: 

Zr

ox

m
d


=   

ox

Zr

ox

m
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=  

 

The built-in model based on the Urbanic-Heidrich coefficients, is compared to the built-in model 

with the Cathcart coefficients (described in previous section) in Figure 10-1. Above the transition 

point (T1800 K, or 10,000/T5.5) Urbanic-Heidrich coefficients are used in both cases and the 

results are exactly the same. Below the transition point the reaction coefficients from Cathcart give 

somewhat lower reaction rates at low temperatures (T<1400 K, or 10,000/T>7.0), and somewhat 

higher rates at high temperatures. 
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Figure 10-1 Comparison of the built-in Zr-H2O oxidation models. 

 

 

10.2.3 Steel + H2O Reaction, Model of White 

 

Oxidation of iron and chromium is considered. Oxidation of other elements present in steel, such as 

nickel and carbon, are neglected. Therefore the steel-steam reactions are: 

 

22 HFeOOHFe +→+  

2322 332 HOCrOHCr +→+  

 

The reaction proceeds according to the parabolic rate law: 

 

 TBATK
dt

dm
T /exp)(

2

−==  

 

where: m mass of metal reacted per unit surface area, (kg/m2) 

A reaction kinetics first constant, (kg2/m4/s) 

B reaction kinetics second constant, (K) 

T temperature, (K) 

 

The reaction coefficients are taken from White [97]. The reaction kinetics constants are converted 

into SI units to give the kg of reacted metal (the original coefficients were specified to give weight 

gain, in other words, the oxygen uptake. The oxygen weight gain constants, shown in [100] (table 
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6-1 on page 6-8) are converted to give the mass of reacted steel, using the molar weights of steel 

and O2. 

o A = (2×1.2E+8) × (MwSt/MwO)2 = 2.51E+9 (kg2/m4/s) 

o B = 42,428.0 (K) 

 

where: MwO molar weight of O, (kg/kmole), equal to ½·32.00 = 16.00 ([32], page 4-80) 

 MwSt molar weight of steel per unit mole of steam reacted, (kg/kmole), calculated from: 

 

CrFe

CrCrFeFe

St
xx

MwxMwx
Mw

+

+
=

3/2
 

 

 MwFe molar weight of Fe, (kg/kmole), equal to 55.85 ([32], page 4-64) 

 MwCr molar weight of Cr, (kg/kmole), equal to 52.00 ([32], page 4-53) 

 xFe molar fraction of Fe in steel, equal to 1.0 – 0.30 = 0.70 ([32], page 12-137) 

 xCr molar fraction of Cr in steel, equal to 0.17 ([32], page 12-137) 

 

After substituting the data the value of MwSt is obtained as: MwSt = 51.7. Note that the steel 

composition of the stainless steel SS-303 was taken for calculations. The conversion factor would 

be somewhat different for different types of steel. For example in case of carbon steel practically 

only Fe is reacting. Therefore for carbon steel 

 

o A = (2×1.2×108) × (MwFe/MwO)2 = 2.92×109 (kg2/m4/s) 

 

The effective reaction stoichiometry, i.e. number of moles of steam consumed per one mole of steel 

reacted and number of moles of hydrogen generated per one mole of steel reacted, are calculated 

using the molar fractions and the stoichiometry of both Fe and Cr reactions: 

 

CrFe

CrFe

xx

xx
RR

+

+
=

2/3
 

 

The value is equal to 1.10. Therefore the effective reaction stoichiometry is: 

 

21.12 1.11.1 HStOOHSt +→+  

 

The heat of reaction, Qox, is taken from [100], page 6-8. The linear power of reaction (in W/m), 

presented in [100], is: 4.85×106×D×(dm/dt). This is converted into W/kg of steel reacted dividing 

by the circumference, πD, and (MwSt/MwO2) 
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The volumetric growth upon oxidation, σox , is estimated using the correlation for oxide thickness, 

shown in [100] (table 6-1). The oxide growth coefficient is equal to coefficient Aox=(2×300.0) = 

600.0 m2/s. The thickness of consumed steel is A½ / ρSt = (2.51E+6) ½ / 8020 = 6.25. The thickness 

of oxide is Aox
½ =24.5. The ratio is: σox = 24.5 / 6.25 = 3.92. The depth of oxidized material and the 

oxide thickness are obtained from: 

St

ox

m
d


=   

ox

St

ox

m
t 


=  

 

where  m mass of steel oxidized per unit surface area, (kg/m2) 

 ρSt density of steel, (kg/m3), equal to 8020 ([32], page 12-136) 

 σox volumetric growth upon oxidation, equal to 3.92 

 

10.2.4 Zircaloy + O2 Reaction, Model of Benjamin 

 

The Zircaloy-oxygen reaction is: 

22 ZrOOZr →+  

 

The reaction proceeds according to the parabolic rate law: 

 

 TBATK
dt

dm
T /exp)(

2

−==  

 

where: m mass of metal reacted per unit surface area, (kg/m2) 

A reaction kinetics first constant, (kg2/m4/s) 

B reaction kinetics second constant, (K) 

T temperature, (K) 

 

The reaction coefficients are taken from Benjamin et al.[104], see also [46], equation 2.4.13, page 

COR-RM-44): 

 

o A = 50.4 (kg2/m4/s) 

o B = 14,630.0 (K) 

 

The remaining parameters of this reaction are: 

 

 Qox, heat of reaction, (J/kg), equal to 1.20107 ([46], page COR-RM-43) 

 σox volumetric growth upon oxidation, equal to σox = 1.5 ([102], page 446) 

 ρZr density of Zr, (kg/m3), equal to 6490 ([100], page 4-230, and [102], page 446) 

 m mass of Zr oxidized per unit surface area, (kg/m2) 

 

The depth of oxidized material and the oxide layer thickness are calculated from: 
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A comparison of Zr oxidation by steam and oxygen is shown in Figure 10-2. The steam reaction is 

calculated from the Cathcart model, while the oxygen reaction is calculated from the Benjamin 

model. The oxygen reaction is roughly twice faster than the steam reaction. 

 

 

Figure 10-2 Comparison Zr-oxidation by O2 and H2O. 

 

10.2.5 Graphite + O2 Reaction, Model of Roes 

 

The graphite oxidation reaction model is based on Roes work [99]. The reaction is: 

 

22 COOC →+  

 

The reaction proceeds according to the following formula: 
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where: m mass of material reacted per unit surface area, (kg/m2) 

A,B,.. reaction constants, (kg2/m4/s) 

T temperature, (K) 

v gas velocity near the surface, (m/s) 
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p pressure, (Pa) 

pref reference pressure (1.0 bar) 

 

The reaction coefficients are taken from [99] page 62. The coefficients are 

 

o A = 7.2E+9 (mg/cm2/hr) 

o B = 16,140.0 (K) 

o C = 770.0 ((mg/cm2/hr) / (m/s)D / KE) 

o D = 0.65 

o E = 0.34 

 

The coefficients are not in SI units and they define oxygen uptake. Therefore they are converted to 

SI, to give mass of reacted graphite, using the conversion factor, equal to: 

1.0E-6 (kg/mg) / 1.0E-4 (m2/cm2) / 3600 (s/hr) = 2.78E–6, 

and the molar weight ratio, (MwC/MwO2) 

 

 MwC molar weight of C, (kg/kmole), equal to 12.01 ([32], page 4-50) 

 MwO2 molar weight of O2, (kg/kmole), equal to 32.00 ([32], page 4-80) 

 

The converted coefficients are: 

 

o A = 7500 (kg/m2/s) 

o B = 16,140.0 (K) 

o C =8.0310–4 ((kg/m2/s) / (m/s)D / KE) 

o D = 0.65 

o E = 0.34 

 

The remaining parameters of this reaction are: 

 

 Qox, heat of reaction, (J/kg), equal to 3.935108 J/kmol ([105], section 2) / MwC = 

3.28107 (J/kg) 

 σox volumetric growth upon oxidation, assumed to be equal to 0.01. This means the 

oxidized layer is 1% of the initial layer. In fact all material is gone since it forms 

gaseous CO2. The value of σox must be positive; therefore a small number is used. 

 ρC density of graphite, (kg/m3), equal to 2250 ([32], page 4-50) 

 

The depth of oxidized material and the oxide layer thickness are calculated from: 

 

C

ox

m
d


=   

ox

C

ox

m
t 


=  

 

Results of the model are illustrated in Figure 10-3. The reaction is strongly affected by the gas velocity. 

Since there is no build-up of the oxide layer, the reaction rate is linear, i.e. it does not slow down in 

time. 
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Figure 10-3 Graphite oxidation, Roes model 

 

One concern for safety analysis is the ignition of the graphite that results in a flame. Theoretical 

analysis and experiments have been performed to address the phenomena for cylindrical graphite rods 

with steady gas flow towards the cylindrical surface [217]. This geometry is very convenient because 

the gas velocity field to a cylindrical surface can be determined analytically, thus enabling much 

theoretical analysis. Ignition was observed to be independent of the rod diameter in the diameter range 

tested of 0.5 to 2 cm, but dependent on the graphite surface temperature and flow velocities. There is 

considerable scatter in the data, and therefore [218] suggested a simple linear dependency of the 

ignition temperature with the logarithm of the free stream velocity gradient defined as 4V/d, where V 

is the free stream velocity and d is the rod diameter. From Fig. 8a of [217], the ignition temperature in 

air is 1400 K for 4V/d = 50 sec–1, and 1975 K for 4V/d = 1000 sec–1. The ignition temperature decreases 

as the concentration of oxygen increases. For nearly pure oxygen, from Fig. 8b of Makino and Law 

[217], the ignition temperature varies from 1350 K at 4V/d = 100 sec–1, to 1700 K at 4V/d = 1000 sec–

1. Those data points were plotted in Figure 10-4. The following correlation was developed based on 

the data: 

 

)751385()/4()269.0659.0( 22 OOign XdVXT −+−=  

 

Here XO2 is the oxygen volume fraction, V is the gas velocity, d is the diameter (taken as hydraulic 

diameter for forced convection). A limit on oxygen concentration is introduced as Xlim = 0.001. Below 

that limit, the ignition temperature is set to a large value (104 K). An interpolation zone is defined for 

Xlim < XO2 < 2 Xlim , to ensure smooth transition. 

 

If the Roes model is used, the code calculates graphite ignition based on the above formula. 

Calculations are performed only for 1-D Solid Conductors. The results may be plotted, including the 

ignition temperature (K) and the time (s) when it is reached - Volume 2, SC plot parameters 35 - 38. 

It should be noted that no calculation of flame is performed. The model is mainly intended as a user 

convenience to flag potentially dangerous conditions that may require separate analysis. 

 

OX-GR, Graphite oxidation by O2, Roes Model
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Figure 10-4 Graphite ignition temperature 

 

 

10.3 User-Defined Oxidation Reactions 

 

Any reaction may be modeled through a user-defined oxidation model. All coefficients for such 

reactions must be defined by the user. The oxidation reaction is assumed to have the form: 

 

332211 GsnGsnMtOxGsnMt ++→+  

 

Mt material to be oxidized 

MtOx material oxide 

Gs1 gas 1 (oxidizing gas, for example steam, oxygen 

Gs2 gas 2 (product of reaction, for example hydrogen) 

Gs3 gas 3 (optional second product of reaction) 

n1 reaction ratio 1 - moles of gas Gs1 per one mole of material to be oxidized 

n2 reaction ratio 2 - moles of gas Gs2 per one mole of material to be oxidized 

n3 reaction ratio 3 - moles of gas Gs3 per one mole of material to be oxidized 

 

The oxidation reaction is assumed to have the following general form: 

 

,...)()(
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m mass of material to be oxidized per unit surface area (kg/m2) 

x exponent, (-) (user-defined, x=2 for a parabolic oxidation rate) 

t time (s) 

K reaction rate ((kg/m2)x/s) 

T temperature, (K) 

v velocity of the oxidizing gas, (m/s) 

pi partial pressure of the gas i, (Pa) 

M(B,...) multiplier to account for the effect of burn-off 

 

The individual terms, KT(T), CT(T, pi), Kv(v,T), Kp(p), M(B,...) are described below. 

 

10.3.1 Temperature-Dependent Coefficient 

 

The temperature-dependent coefficient is given by: 

 

 
 




−

−
=

222

111

:/exp

:/exp
)(

TTforTBA

TTforTBA
TKT  

 

A1 coefficient for reaction rate at low temperatures, ((kg/m2)x/s) 

B1 coefficient for reaction rate at low temperatures, (K) 

T1 maximum temperature limit to apply the low temperature equation, (K) 

A2 coefficient for reaction rate at high temperatures, ((kg/m2)x/s) 

B2 coefficient for reaction rate at high temperatures, (K) 

T2 minimum temperature limit to apply the high temperature kinetics equation, (K) 

T current temperature, (K) 

 

Linear interpolation is applied within the range T1<T<T2. Minimum and maximum temperature limits, 

Tmin, Tmax, are applied. The oxidation rate is set to zero for T<Tmin. A linear interpolation from zero to 

a full value is performed between Tmin and Tmin+10.0 K. If T>Tmax then Tmax is used to evaluate KT(T), 

as well as Kv(v,T). 

 

Breakaway 

Additionally a post-breakaway model may be applied, where different coefficients are used, as well 

as a different value of the exponent x. The breakaway reaction is observed in case of air oxidation of 

Zircaloy, for example in case of loss of water in Spent Fuel Pool. In the post-breakaway regime the 

temperature-dependent coefficient, KT(T) is given by: 

 

 
 




−

−
=

444

333

:/exp

:/exp
)(

TTforTBA

TTforTBA
TKT  

 

A3 post-breakaway coefficient for reaction rate at low temperatures, ((kg/m2)x/s) 

B3 post-breakaway coefficient for reaction rate at low temperatures, (K) 

T3 maximum temperature limit to apply the low temperature equation, (K) 

A4 post-breakaway coefficient for reaction rate at high temperatures, ((kg/m2)x/s) 

B4 post-breakaway coefficient for reaction rate at high temperatures, (K) 

T4 minimum temperature limit to apply the high temperature kinetics equation, (K) 
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Linear interpolation is applied within the range T3<T<T4. The point of breakaway is calculated in one 

of two ways, using a critical time to breakaway or a critical oxidation depth at breakaway, both 

temperature-dependent. 

 

• Option 1: critical time to breakaway, τ(T) 

A time to breakaway function is tabulated versus temperature, τ(T). For a transient conditions 

a cumulative damage approach is used: 

 

=
t

T

dt
CD

0
)(

'


 

 

Breakaway occurs when CD = 1.0. For isothermal conditions the integral gives: CF = (1/τ)∫dt’ 

= t/τ. Therefore t = τ; time to breakaway is correct. For CD < 1.0 pre-breakaway reaction 

coefficients are used. For CD > 1.0 + BINTOX (default=0.5), post-breakaway reaction 

coefficients are used. For 1.0 < CD < 1.0 + BINTOX, a linear interpolation is performed 

between the pre- and the post-breakaway reaction kinetics. 

 

• Option 2: critical oxidation depth at breakaway, dOX(T) 

A critical oxidation depth at breakaway is tabulated versus temperature, δ1(T). This is the 

upper limit of the pre-breakaway reaction. For δ < δ1(T) pre-breakaway reaction coefficients 

are used. For δ > δ1(T)×(1.0 + BINTOX), post-breakaway reaction coefficients are used. For 

δ1(T) < δ < δ1(T)×(1.0 + BINTOX), a linear interpolation is performed between the pre- and 

the post-breakaway reaction kinetics. 

 

Literature shows that nitrogen plays an important role in air oxidation of zircaloy. Zirconium nitride 

(ZrN) increases porosity and breaks up coherent microstructure of the oxide scale and possibly causes 

breakaway [199]. In order to model the effect of nitrogen, a catalyst option may be used. The catalyst 

indicator (ICATOX) should be set to the gas number of nitrogen (4) and the limit of catalyst 

concentration (XCATOX) to a small positive number. If this is done, breakaway will only be possible 

when the nitrogen concentration exceeds the limit. The result will depend on which option is used for 

breakaway calculation. 

 

• If critical time to breakaway, τ(T), is used, the "cumulative damage" function CD is calculated 

only when the catalyst (nitrogen) is present. The results are shown in Figure 10-5. Calculated 

values are compared to the measured data, KIT TG experiments [200]. A good agreement is 

observed. 

 

• If critical oxidation depth, dOX(T), is used to calculate breakaway, the oxidation depth and the 

presence of catalyst are checked to determine occurrence of breakaway. If the depth satisfies 

the breakaway criterion, breakaway is assumed to occur as soon as the catalyst (nitrogen) 

becomes available. Results are shown in Figure 10-6. 

 

The experimental data show that the real behavior is close to the values obtained with critical time to 

breakaway. Therefore this option should be used when the catalyst model is used. Use of breakaway 

option 2 with simultaneous use of the catalyst model is not allowed (see Volume 2, input parameters 

I1OX, ICATOX). 
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Figure 10-5 KIT TG tests, 800ºC, critical time to breakaway option 

 

 
Figure 10-6 KIT TG tests, 800ºC, critical oxidation depth option 
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10.3.2 Correction to Temperature-Dependent Coefficient 

 

The correction to temperature-dependent coefficient is given by: 

 

  321

321

321
/exp1

1
),,,(

XXX

CC

T
pppTBA

pppTC
+

=  

 

CT correction to the temperature-dependent  reaction rate, (-), 

AC first coefficient, (-), 

BC second coefficient, (K), 

p1 partial pressure of the gas Gs1 (oxidizing gas), (Pa), 

p2 partial pressure of the gas Gs2 (first reaction product), (Pa), 

p3 partial pressure of the gas Gs3 (second reaction product), (Pa), 

X1 exponent for the gas Gs1  

X2 exponent for the gas Gs2  

X3 exponent for the gas Gs3  

 

10.3.3 Velocity-Dependent Coefficient 

 

The velocity-dependent coefficient is given by: 

 
ED

v TvCTvK =),(  

 

v gas velocity, (m/s) 

T temperature, (K) 

C user-defined coefficient determining the reaction rate, ( kgx m–2x–D s–1+D K–E ) 

D user-defined exponent, (-) 

E user-defined exponent, (-) 

 

Minimum and maximum velocity limits, vmin, vmax, are applied. If v<vmin then vmin is used to evaluate 

Kv(v,T). If v>vmax then the vmax is used to evaluate Kv(v,T). 

 

10.3.4 Pressure-Dependent Coefficient 

 

The pressure-dependent coefficient is given by: 
F

ref

p
p

p
pK














= 1

1 )(  

p1 partial pressure of the oxidizing gas (Gs1), (Pa) 

pref user-defined reference pressure, (Pa) 

F user-defined exponent, (-) 

 

Minimum and maximum pressure limits, pmin, pmax, are applied. The oxidation rate is set to zero for 

p1<pmin. A linear interpolation from zero to a full value is performed between pmin and pmin×2.0. If 

p1>pmax then pmax is used to evaluate Kp(p1). 
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10.3.5 Multiplier to Account for the Effect of Burn-off 

 

Most oxidation reactions slow down when material is oxidized and a protective layer of oxide is built. 

This fact is taken into account in correlations by using exponent x (typically taken as 2 - parabolic 

reaction rate). For some reactions, for example graphite oxidation: C+O2→CO2 or C+H2O→H2+CO, 

there is no oxide build-up. The reaction speeds up in time because of an increased surface area due to 

micro cavities created when graphite is burned off. This fact can be taken into account by using the 

burn-off function M(B,...). No correlation is provided here, M(B,...) must be defined by the user, via a 

Tabular Function, TF(dox) or a Control Function, CF. If TF is used, the argument is always the depth 

of oxidized material, dox. 

 

10.3.6 Other Parameters 

 

The following oxidation parameters must be defined by the user: 

 

 Qox, heat of reaction, (J/kg) 

 σox volumetric growth upon oxidation, 

 ρMt density of the oxidized material, (kg/m3) 

 MwMt molar weight of the oxidized material, (kg/kmole) 

 

The depth of oxidized material and the oxide layer thickness are calculated from: 

 

Mt

ox

m
d


=   

ox

Mt

ox

m
t 


=  

 

It is seen that all the built-in reactions, described in sections 10.2.1 through 10.2.5, can be modeled 

by specifying appropriate coefficients for a user-defined reaction. In particular input records 

defining the Cathcart and Urbanic-Heidrich model for Zr-steam reaction, as well as Roes model for 

graphite-O2 reaction, are shown in Volume 2. Values of all coefficients of the built-in reactions are 

shown in Table 10-1 and Table 10-2. 

 

As an example, a model for Mn-Cr steel oxidation by O2 is built with the user-defined model. 

Reaction kinetics data is taken from Nanni et al. [106]: 

 

o T = 1273 K  k = 6.5×10–9 g2(O2)/cm4/s 

o T = 1473 K  k = 8.2×10–7 g2(O2)/cm4/s 

 

The reaction rate coefficients are converted to SI units using the conversion factor of 100.0 

(kg2/m4)/(g2/cm4). For SPECTRA input the reaction rate needs to be expressed to give kg of steel 

reacted, rather than kg of oxygen uptake. Therefore the coefficients need to be multiplied by the 

ratio of molar weights of steel (average molar weight of 51.7 is used) and 1/2 O2 squared: 

(51.7/16.0)2. The conversion factor to SI is therefore: 100.0 × (MwFe/MwO)2 = 1044.1. Therefore: 

 

o T = 1273 K  k = 6.8×10–6 kg2(steel)/m4/s 

o T = 1473 K  k = 8.6×10–4 kg2(steel)/m4/s 

 

These two data points are shown in Figure 10-7 with square markers. The reaction coefficients, A, 

B, were developed to fit these data points. The coefficients are: A = 2.3×1010, B = 45350.0. The 

reaction kinetics is therefore given by: 
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 TTKT /45350exp103.2)( 10 −=  

 

The reaction kinetics calculated from the above equation is plotted in Figure 10-7 as a solid line. 

The reaction heat is equal to the enthalpy of creation of FeO, equal to 65 kcal/mol ([32], page 5-36), 

multiplied by the conversion factor of 4.184×106 (J/kmol)/(kcal/mol), divided by the average molar 

weight of steel, equal to 51.7. This gives 5.26×106 (J/kg). 

 

 

 

Figure 10-7 Steel oxidation by O2 - Nanni et al. data and curve fit. 

 

 

An input defining this reaction is shown in Volume 2 and Volume 3. Comparison of the calculated 

oxide layer thickness with a graph showing the measured values, taken from Nanni et al. [106], is 

given in Volume 3. Comparison of steel oxidation by steam and oxygen is shown in Figure 10-8. 

The steam reaction is calculated from the White model, while the oxygen reaction from a user-

defined model, with reaction coefficients shown above. The oxygen reaction is roughly 1.3 times 

faster than the steam reaction. 
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Figure 10-8 Comparison steel oxidation by O2 and H2O 

 

 

10.4 Summary 

 

Five built-in reactions and a general model, which allows the user to define any oxidation reaction, 

are available in SPECTRA. Several reactions may be activated for a given surface. For example, in 

case of Zr cladding, oxidation by O2 and steam may be specified. If both gases are available, both 

oxidation reactions will proceed. The kinetics is calculated for both reactions using the oxide thickness 

at the beginning of a time step. The oxide thickness at the end of the time step is obtained by summing 

the oxide growth from the two reactions. 

 

The arguments (T, v, p) for oxidation reactions are limited by minimum and maximum values. For 

temperatures below the minimum T the reaction is not calculated (reaction rate is set to zero). For 

all other limits the reaction rate is calculated by using the limiting value. All limits are shown in 

Table 10-1 and Table 10-2. 
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Table 10-1 Built-in oxidation reaction data for steam oxidation 

 

 

Coefficient 

Reaction 

Zr+2H2O→ZrO2+2H2, 

Cathcart (low T), 

 Urbanic-Hedrich (high T) 

Zr+2H2O→ZrO2+2H2, 

Urbanic-Hedrich 

Fe+H2O→FeO+H2, 

2Cr+3H2O→Cr2O3+3H2, 

White 

n1 

n2 

x 

Qox 

σox 

ρox 

Mox 

2.0 

2.0 

2.0 

6.45×106 

1.5 

ρ(Zr) = 6490.0 

M(Zr)  = 91.22 

2.0 

2.0 

2.0 

6.45×106 

1.5 

ρ(Zr) = 6490.0 

M(Zr)  = 91.22 

1.1 

1.1 

2.0 

0.477×106 

3.92 

ρ(Fe) = 8020.0 

M(St)  = 51.70 

A1 

B1 

T1 

2×16.8×(MZr/MO2)2 = 273.0 

20,060.0 

1783.0 

29.6 

16,820.0 

1783.0 

2.51×109 

42,428.0 

full temperature range 

A2 

B2 

T2 

2×5.41×(MZr/MO2)2 = 87.9 

16,610.0 

1853.0 

87.9 

16,610.0 

1853.0 

- 

C 

D 

E 

0.0 

- 

- 

0.0 

- 

- 

0.0 

- 

- 

F 

pref 

0.0 

- 

0.0 

- 

0.0 

- 

Tmin / Tmax 600.0 / 10,000.0 600.0 / 10,000.0 600.0 / 10,000.0 

 

Table 10-2 Built-in oxidation reaction data for oxidation by O2. 

 

Coefficient 

Reaction 

Zr+O2→ZrO2, 

Benjamin et al. 

C+O2→CO2, 

Roes 

n1 

n2 

x 

Qox 

σox 

ρox 

Mox 

1.0 

0.0 

2.0 

12.1×106 

1.5 

ρ(Zr) = 6490.0 

M(Zr)  = 91.22 

1.0 

1.0 

1.0 

32.8×106 

0.01 

ρ(C) = 2250.0 

M(C)  = 12.01 

A1 

B1 

T1 

50.4 

14,630.0 

full temperature range 

7.5×103 

16,140.0 

full temperature range 

A2 

B2 

T2 

- - 

C 

D 

E 

0.0 

- 

- 

8.03×10–4 

0.65 

0.34 

F 

pref 

0.0 

- 

1.0 

1.0×105 

Tmin / Tmax 

vmin / vmax 

pmin / pmax 

600.0 / 10,000.0 

- 

- 

600.0 / 10,000.0 

0.01 / 1000.0 

1.0×101 / 1.0×107 
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Each model has an internal limit, which stops oxidation when the oxidant volumetric fraction falls 

below a certain value (oxidant starvation limit). An interpolation is provided to interpolate the 

reaction rate between the oxidant starvation limit (OSL) and the full oxidation level. This is done 

by using the following multiplier on the reaction rate: 
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The applied limits are: 

 

o x1 = 10–5  

o x2 = 10–4  

 

In case of multiple reactions, the dominant reaction is the only one occurring, as long as the fraction 

of oxidant exceeds the limit: 

 

o xlim = 5×10–5  

 

The limit can be re-defined by the user (input parameters XLIMSC/XLIMTC). Default value was 

selected approximately in the middle of the interpolation zone, when the dominant reaction strength 

is reduced roughly by half. 
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11 Hydrogen Burn Package 

 

11.1 Introduction 

 

The hydrogen burn model is described in this chapter. The general approach to the modeling of burn 

in the SPECTRA code is similar to the approach taken in MELCOR [46], or HECTR 1.5 [6]. The 

model considers the effect of burning on a global basis, without tracking the actual flame front 

propagation within a Control Volume. The model implemented in SPECTRA is somewhat more 

elaborate and accurate than the models in MELCOR or HECTR. The influence of temperature on 

the flammability limits is taken into account. Data is obtained from extensive literature review. 

Results of recent investigation of hydrogen burn are taken into account, in particular the fast 

turbulent deflagration mode is separated from the slow deflagration mode, the expansion ratio (σ) 

criterion for fast turbulent deflagration, and the cell detonation size (λ) criterion for detonation, are 

available. An ignition model is available, with igniter temperature being a function of time (defined 

by a tabular or control function). 

 

The flammability limits are expressed in SPECTRA in terms of a minimum hydrogen fraction (in 

literature referred to as the “lower flammability limit”), and a minimum oxygen fraction (the value 

of 1.0 – (minimum oxygen fraction)/(oxygen fraction in the atmosphere) is referred to as the “upper 

flammability limit”). The fact that SPECTRA uses the oxygen limit makes the model more general. 

The flammability limits are still appropriate when steam is replaced by another inert gas, for 

example helium - see Volume 3. 

 

Generally the hydrogen burn model, when activated, calculates the flammability of the gas mixture 

in a Control Volume, checks ignition criteria and, upon ignition, calculates H2 and O2 consumption, 

as well as generation of steam and heat of reaction. 

 

The burn model distinguishes three different modes: 

 

• Slow deflagration 

• Fast turbulent deflagration 

• Detonation 

 

In the first mode the flame propagates with subsonic velocity, in the latter two modes the flame 

propagates with supersonic velocity, and a shock wave is created. The shock wave pressure is 

calculated in a simplified way, using the ideal gas model. 

 

The model is described in several sections. The description begins with the discussion of 

flammability limits, presented in section 11.2. Section 11.3 provides a description of the ignition 

model. Methods to calculate the burn rate, as well as the flame velocity during slow deflagrations, 

fast turbulent deflagrations, and detonations, are shown in section 11.4. Section 11.5 provides a 

description of the combustion completeness model. Shock wave calculation is described in section 

11.6. Finally section 11.7 provides a description of flame propagation between neighboring Control 

Volumes. 
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11.2 Flammability Limits 

 

11.2.1 Background 

 

An extensive review of flammability limits may be found in [8], [9], [10]. Flammability limits are 

typically drawn on H2 - H2O diagrams, with hydrogen mole fraction on the vertical axis, and steam 

fraction on the horizontal axis Figure 11-1. 

 

The lower, nearly horizontal part of the line is called the lower flammability limit, LFL. Below that 

line the hydrogen fraction is too small to burn. The upper line, inclined at about 45, is called the upper 

flammability limit, UFL, and in fact it represents the oxygen limit. Above that line the oxygen fraction 

is too small to burn. With increasing steam fraction the gas mixture becomes more inert - the minimum 

hydrogen and oxygen fractions required for burn are increasing. This is visible in Figure 11-1, as the 

hydrogen limit increases slightly with increasing steam fraction, and the oxygen limit line is somewhat 

steeper than 45. 

 

In the MELCOR code the flammability limit line is approximated by using three numbers: 

 

• Minimum hydrogen fraction, required to burn (default value: 7%) 

• Minimum oxygen fraction, required to burn (default value: 5%) 

• Maximum steam fraction, below which the mixture is burnable (default value: 55%) 

 

The resulting flammability limit line is shown in Figure 11-2. The values of the limiting fractions may 

be redefined via input data, but the defined values are constant during analysis, and the same in all 

Control Volumes. 

 

In reality the flammability limits depend on temperature. For example, in case of dry air the lower 

flammability limit decreases from ~4 to 5 vol% hydrogen at 20C, to ~2 vol% at 500C [8]. Thus the 

temperature effect is quite significant. 

 

A method of constructing flammability limits using analytical functions has been proposed by Plys, 

Astleford, and Epstein [10]. The full flammability limit is represented by three functions, valid in 

different regions of hydrogen and steam fractions. As shown in [10] the resulting flammability curves 

are in excellent agreement with the published data. 

 

The method used in the present model is based on the same approach, i.e. analytical functions are used 

to represent flammability limits, but the functions are different than those applied in [10]. The method 

presented below has the advantage of being somewhat simpler, while it still represents the actual data 

with similar accuracy as the method recommended by Plys et al. 

 

The full flammability limit is represented by two functions, representing LFL and UFL respectively. 

The same general formula is used for both LFL and UFL. The formula is a combination of linear and 

exponential function: 

 

)](exp[)(),( 0 inrtinrtinrtFL xxCxBTATxx −−++=  
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Figure 11-1 Typical flammability limits [10]. 

 

 

 

Figure 11-2 Flammability limits in MELCOR. 
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xFL flammability limit, expressed as H2 mole fraction in case of the lower limit (xH2,LFL), and O2 

mole fraction in case of the upper limit (xO2,UFL) 

xinrt mole fraction of inert gas (steam) 

T temperature, K, 

A(T) the value of flammability limit for zero inert gas concentration. Temperature dependence is 

represented by an analytical function based on experimental data 

B factor determining the influence of inert gas on the flammability limit for low inert gas 

concentrations 

C factor determining the influence of inert gas on the flammability limit for high inert gas 

concentrations (close to x0) 

x0 the value of inert gas concentration for which LFL and UFL lines would intersect if they were 

represented by straight lines (see Figure 11-3): 

 

00 )()( xBTAxBTA UFLUFLLFLLFL +=+  

 

An example of the flammability limit construction is shown in Figure 11-3. The LFL line is given 

straightforward by the formula for xFL: LFL = xH2,LFL. The UFL line is related to the formula for xFL 

by: xO2,UFL = xO2,air(1–UFL), where xO2,air is the oxygen volume fraction in the air (0.20). 

 

The limits of flammability are constructed using the method described above for the three burning 

modes: 

 

• Slow deflagration 

• Fast turbulent deflagration 

• Detonation 

 

The equations used for each of these modes are described below, in sections 11.2.2, 11.2.3, and 11.2.4. 

The functions defining flammability limits, and the values of constant coefficients were selected based 

on the flammability data collected in [8]. 

 

 

Figure 11-3 Construction of flammability line in SPECTRA 
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11.2.2 Slow Deflagration Limits 

 

The functions defining slow deflagration limits are described below, for the lower and the upper 

flammability limits. 

 

• Lower Flammability Limit, LFL 

 

The full lower flammability line is given by: LFL(xinrt, T) = xH2, LFL(xinrt, T), where: 

 

)](exp[)(),( 0,2 inrtinrtinrtLFLH xxCxBTATxx −−++=  

 

with the values of A, B, C, equal to: 

 

0.40

02.0

),0()(

=

=

==

C

B

TxLFLTA inrt

 

 

where LFL(xinrt=0, T) is the function determining the lower flammability limit for zero inert 

gas concentration. (Strictly speaking xH2, LFL(xinrt=0, T) is slightly larger than A(T), because 

of the exponential function, however, since x0>0.5, then for xinrt=0 the exponent is less than 

10–20, which equals zero with a very good accuracy). 

 

LFL(xinrt=0, T) is calculated using two functions, valid in different temperature ranges. In 

the low temperature range a linear fit to the experimental data is used. For very high 

temperatures (above about 1000 K) the linear fit decreases below zero. To avoid negative 

values, in the high temperature range an exponential function is used, which asymptotically 

approaches zero (see Figure 11-4). The actual shape of the exponential function was 

selected to provide smooth extrapolation of the linear fit, that means the value of the 

exponential function and the value of its first derivative are equal to the corresponding 

values of the linear fit at the transition point from the linear function to the exponential 

asymptotic function. 

 

o Low temperature range (T < T1 = 1000 K), linear fit to experimental data. 

 

)](1[),0( 0TTbaTxLFL inrt −−==  

 

where T0 is equal to 300 K, and the constants a, b, depend on the propagation 

direction. 

 

For the upwards propagation: 

a = 0.045 

b = 1.210–3 

 

For the downwards propagation: 

a = 0.094 

b = 1.110–3 
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o High temperature range (T > T1 = 1000 K), asymptotic extrapolation. 

 

)](exp[),0( 1TTdcTxLFL inrt −−==  

 

where the constants c, d, are determined from the continuity of the function and its 

first derivative, and are equal to: 

 

c

ab
d

TTbac

=

−−= )](1[ 01

 

 

• Upper Flammability Limit, UFL 

 

The full upper flammability line is given by: UFL(xinrt, T) = 1 – xO2, UFL(xinrt, T)/xO2, air, where: 

)](exp[)(),( 0,2 inrtinrtinrtUFLO xxCxBTATxx −−++=  

 

with the values of A, B, C, equal to: 

 

0.60

005.0

)],0(0.1[)( 2

=

=

=−=

C

B

xTxUFLTA Oinrt

 

 

where xO2, air is the oxygen volume fraction on the atmospheric air, UFL(xinrt=0, T) is the 

function determining the upper flammability limit for zero inert gas concentration, 

calculated again using two functions, valid for different temperature ranges. 

 

o Low temperature range (T < T1 = 1100 K), linear fit to experimental data. 

 

)](1[),0( 0TTbaTxUFL inrt −−==  

 

where T0 is equal to 300 K, and the constants a, b, are the same for the upward and 

downward propagation, and are equal to: 

 

a = 0.25 

b = 1.110–3 

 

o High temperature range (T > T1 = 1100 K), asymptotic extrapolation. 

 

)](exp[),0( 1TTdcTxUFL inrt −−==  

 

The constants c, d, are determined from the continuity of the function and its first 

derivative, and are expressed by the same formulae as shown above 
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The final flammability criterion, as calculated by the burn model in SPECTRA is: 

 

),(

),(

,

,

22

22

Txxx

Txxx

inrtUFLOO

inrtLFLHH




 

 

Steam as well as helium and carbon dioxide are treated in the model as the inert gases, therefore the 

inert gas concentration is equal to: xinrt = xH2O + xHe + xCO2. The temperature dependence of the lower 

and upper flammability limits for zero inert gas concentration are shown in Figure 11-4. 

 

 

 

Figure 11-4 Flammability limits at zero inert gas concentration, burn model in SPECTRA 

 

 

Figure 11-5 Upward (left) and downward (right) flammability limits [9] 

  

Flammability Limits, H2 - Air

0.00

0.02

0.04

0.06

0.08

0.10

300.0 600.0 900.0 1200.0 1500.0

Temperature, [K]

L
o

w
e
r
 F

la
m

m
a

b
il

it
y

 L
im

it
, 

L
F

L
 .

0.50

0.60

0.70

0.80

0.90

1.00

U
p

p
e
r
 F

la
m

m
a

b
il

it
y

 L
im

it
, 

U
F

L

LFL , upward propagation (left scale)

LFL , downward propagation (left scale)

UFL, upward propagation (right scale)

UFL, downward propagation (right scale)
 



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  475 

 

Figure 11-6 Flammability limits, upward propagation, burn model in SPECTRA 

 

 

Figure 11-7 Flammability limits, downward propagation, burn model in SPECTRA 
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Experimental data may be found in for example [9]. Figure 11-5, reproduced from reference  [9], 

show the lower flammability limits for upwards and downwards propagation. The experimental data 

indicates that at room temperature the flammability limit is 5 vol% H2. An overview of several 

experiments presented in [8] indicate that the value is between 4.5 and 5 vol%. In the present model 

the value of 4.5% is used, as the most conservative, as the flammability limit at 300 K. 

 

Generally, the value of every constant in the SPECTRA burn model was chosen based on compilation 

of burn data presented in [8], to provide agreement with the most conservative results presented there. 

 

The full flammability limits, as calculated by the model, are shown in Figure 11-6 and Figure 11-7. 

Figure 11-6 shows the flammability limits for upward propagation. These limits are always used to 

determine gas flammability status within a Control Volume. Figure 11-7 show the flammability limits 

for downward propagation. Those limits are used in case of down flame propagation from one CV to 

another, through a vertically oriented junction (see section 11.7). 

 

 

11.2.3 Fast Turbulent Deflagration Limits 

 

Two models are available to determine the limits of the fast turbulent deflagration, the default model 

and the alternative model. The default model is based on the same approximation functions, as those 

used to calculate the slow deflagration limits, but with different constants. The values of these 

constants were selected based on available experimental data to provide possibly conservative results, 

and generally the default model gives an earlier transition to the fast turbulent deflagration range than 

the alternative model. The alternative model is based on the expansion ratio criterion, σ (so called "σ 

criterion"). Both models are described below, in sections 11.2.3.1 and 11.2.3.2. 

 

11.2.3.1 Default Model 

 

The default model is based on the same functions as those used to calculate slow deflagration limits. 

Therefore all equations are identical to those shown in section 11.2.2, but the value of constants are 

different. The value of constants were selected based on data from [12], [14]. The values of the 

constants are listed below. 

 

• Lower Fast Turbulent Deflagration Limit, LFTDL 

 

The values of constants are: 

 

B = 0.03 

C = 40.0 

a = 0.094 

b = 1.110–3 

T1 = 1000 

 

There is no difference between the upwards and the downwards propagation, therefore the 

values of a, b, T1, are valid for any propagation direction. 
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• Upper Fast Turbulent Deflagration Limit, UFTDL 

 

The values of constants are: 

 

B = 0.05 

C = 60.0 

a = 0.25 

b = 1.110–3 

T1 = 1100 

 

There is no difference between the upwards and the downwards propagation, therefore the 

values of a, b, T1, are valid for any propagation direction. 

 

The temperature dependence of the lower and upper limits of fast turbulent deflagration for zero 

inert gas concentration are shown in Figure 11-8. 

 

 

Figure 11-8 Flame acceleration (FTD) limits at zero inert gas concentration, SPECTRA. 

 

 

11.2.3.2 Alternative Model - the “σ-criterion” 

 

The σ criterion states that the value of the expansion ration, σ, defined as the ratio of specific 

volumes of burned to unburned gas at constant pressure, must be larger than a certain, temperature 

dependent critical value, σ*(T), in order to accelerate flame and get into the fast turbulent 

deflagration mode [13], [14]. The critical value of σ is expected to be equal to 3.5 - 4.0 at 300 K, 

and decrease with temperature. Reference [13] states that at 400 K the critical value is about 2.9. 

Reference [14] shows the temperature dependence in a graph, reproduced below, in Figure 11-9. 
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Figure 11-9 Expansion ratio, σ, versus initial temperature, T, [14] 

 

 

Figure 11-10 Expansion ratio, σ, versus initial temperature, correlation used in SPECTRA 

 

  

Critical Expansion Ratio, σ*

1.00

2.00

3.00

4.00

5.00

6.00

200.0 300.0 400.0 500.0 600.0 700.0
Temperature, [K]

σ
*

(T
),

 [
-]

σ*(T) = 1.0 + [ σ*(T0) - 1 ] * ( T0/T )^1.5
Series1
Series3

T0

σ(T0)



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  479 

In the SPECTRA burn model, the expansion ratio is calculated using the perfect gas assumption. This 

assumption is taken, because the σ-criterion is an empirical criterion which itself has a limited 

accuracy, and therefore there is no need to calculate σ with very good accuracy. With the perfect gas 

approach, the expansion ratio is calculated as: 

 

T

T

v

v bb ==  

 

Here v is the specific volume, T is temperature. The subscript "b" refers to the burned gas, while the 

initial (unburned) gas values are given with no subscript. The temperature Tb is obtained from: 
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qH2 heat of burn per kilogram of burned H2, J/kgH2, (equal to: 1.206108) 

B mass of burned H2 per one kilogram of burnable gas mixture, kgH2/kg, equal to: 

)8/,(
22 OH ccMinB =  

Here cH2, cO2, are the mass fractions of hydrogen and oxygen in the initial gas mixture. The 

factor 1/8 is the ratio of molar weights for the burn reaction: 2H2 + O2. 

h(T, c) initial enthalpy, J/kg, of gas at initial temperature, T, and initial gas composition, c 

h(T, cb) enthalpy of gas mixture at initial temperature, T and final (burned) gas composition, cb 

cp specific heat at constant pressure, J/kg, calculated at the initial temperature T 

 

In the above equation the value of specific heat, cp, is taken at the initial temperature T. An exact 

formulation would require calculation of the integral: 

 


bT

T

p dTTc ')'(  

 

In order to simplify the calculation the temperature dependence of cp is neglected. Since cp increases 

with temperature for all gases and all temperature range (at least for the gases and for the temperature 

range available in SPECTRA), this is a conservative assumption, that is it results in higher σ than 

would be obtained from the integral. 

 

The final formula for the expansion ratio is therefore: 
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The critical value of the expansion ratio, σ*, is calculated within the program by an approximation 

equation. The following equation has been selected: 
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where T0 is equal to 300 K, and the value of critical expansion rate at the temperature T0, σ*(T0), is an 

input parameter for the code. The recommended value is 3.5 (see Volume 2), as the most conservative 

value recommended in [14]. The critical expansion ratio, σ*(T), as calculated by the code with this 

value of σ*(T0), is shown in Figure 11-10. It is seen that the calculated line gives a conservative 

criterion for flame acceleration, as it is everywhere below, or equal to the "choked flame" values from 

Figure 11-9. 

 

The alternative flame acceleration criterion is: 

 

)(* T   

 

The alternative criterion gives similar values as the default criterion. With the recommended value of 

σ*(T0), equal to 3.5, the alternative criterion is still somewhat less conservative than the default 

criterion. Comparison of the default and the alternative criterion is provided in Volume 3. 

 

 

11.2.4 Detonation Limits 

 

Two models are available to determine the detonation limits. The default model is based on the same 

approximation functions, as used for the slow deflagration limits (section 11.2.2), and fast turbulent 

deflagration limits (section 11.2.3.1), but with different constants. 

 

The values of the constants were selected based on available experimental data to provide possibly 

conservative results, and generally the default model gives an earlier transition to detonation than 

the alternative model. The alternative model is based on the cell detonation size, λ, criterion, (so 

called "λ-criterion"). Both models are described below, in sections 11.2.4.1 and 11.2.4.2. Results of 

both models are compared in Volume 3. 

 

 

11.2.4.1 Default Model 

 

The default model is based on the same functions as those used to calculate slow deflagration limits. 

Therefore all equations are identical to those shown in section 11.2.2, but the value of constants are 

different. The value of constants were selected based on data from [7], [8]. The values of the 

constants are listed below. 

 

• Lower Detonability Limit, LDL 

 

The values of constants are: 

 

B = 0.035 

C = 40.0 

a = 0.11 

b = 1.110–3 

T1 = 1000 

 

There is no difference between the upwards and the downwards propagation, therefore the 

values of a, b, T1, are valid for any propagation direction. 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  481 

• Upper Detonability Limit, UDL 

 

The values of constants are: 

 

B = 0.09 

C = 60.0 

a = 0.25 

b = 1.110–3 

T1 = 1100 

 

There is no difference between the upwards and the downwards propagation, therefore the 

values of a, b, T1, are valid for any propagation direction. 

 

The temperature dependence of the lower and upper limits of fast turbulent deflagration for zero 

inert gas concentration are shown in Figure 11-8. The lower detonability limit at 300 K has been set 

to 11%. This is a conservative estimation based on data compilation in [8]. Reference [7] gives the 

limit of about 15% at 300 K. 

 

The full detonability limits, as calculated by the SPECTRA model, are shown in Figure 11-12. For 

comparison, the detonability limits from the MELCOR code are shown in Figure 11-13. The 

detonability limit line is approximated in MELCOR by using three numbers: 

 

 

 

 

Figure 11-11 Detonability limits at zero inert gas concentration. 
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Figure 11-12 Detonability limits, SPECTRA H2 burn model. 

 

Figure 11-13 Detonability limits, MELCOR model. 
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• Minimum hydrogen fraction, required to burn (default value: 14%) 

• Minimum oxygen fraction, required to burn (default value: 9%) 

• Maximum steam fraction, below which the mixture is burnable (default value: 30%) 

 

The detonability limits are temperature dependent, which is taken into account in the SPECTRA 

model. In the MELCOR model the detonability temperature dependence is neglected. At higher 

temperatures the detonability limits are much wider than those used by default in MELCOR. 

 

 

11.2.4.2 Alternative Model - the “λ-criterion” 

 

The λ criterion states that the ratio between the burn characteristic dimension, D, and the cell 

detonation size, λ, must be larger than a certain value, in order to obtain detonation [13], [14]. The 

critical value of D/λ is an input parameter for the code. It is expected to be equal to 6.0 - 7.0. 

Reference [13] recommends the value of 7.0, however, as can be seen in figure 4 in [13], detonations 

are sometimes possible for D/λ equal to about 6.0. Therefore the value of 6.0 is recommended in the 

SPECTRA User's Guide, to be used if the alternative criterion is selected (Volume 2). 

 

To use the λ-criterion the burn characteristic dimension is needed. Reference [13] recommends the 

following values: 

 

• Normal room, LWH:  D = (L + W + H)/3 

• Flat room, LW»H :  D = (L + W)/2 

• Channels/tubes, diameter d: D = 2.5 d 

 

The value of detonation cell size, λ, is calculated by the program using the correlation shown in 

[14], Appendix D. The formula is: 
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T temperature, (K) 

p pressure, (MPa) 

xH2 hydrogen volume fraction, (-) 

xH2O steam volume fraction, (-) 

λ detonation cell size, (cm) 

a, b, c,...constants, given in Table 11-1 

 

The values of the detonation cell size, calculated from the above equation, are shown in Figure 

11-14. For comparison, Figure 11-15 shows the values of detonation cell size, as presented in 

reference [14]. Values obtained at different temperatures are shown in Figure 11-16 and Figure 

11-17. At higher temperatures the detonability limits become broader. 
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Figure 11-14 Detonation cell size as coded in SPECTRA 

 

 

Figure 11-15 Detonation cell size [14] 
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Figure 11-16 Detonation cell size, left: T = 100°C, right:500°C 

 

 

 

Figure 11-17 Detonation cell size, T = 1000°C 
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Table 11-1 Constants in the formula for detonation cell size. 

Constant Value Constant Value Constant Value 

a 

b 

c 

d 

e 

–1.1333 

45.981 

–0.15765 

0.046543 

3.596210–7 

f 

g 

h 

q 

r 

0.99747 

–0.026665 

8.7510–4 

–0.040764 

331.16 

s 

t 

u 

v =1/(0.1–c) 

w 

–418.22 

2.3897 

–8.4238 

3.8812 

0.1 

 

 

 

The alternative criterion gives similar values as the default criterion. For large steam fractions the 

alternative criterion is somewhat less conservative than the default criterion. Comparison of the default 

and the alternative criterion is provided in Volume 3. 

 

 

11.2.5 Summary of the Flammability Model 

 

The flammability model calculates gas flammability status within each Control Volume, where the 

hydrogen burn model has been activated. The model distinguishes three burning modes: 

 

• Slow deflagrations 

• Fast turbulent deflagrations 

• Detonations 

 

Each mode is given a code number. The plot variable MODEH2 allows to plot the flammability 

status within a Control Volume, using these code numbers (Volume 2). The meaning of the code 

numbers are: 

 

• MODEH2=0 : inflammable gas mixture 

• MODEH2=1 : flammable, slow deflagration expected upon ignition 

• MODEH2=2 : flammable, fast turbulent deflagration expected upon ignition 

• MODEH2=3 : flammable, detonation expected upon ignition 

 

It should be noted that the variable MODEH2 gives only the gas flammability status, and not the 

burn status. It is possible that the gas mixture is flammable (MODEH21), and burn does not occur. 

To initiate burn two criteria must be met: gas must be flammable, and additionally the ignition 

criterion must be met. The ignition criterion is discussed in the next section. 

 

A comparison of the gas flammability models is presented in Volume 3, by plotting the mode 

indicator MODEH2 for different temperatures, hydrogen fractions, and steam fraction. Here only 

one graph is presented (Figure 11-18), which gives the limits of slow deflagration, fast turbulent 

deflagration (flame acceleration), and detonation. The graph was made using the default models for 

the fast turbulent deflagration limits and the detonation limits. For comparison, a similar graph, 

reproduced from [12], is shown in Figure 11-19. 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  487 

 

Figure 11-18 Flammability, detonability, and flame acceleration limits, T=373 K, SPECTRA. 

 

 

Figure 11-19 Flammability, detonability, and flame acceleration limits, T=373 K, [12]. 
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11.3 Ignition Limits 

 

In the previous section a method to calculate the gas flammability was described. If a gas mixture is 

flammable then it may be ignited. The ignition may be caused by external sources (igniters), such as 

burning candle, spark, etc. or it may occur without any external sources, a phenomenon which is called 

autoignition. 

 

In the MELCOR code the approach to modelling ignition is as follows. The user determines if igniters 

are present in given Control Volume. If the igniters are present then ignition occurs as soon as the 

mixture becomes flammable (in fact the gas flammability limits are in MELCOR called "the ignition 

with igniters limits"). If there are no igniters, then autoignition will occur if the autoignition ("ignition 

without igniters") criteria are satisfied. The default autoignition criteria in MELCOR are: 

 

• Minimum hydrogen fraction required for autoignition: 10% 

• Minimum oxygen fraction required for autoignition: 5% (same as ignition with igniters) 

 

With the above approach the ignition limits are quite similar to the flammability limits, only the 

constants are somewhat different. In fact the ignition and autoignition are not solely determined by 

gas concentrations, but also by parameters like temperature and pressure. In cold conditions one can 

obtained a detonable gas mixture with, say, 50% hydrogen, and the ignition would not occur. 

 

In the SPECTRA code the following approach to ignition modelling is used. The autoignition limit is 

calculated using the method recommended in [15], as a function of temperature, pressure, gas 

composition, and the characteristic dimension. The eventual presence of igniters is taken into account 

by using the igniters temperature, specified by the user as a function of time through a tabular or a 

control function. Thus the ignition with igniters is calculated in the same way as the autoignition, 

except that the temperature is that of the igniters rather than that of the gas itself. Additionally the 

presence of any structures (1-D and 2-D Solid Heat Conductors) is taken into account by selecting the 

highest temperature of all surfaces present in a given Control Volume. The calculation procedure is 

described below. 

 

The ignition limit is calculated from (see [15], chapter 2, equations 39, 42, 43, 44): 

 

BCC

C
AIL

+++

+
−=

)5.02(5.05.1

5.01
 

 

IL is the ignition limit. Ignition occurs when the value of IL > 0. The values of A, B, C, D are calculated 

from: 
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T temperature, K 

p pressure, Pa 

D characteristic dimension, m 



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  489 

 

The constants in the above equations have been converted to SI units. The original equation is written 

for pressure in mm of mercury, and dimension in cm. Correctness of the implementation of the 

explosion limit has been verified by comparing values calculated for a 2H2+O2 mixture, with the graph 

presented in [15]. The calculated explosion limits are presented in Figure 11-20 (to make the plot the 

units of pressure and temperature were converted back to the same units as those used in [15]). The 

data from [15] is reproduced in Figure 11-21. A good agreement is observed. 

 

It was observed that the above ignition criterion can sometimes predict ignition even if the gas mixture 

is inflammable. Therefore an additional criterion has been built into the model. The flammability limit 

for upwards propagation is calculated simultaneously with the above ignition criterion. The ignition 

is assumed to occur only if both criteria are satisfied. The final ignition limits, calculated for the burn 

characteristic dimensions between 1 cm and 10 m and hydrogen mole fractions between 0.0 and 1.0, 

are shown in Figure 11-22. The steep lines in the regions of low and high hydrogen fractions are a 

consequence of the additional criterion of gas flammability. 

 

The ignition limits shown in Figure 11-22 are generally in agreement with the values presented in [8] 

(the autoignition limit is at about 550 - 600C for D=3.9 cm). As mentioned above, in absence of 

igniters and hot structures in a Control Volume, the above limits represent the autoignition limits. If 

igniters and/or Solid Heat Conductors are present in given Control Volume, then the same function is 

used to calculate ignition limit, except that the temperature argument in this function is taken as a 

maximum of the gas temperature, the structure temperatures, and the igniter temperature: 

 

),,,( ,, igniteriTCiSCgas TTTTMaxT =  

 

Tgas gas temperature in Control Volume, (K) 

TSC, i temperature of i-th 1-D Solid Heat Conductor surface present in the given CV, (K) 

TTC, i temperature of i-th 2-D Solid Heat Conductor surface present in the given CV, (K) 

Tigniter igniter temperature, specified as a function of time through a Tabular or a Control Function. 

 

With the present approach the user can for example simulate "sparks" occurring at certain time of 

accident, by specifying igniter temperature being low during the whole accident period except for a 

short period at the desired times. That way an ignition may be procured at the time when it is most 

dangerous, for example when the gas flammability status indicates detonability of the mixture. This 

may be desired to obtain the most conservative estimation of the containment loads during accident. 

 

If, at any time of the calculation the ignition criteria are satisfied, then the hydrogen burn is initiated. 

The burn mode indicator, IBRNH2, becomes equal to the gas flammability at the moment of ignition 

(IBRNH2=MODEH2). The meaning of the variable IBRNH2 is therefore as follows: 

 

• IBRNH2=0 : no burn 

• IBRNH2=1 : slow deflagration in progress 

• IBRNH2=2 : fast turbulent deflagration in progress 

• IBRNH2=3 : detonation in progress 
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Figure 11-20 Ignition limits, 2H2 + O2 mixture, SPECTRA model 

 

 

Figure 11-21 Ignition limits, 2H2 + O2 mixture, [15] 

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  491 

 

Figure 11-22 Ignition limits, hydrogen-air mixture, SPECTRA model 

 

 

11.4 Reaction Rate and Flame Velocity 

 

When the ignition criteria (see section 11.3) are satisfied, then hydrogen begins to burn. The reaction 

rate depends on the flame speed, and is calculated similarly as in the MELCOR code, as: 

 

burn

HH m

dt

dm



0

22 =  

 

dmH2/dt  reaction rate, kg/s, mass of hydrogen consumed per second. 

mH2
0  mass of hydrogen in a Control Volume at the start of burn, kg 

τburn  time of burn, s 

 

The reaction is 2H2+O2→2H2O. Therefore the O2 consumption and H2O production are equal to: 

dt

dm

dt

dm

dt

dm

dt

dm HOHHO 2222 0.90.8 ==  

The influence of incomplete combustion is neglected in the above formula, in contrast to MELCOR 

where the combustion completeness is used (see [46], BUR Package Reference Manual, section 2.5). 

Neglecting incomplete combustion gives slightly larger reaction rates and thus more conservative 

loads due to burn. The use of combustion completeness is avoided here, because of uncertainties 

involved in the correlation (see section 11.5). 
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The burn time is calculated using the burn characteristic dimension, D, and the flame speed vflame, as: 

 

flame

burn
v

D
=  

 

The value of D is an input parameter, with the default value equal to the radius of a sphere whose 

volume, V, is the same as the total volume of CV (see Volume 2): 

 
3/1

4

3








=



V
D  

 

The reaction rate is re-calculated at every time step during burn, and may change due to changing 

flame speed. For additional conservatism an assumption is made that flame speed can only increase 

during burn. Consequently the new time step flame velocity is used only if it is larger than the old time 

step velocity. If the calculated new time step velocity should be smaller than the old time step velocity 

then the old value is kept. 

 

The flame velocity depends on the burning mode. The following three sections, 11.4.1, 11.4.2, 11.4.3, 

provide the description of flame velocity calculation for slow deflagrations, fast turbulent 

deflagrations, and detonations respectively. 

 

11.4.1 Flame Velocity During Slow Deflagrations 

 

The term slow deflagration includes here laminar and slow turbulent deflagrations, in which the flame 

velocity is from fraction of m/s to tens of m/s. The flame velocity is calculated in two steps. First the 

laminar flame speed is calculated. Then the influence of turbulence is taken into account, by using a 

multiplier on the laminar speed, to get the overall flame speed. Calculation of the laminar flame speed 

and the turbulent multiplier are described below. 

 

• Laminar Flame Speed 

 

The laminar deflagration velocity is calculated using the correlation of Liu and MacFarlane 

[16]. The correlation is: 

])(exp[)(
22

2

2

)(

OHH

xC

Hlam xxDTxBv H =  

 

T temperature, (K) 

xH2O steam volume fraction, (-) 

 

The values of B, C, D are defined by: 
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Table 11-2 Constants in Liu McFarlane correlation 

 xH2 < x0 xH2 > x0 

A1 

A2 

A3 

A4 

A5 

A6 

4.64410–4 

–2.11910–3 

2.34410–3 

1.571 

3.83910–1 

–2.21 

4.64410–4 

9.89810–4 

–1.26410–3 

1.571 

–2.47610–1 

–2.21 

 

 

The value of x0 is equal to 0.42, and the constants A1 through A6, are listed in Table 11-2. The 

value of A6 for the high hydrogen concentrations (xH2>x0) has been changed from –2.24 (the 

value given in [16]) to –2.21. This was done to avoid discontinuity in the model. This 

modification results in slightly higher velocities when xH2>x0 and xH2O>0.0. This fact is 

without any practical meaning, since with such high hydrogen fractions a detonation mode is 

typically expected. The original model has been modified in the low and the high hydrogen 

concentrations, based on comparison with the model applied in HECTR 1.5 [6] and MELCOR 

[46] codes. The modifications are as follows. 

 

o Low hydrogen concentrations, xH2 < xE1 = 0.15 

 

In this region the flame velocity is calculated from: 

 

)](exp[])(exp[)( 11

)(

1 22

1

EHOHE

xC

Eflame xxExxDTxBv E −=  

 

E is a constant. The value of E has been set to 9.0, based on comparison with HECTR 

1.5 model (see Figure 11-29 and Figure 11-30 below). 

 

o High hydrogen concentrations, xH2 > xE2 = 0.65 

 

In this region the flame velocity is calculated from: 

 

)](exp[])(exp[)(
22

2

22

)(

2 HEOHE

xC

Eflame xxExxDTxBv E −=  

 

The value of E has been set to 9.0, the same as in case of low hydrogen fractions. 

 

The flame speed values, as calculated by the appropriate subroutine in the SPECTRA code, 

are compared to the plots from the original paper of Liu, McFarlane in Figure 11-23 through 

Figure 11-28. Figure 11-23 and Figure 11-24 show the flame speeds for temperatures 

between 25C and 250C, for zero steam concentration. Figure 11-25 and Figure 11-26 show 

flame speeds for steam concentrations ranging from 0% to 12% (volume fractions), for 50C. 

Figure 11-27 and Figure 11-28 show flame speeds for steam concentrations again from 0.0 

to 12%, for 150C. It is seen that the calculated values agree well with the original data. In 

the low and high hydrogen fraction regions the model coded in SPECTRA gives higher (thus 

more conservative) flame speeds than the original model. 
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Figure 11-23 Laminar flame velocities, T = 25C - 250C, [16] 

 

Figure 11-24 Laminar flame velocities, T = 25C - 250C, SPECTRA 
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Figure 11-25 Laminar flame velocities, T = 50C, [16] 

 

Figure 11-26 Laminar flame velocities, T = 50C, SPECTRA 
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Figure 11-27 Laminar flame velocities, T = 150C, [16] 

 

Figure 11-28 Laminar flame velocities, T = 150C, SPECTRA 
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Figure 11-29 Laminar flame velocities, T = 1150 K, MELCOR 

 

Figure 11-30 Laminar flame velocities, T = 1150 K, SPECTRA 
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Figure 11-29 and Figure 11-30 show comparison of the model coded in SPECTRA with the 

results obtained from the model applied in MELCOR (the HECTR 1.5 model). The model 

applied in SPECTRA gives results similar to the HECTR 1.5 model for the gas temperature 

equal to about 1150 K. It is seen that in the low hydrogen fraction region the modification to 

the original Liu-McFarlane model provides better agreement with the HECTR 1.5 model. (In 

the original Liu-McFarlane model the flame speed decreases to zero at approximately 6% 

hydrogen fraction - Figure 11-23, Figure 11-25, Figure 11-27.) 

 

In SPECTRA one can use two options for the laminar flame velocity calculations; the current 

gas temperature in a Control Volume or a constant, user-defined temperature, may be used. 

The gas temperature in a Control Volume is an average over the whole volume, which may 

be very different from the local temperature during burn. Therefore the second option is used 

by default, with the gas temperature equal to 1150 K (see Volume 2). With this setting the 

SPECTRA model gives results similar to the MELCOR model, with MELCOR giving 

somewhat higher velocity for the practically interesting hydrogen fractions of 10 - 20% - see 

Figure 11-29 and Figure 11-30. As shown in Volume 3, this setting is more conservative, i.e. 

it gives higher flame speeds than using the CV gas temperature. 

 

• Turbulent Flame Speed 

 

When turbulence is relatively small, then the turbulent burning velocity may be estimated 

using a correction factor to the laminar burning velocity (see [17], section 10.3.4). The method 

is described below. It should be noted that this method is applied in SPECTRA only for slow 

deflagrations. In case of fast turbulent deflagrations a different method is used, described in 

section 11.4.2. The turbulent burning velocity, vtur, may be related to the laminar burning 

velocity, vlam, using one of the following expressions: 

 

),(

),(

lamlamtur

turlamtur

vqgvv

vqfvv

=

=
 

 

where f(q, vtur), g(q, vlam) are functions depending on turbulent kinetic energy density, q, and 

either turbulent or laminar flame velocities. 

 

For isotropic turbulence the kinetic energy density, q, is given by the following expression 

[17]: 

2)'(
2

3
vq =  

 

where v’ is the turbulent velocity, (m/s). 

 

The function g(q, vlam) is used in the present model, since it allows to obtain explicit expression 

for vtur. Several expressions have been proposed for the function g(q, vlam). Two correlations 

are used by the present model. The Klimov correlation [18] is: 

 

( ) 7.0

/),( lamlam vqCvqg =  
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where C is a constant. The recommended value of C is 2.4 [17]. 

 

With the Klimov correlation the turbulent velocity approaches zero when the turbulent energy 

approaches zero. In reality the turbulent velocity should approach the laminar velocity in such 

case. This is achieved by using a second correlation, described below. 

 

The second correlation built into the SPECTRA model has the following form [17]: 

 
2/1

2 ))/2()3/8(11(
2

1
),( 








++= lamlam vqCvqg  

 

The constant C in the above formula has been set to the same value as that recommended for 

Klimov correlation. The value of this constant has little practical meaning since, as shown 

below, this correlation is applied for low turbulence, where the value of g is close to 1.0. 

 

To obtain the turbulent flame speed the code selects the correlation which gives the larger 

value of vtur. In practice this means that the Klimov correlation is used for large turbulent 

velocities, while the second correlation is used for small turbulent velocities. Figure 11-31 

shows g(q, vlam) for turbulent velocities from 0 to 5 m/s. The Klimov correlation is used for v’ 

larger than approximately 0.2 m/s. 

 

 

Figure 11-31 Influence of turbulence on flame speed 
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To apply the above correlations one needs to know the turbulence energy, q, which is 

determined by the turbulent velocity, v’. The Control Volume Package in SPECTRA code 

does not calculate the turbulent velocities. Only average CV velocities are available in the 

code. To obtain an estimation of turbulent velocities a series of CFD calculations have been 

performed with the STAR-CD 3.10 code, for a geometry representative for a containment 

compartment. The results of CFD calculations were plotted to correlate an average gas 

velocity in a compartment with the maximum local gas velocity, and the maximum local 

velocity with the maximum turbulent velocity. The main results are shown in Figure 11-32 

and Figure 11-33. 

 

Figure 11-32 shows local velocities for several different cases characterized by different 

average velocities and different gas temperatures. It is seen that the maximum local velocity 

can be approximated by a line: 

 

vCv = 1max
 

 

where vmax is the maximum local velocity, v  is the average velocity, and C1 is a constant, 

approximately equal to 8.0. 

 

Figure 11-33 shows turbulent velocities plotted versus maximum local velocities. The relation 

between these quantities can be approximated by a line: 

 

max2' vCv =  

 

where C2 is a constant, approximately equal to 0.45. 

 

The values of constants C1, C2, are entered in input data separately for each Control Volume 

(Volume 2). The default values are 8.0 and 0.45 for C1 and C2 respectively. The turbulent 

velocity in a Control Volume is obtained in the program from: 

 

22

21' verhor vvCCv +=  

 

vhor horizontal velocity of atmosphere gas in a Control Volume, (m/s) 

vver vertical velocity of atmosphere gas in a Control Volume, (m/s) 

 

The method of calculating average CV velocities in horizontal and vertical directions are 

described in section 2.5. 
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Figure 11-32 Maximum local velocity versus average velocity 

 

 

Figure 11-33 Maximum turbulent velocity versus maximum local velocity 
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11.4.2 Flame Velocity During Fast Turbulent Deflagrations 

 

During fast turbulent deflagrations the flame propagates with supersonic velocity. The flame 

velocities are typically above 500 m/s [12]. The SPECTRA code calculates the flame velocity from 

a correlation developed based on data shown in [14], section 2. For conservatism the upper limit 

velocities were used. The correlation is: 

 
2

22 HHFTD xCxBAv ++=  

 

where A, B, C are constants, equal to: 

 

• A =   +300.0 

• B = +6500.0 

• C = –7000.0 

 

For additional conservatism a lower limit of 500.0 m/s is imposed on the values obtained from the 

above correlation. The calculated flame velocities are shown in Figure 11-34. The maximum values 

of flame velocities selected from the data reported in [14] are shown for comparison. 

 

 

 

Figure 11-34 Flame velocity, fast turbulent deflagrations 
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11.4.3 Flame Velocity During Detonations 

 

The detonation velocity is calculated in the SPECTRA code from a correlation developed based on 

data shown in [15], Chapter VIII, table 4. The correlation is: 

 

20det HTp fffvv =  

 

in the above formula v0 is a constant, equal to 2790.0 m/s, while fp, fT, fH2 are functions, taking into 

account the influence of pressure, temperature, and gas composition, respectively. The functions  fp, 

fT, fH2 are given by: 

( )
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p pressure, (Pa) 

T temperature, (K) 

xH2 hydrogen mole fraction, (-) 

 

The detonation velocities calculated from the above correlation are shown in Figure 11-35, Figure 

11-36, and Figure 11-37. The figures show also measurement data, reproduced from [15]. The 

discrepancies between the developed correlation and the experimental data from [15] are within 1-

2%, except for the region of 80-90% hydrogen fractions, where the discrepancies are 6-7%. This 

region is however not interesting from the practical standpoint. 

 

Figure 11-35 Detonation velocity, 2H2 + O2 mixtures 
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Figure 11-36 Detonation velocity, p = 1 bar, T = 373 K, influence of H2 

 

 

Figure 11-37 Detonation velocity, p = 1 bar, T = 373 K, influence of N2 
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11.5 Combustion Completeness 

 

The combustion process does not have to be complete, that is not all hydrogen has to be burned. 

The term combustion completeness is used to determine the amount of combustible gases at the end 

of combustion. With hydrogen being the only combustible gas, the combustion completeness, CC, 

is defined as follows. 

0

2

21
H

EOB

H

x

x
CC −=  

 

where EOB

Hx
2

 is the hydrogen mole fraction at the end of burn, (-), and 0

2Hx  is the initial hydrogen 

mole fraction, (-). Two options are available to calculate combustion completeness. A correlation 

from HECTR 1.5 [6] correlation, which is also applied in the MELCOR code, gives combustion 

completeness as a function of initial hydrogen fraction, as: 

 

)0375.0(4.23 0

2
−= HxCC  

 

The following lower and upper limits are imposed on the value obtained from the above correlation: 

 
999.0001.0 CC  

 

The values of CC obtained from the above correlation are plotted in Figure 11-38. 

 

 

 

Figure 11-38 Combustion completeness. 
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As a second option, a constant value of CC, defined by the user, may be used. Default selection is a 

constant value of 0.99, thus nearly a complete combustion. This is done to obtain conservative loads 

during hydrogen combustion. 

 

Hydrogen burn is finished when the hydrogen concentration falls below the value determined by the 

selected combustion completeness, namely: 

 

)1(0

22
CCxx HH −=  

 

An additional check is made if the mixture is combustible. If the mixture is combustible, then the burn 

continues in spite of the value obtained from combustion completeness criterion. Inclusion of this 

additional check was motivated by an observation that in spite of the hydrogen depletion the gas 

mixture may still be flammable, because at high temperatures the flammability limits significantly 

change (see Figure 11-4). Termination of burn when the mixture is still flammable would result in 

burn starting again in the following time step. The burn would then go off and on in subsequent time 

steps. To avoid this un-physical behavior, the burn stops only when both combustion completeness 

criterion and inflammable gas criterion are satisfied - see Volume 3. Note that in codes like MELCOR 

such behavior is not a concern, because the temperature dependence of the flammability limit is not 

taken into account. 

 

A weakness of the combustion completeness correlation is the fact that it is not temperature dependent. 

Therefore it is not used in the program by default, but as an optional model. For conservative analyses 

the default value of CC (0.99) should be used. For more realistic calculation a small value of CC may 

be selected (for example 0.1). In such case the burn will continue as long as the gas mixture is 

flammable. 

 

 

11.6 Shock Waves During Fast Turbulent Deflagrations and Detonations 

 

During fast turbulent deflagrations and detonations the flame propagates with supersonic velocities. 

In such case a shock wave is created, which poses a significant threat to containment integrity. 

Detailed analysis of shock waves is rather complex. CFD calculations are needed to calculate 

mechanistically the shock wave propagation and peak pressure. In the SPECTRA model the shock 

wave pressure is estimated in a simplified way, described below. 

 

The shock wave pressure is calculated using the equation derived for a perfect gas mixture. The 

shock wave pressure, pSW, is obtained from the following formula ([11], section 6.4): 

 








 −
−

+
=







 1
2

1

2MaCpp MSW  

 

γ ratio of specific heats, cp/cv, (-) 

Ma Mach number, equal to the flame speed (calculated as described in sections 11.4.2, 11.4.3), 

divided by the speed of sound, (-) 

p pressure behind the shock wave, (Pa) 

CM optional multiplier, (-) 
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The pressure behind the shock wave, p, is assumed to be equal to the current Control Volume 

pressure, calculated by the code. The speed of sound is calculated for the current gas conditions in 

a Control Volume. 

 

The multiplier CM is provided for additional conservatism. The default value is 1.4 (see Volume 2). 

With this value the shock wave pressure estimation is roughly 40% larger than would be obtained 

from the ideal gas equation. Use of this rather large multiplier is considered necessary, because of 

the relatively simple method used to estimate the shock wave pressure. 

 

 

11.7 Flame Propagation Between Control Volumes 

 

If a burn occurs in one Control Volume, the flame may propagate to the neighboring Control 

Volumes if certain conditions are satisfied. The method of calculating flame propagation between 

Control Volumes is described in this section. 

 

For each junction connected to a given Control Volume the user specifies a propagation distance, 

Lprop. Default value of Lprop is equal to 80% of the burn characteristic dimension (see Volume 2). A 

flame may propagate to a neighboring Control Volume if the current flame propagation length, 

Lflame, is larger than Lprop: 

 =

t

t

propflameflame LdttvL

0

')'(  

 

In the above equation vflame(t’) is the flame velocity at time t’. The integration is performed from the 

time of the start of burn, t0, to the current time, t. 

 

If Lflame  Lprop then the program checks the flammability limit in the neighboring Control Volume. 

The flammability limits are different in case of upward propagation and downward propagation (see 

section 11.2.2, Figure 11-4). In case of a vertical junction, the upward propagation limit is used if 

the flame has to propagate upwards to reach the neighboring Control Volume, and the downward 

propagation limit is used if the flame has to propagate downwards to reach the neighboring Control 

Volume. In case of horizontal junctions, the average value of the upward and the downward 

propagation limits is used. 
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12 Radioactive Particle Transport Package 

 

12.1 Introduction 

 

The Radioactive Particle Transport Package calculates transport of fission products, including: 

• aerosol transport, deposition, and resuspension, 

• fission product release, transport, condensation, sorption on surfaces, diffusion inside solid 

surfaces. 

 

SPECTRA is basically a thermal-hydraulic tool, not a severe accident tool, such as for example 

MELCOR [46]. SPECTRA is foreseen for thermal-hydraulic analyses, including temporary core 

uncovery, leading to oxidation of cladding due to metal-steam reaction and limited release of fission 

products. For example, in some cases of LOCA in a LWR reactor the core can be uncovered for a 

sufficiently long time to heat up the fuel elements and release some of the most volatile fission 

products. SPECTRA is also applicable for analyzing release and transport of radioactive fission 

products during normal operation. For example, in case of HTR/PBMR reactors a significant amount 

of dust is generated due to pebble-to-pebble scratching. The radioactive fission product release, 

although small during normal operation, may eventually pose a threat to the environment because they 

will be attached to the dust particles and deposited throughout the primary system. In case of LOCA 

the large amount of radioactive dust can therefore be released to the environment. 

 

Because SPECTRA is foreseen for different applications than MELCOR, the treatment of the 

radioactive isotopes is somewhat different.  

 

• MELCOR, which is a severe accident code, models the whole core inventory of radioactive 

isotopes. They are divided into fission product classes, each class combining radioactive 

isotopes with similar properties. The radioactive decay of isotopes is not modeled (although 

the decay heat is taken into account). Thus for example if a certain total mass of the Iodine 

class is present initially in the core, this mass will be conserved (the iodine will not decay to 

form Xenon, etc.) This is a necessary simplification resulting from the huge amount of 

isotopes that need to be tracked in case of a severe accident. 

• In SPECTRA only a limited number of radioactive isotopes is tracked. Since SPECTRA is 

not a severe accident code, there is no need to define the full core inventory. In case of normal 

operation or design accidents only a few isotopes are important. These isotopes can be tracked 

in SPECTRA in a more detail, including transformation of isotopes resulting from the 

radioactive decay. The isotope transformations are calculated using the isotope chains, such 

as those described in Chapter 9. 

 

Compared to MELCOR, SPECTRA has a few advantages related to aerosol behavior, like: 

 

• Decay of radioactive isotopes is tracked. 

• Models exist applicable to circulating fuel (molten salt reactors). 

 

Summarizing, concerning the radioactivity transport, MELCOR can do more (core melt-down, 

release of all radioactive isotopes) but with smaller accuracy, while SPECTRA can do less but with 

more accuracy (isotope decay chains). 
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12.2 Aerosol Dynamics 

 

The aerosol particles, which in general are very different in size, are represented in the code using 

discrete size sections, described in section 12.2.1. The aerosol dynamics equation is presented in 

section 12.2.2, while the coagulation kernels are described in section 12.2.3. The aerosol dynamics 

equation is very similar to that from MELCOR, but in SPECTRA it is formulated in terms of particle 

density rather than particle mass. The aerosol dynamics calculations are performed using inter-volume 

aerosol transport, calculated as described in section 12.2.4, deposition of the aerosol particles on solid 

structures and water pools, described in section 12.2.5, and resuspension, described in section 12.2.7. 

Aerosol removal by pool scrubbing and by an aerosol filter is described in section 12.2.9 and 12.2.10 

respectively.  

 

12.2.1 Aerosol Size Distribution 

 

The aerosol particles are discretized into size sections. Each size section is characterized by its 

characteristic (average) particle size, diameter, shape factors, etc. The maximum number of aerosol 

size sections is 20. By default 5 sections are used with the following average parameters: 

 

 

 

Table 12-1 Default aerosol size sections. 

 

 

Parameter 

Size Section 

1 2 3 4 5 

Diameter, dp, m 1.0×10–6 3.0×10–6 1.0×10–5 3.0×10–5 1.0×10–4 

Volume, Vp, m3 5.2×10–19 1.4×10–17 5.2×10–16 1.4×10–14 5.2×10–13 

Dynamic shape factor, χ 1.0 1.0 1.0 1.0 1.0 

Agglomeration shape factor, γ 1.0 1.0 1.0 1.0 1.0 

 

 

 

 

Note that in contrast to MELCOR each size section is characterized by a single (representative) 

particle diameter. The aerosol dynamics parameters (agglomeration kernels, deposition velocities, 

resuspension, etc.) are calculated for each size section using these representative diameters. In 

MELCOR on the other hand the size sections are determined by specifying the minimum and the 

maximum diameters. When SPECTRA results are compared to MELCOR the user must therefore 

be aware how the minimum/maximum diameters from MELCOR translate into the representative 

values for SPECTRA. This issue is discussed in detail in Volume 3. 
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12.2.2 Aerosol Dynamics Within a Single Control Volume 

 

For each Control Volume the aerosol dynamics equation is written in terms of aerosol particle 

density, expressed in particles per cubic meter. Before the aerosol dynamics equation is given, some 

basic definitions are presented. 

 

Definitions 

 

In the following discussion the density of particles of the size i is denoted as: 

 

• ni number of aerosol particles of section i per cubic meter, (1/m3). 

 

The coagulation kernel is expressed in the corresponding units: 

 

• Kij coagulation kernel, (m3/s). 

 

The coagulation kernel represents the collision frequency, i.e. the number of collisions per second 

and per cubic meter for the particle densities equal to one. The total number of collisions is equal to 

([74], section 4.1): 

 

• Kij · ni · nj number of collisions per second, per unit volume, for particles 

of section i colliding with particles of section j (i  j), (1/m3-s). 

 

The above formula is valid for distinguishable particles (that is if ij). If the colliding particles are 

indistinguishable (that is if i=j), then every collision is counted twice and therefore the total number 

of collisions is given by: 

 

• ½·Kii·ni·ni number of collisions per second, per unit volume, for particles 

of section i colliding with particles of section i, (1/m3-s). 

 

If every collision resulted in removing the particle from its section, then the rate of removal of 

particles due to collision would be given by the above expressions. This is however not the case for 

arbitrary size sections. For example, in the default settings the volume of the size section 2 is about 

27 times larger than the volume of the size section 1 (see Table 12-1). Therefore one needs 26 

collisions before a single particle of section 2 is created. This fact is introduced in the model by 

defining the section transfer probabilities 

 

• Pijk probability of the fact that a collision of particles from section i with a 

particle from section j will result in creating a particle from section k. 

 

It may easily be shown that the amount of collisions to create a particle of a given size is always the 

same, independently of how the collisions proceed. For example, suppose there are two size 

sections, with the volumes of the section 1 and 2 equal to 1.0 and 4.0 respectively (in an arbitrary 

unit). The collisions may proceed as follows: 
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1                                         or:     1 

   > 2                                               > 2 

1                                                   1       > 3 

             > 4                                        1       > 4 

1                                                               1 

   > 2 

1 

 

In each case exactly three collisions are needed to form a particle of the section 2. (A formal proof 

that the number of collisions is always the same may be given by considering mass balance of 

colliding particles.) In general, the number of collisions is given by the following formula: 

 

ave

avek

V

VV
N

−
=  

 

where Vk is the volume of the size section k (the final particle), and Vave is the average volume of 

the size sections i, j (the colliding particles), given by: 

 

)(
2

1
jiave VVV +=  

 

In the example presented above Vave = 1.0, and N = ( 4.0 – 1.0 ) / 1.0 = 3.0. 

 

The probability of transfer to the next section is of course equal to the inverse of the required number 

of collisions, so: 

 

avek

ave

ijk
VV

V
P

−
=  

 

This formula is valid for transfer to a higher section, i.e. k > min(i, j). In order to calculate the 

probability of a particle remaining at the same section after collision one needs to take into account 

the fact that the final particle must be placed in some size section. This condition is written as: 

 

0.1=
k

ijkP  

 

The above equations allow to calculate all probabilities for all size sections. In the example 

presented above the probability of transfer from section 1 to 2 is equal to P112 = 1.0/(4.0–1.0) = 

0.333, while the probability of remaining at the same section is P111 = 1.0 – 0.333 = 0.667. The code 

calculates internally all probabilities and prints them in the output file during input processing. 

 

Using the section transfer probabilities the effective number of collisions that result in particle 

transfer to section k is written as: 
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• Kij · Pijk · ni · nj number of particles of size section k, created per 

second, per unit volume, by collisions of particles from the sections i 

and j, (1/m3-s). 

 

Agglomeration 

 

First, let’s calculate how many particles are removed from a given section due to collisions. Particles 

of section k collide with particles from all sections, including k. The total number of collisions 

resulting in removal of particles from section k is therefore equal to the sum: 

 




−+−
ki

kiikkikkkkkkkk nnPKnnPK )1()1(
2

1
 

 

Where Pikk is the probability that after the collision of particles i and k, the resulting particle will 

remain in section k. The term with Kkk is written separately, because it must be multiplied by 1/2 

(see the discussion of the coagulation kernel above). 

 

The total number of particles of section k removed from this section is equal to: 

 

• Number of collisions, in case of collisions with other particles,   i  k. 

• Twice the number of collisions, in case of collisions with the same particles, i = k. 

 

Therefore the removal of particles from the size section k is given by: 

 


=

−=
N

i

kiikkik nnPKkemovalR
1

)1()(  

 

Next, let’s calculate the source of particles in the section k due to all collisions. The particles of the 

size section k can be produced by collisions of all sections smaller than k, with particles smaller than 

k as well as k itself. Therefore it is obtained from the following double sum: 

 


+=

−

=

+
k

ij

jiijkij

k

i

iiiikii nnPKnnPK
1

1

12
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Particles k colliding with k cannot give source to k, so the first sum is restricted to k–1. Double 

counting of collisions is avoided by starting the second sum from i. The first term (j = i) is written 

separately before the double summation, since this term must be multiplied by ½ (see the discussion 

of coagulation kernel above). 

 

In order to calculate the number of particles created in the section k, let’s first consider again the 

example case with two size sections, with section volumes of 1.0 and 4.0. Suppose there are 100 

collisions among the particles of the smaller section (1.0) leading to creation of particles of the 

higher section (4.0): ½ ·K11 ·P112 · n1 · n1 = 100. The number of particles removed from the lower 

section is 200 (two particles are removed per singe collision). The total volume of the removed 

particles is 200·1.0 = 200. The particles of the higher section have the volume of 4.0; therefore the 

number of produced particles is equal to 200 / 4.0 = 50. 
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In general, the number of produced particles is obtained by multiplying the number of collisions by 

the ratio of volumes: (Vi + Vj)/Vk : 
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The above formula is wrong for one special case, when i is colliding with k to form k (j = k). In such 

case using the volume ratio of (Vi + Vk)/Vk would be wrong because the particles k were already in 

this section so they do not contribute to the source. Therefore for this particular case the ratio Vi/Vk 

must be taken instead of (Vi + Vk)/Vk. A general expression can be written as: 
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The summation over j is now performed from 1, so the collisions are counted twice (i with j and j 

with i) but each time only the volume of one of the colliding particles (particles i) contribute to the 

source. The first term (ii) may be written as: Kii Piik ni ni (Vi/Vk), and inserted into the summation. 

The final expression for the agglomeration source for section k becomes: 
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Correctness of the above expressions is easiest verified by checking if the total mass of aerosols is 

conserved during the coagulation process. SPECTRA prints out the total aerosol mass and the mass 

conservation was checked in multiple test runs, shown in Volume 3. 

 

Aerosol Dynamics Equation 

 

Within a single Control Volume the aerosol dynamics equation is written as: 
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 nk concentration of aerosols of the size section k, (1/m3) 

 SE external source (user-defined tabular or control functions), (1/m3-s) 

 SR source due to fission product release, (1/(m3-s) 

 D removal due to all deposition mechanisms, (1/(m3-s) 

 R source due to resuspension of deposited aerosols, (1/(m3-s) 

 F net source due to inter-volume flows (transport of particles with the gas flow), 

(1/(m3-s) 

 

The first and the second term on the right hand side of the above equation represent the source and 

the removal of particles due to agglomeration, described above. 
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The above equation is written in a finite difference form, by replacing the derivative by the 

difference: 

t

nn

dt

dn kkk



−
=

0

 

 

 nk particle concentration, new value (1/m3) 

 n0
k particle concentration, old time step value (1/m3) 

 Δt time step size, (s) 

 

In order to solve the equation in an implicit way the right hand side terms need to be written using 

nk, rather than the old (known) value, n0
k. As a consequence one obtains a non-linear set of equations. 

In MELCOR this equation set is solved using the Runge-Kutta method. In SPECTRA a different 

approach is adopted. The non-linear coagulation terms are linearized. The linearized product of 

particle densities is written as: 
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As a result one obtains a linear set of equations, which is then easily solved by one of the standard 

solver (see section 17.4). A large amount of test runs performed showed that this method provides 

a fast and stable solution even with very large time steps. 

 

After linearization the finite difference version of the aerosol dynamics equation is: 
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This equation is rearranged to give: 
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The above set of equations can be written shortly in a matrix form: 

 

BNA =  

 

where N is a vector of unknown particle concentrations, ni, A is a square matrix, and B is a vector of 

right hand side quantities. The elements of matrix A are equal to: 
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where δki is the Kronecker delta: 
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and X1 X2 are the following sums: 
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The elements of vector B are equal to: 
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n
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The aerosol dynamics equation derived for application in the SPECTRA code is somewhat different 

from the equation used by the MAEROS code, adopted in MELCOR [46]. The equation used in 

MELCOR is written for aerosol mass densities. In SPECTRA the aerosol number concentrations 

are used. Because of that, the coagulation kernels are given by formulae shown in the literature, 

without a need of using conversion factors (see section 12.2.3). Also section-to-section transfer is 

calculated in MELCOR using a somewhat different method than the presented above concept of the 

section transfer probabilities. It was verified that in spite of the differences in the equation 

formulation both codes give very similar results. A simple coagulation test is shown in Volume 3, 

where SPECTRA results are compared to MELCOR results as well as results of simple hand 

calculations, finding a good agreement for all calculations. Comparisons between SPECTRA and 

MELCOR were performed for a large number of more complex cases, and good agreement was 

found (see Volume 3). 
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12.2.3 Aerosol Coagulation 

 

When two aerosol particles collide, they can combine to form a larger particle. This process is 

known as coagulation or agglomeration. The aerosol particles are usually not spherical, and the 

effective densities may be significantly smaller than the bulk density of the materials of which the 

aerosols are composed. In aerosol codes, these effects are taken into account by using a formalism 

based on fully dense spherical aerosols modified through the use of the coagulation shape factor, γ, 

and the dynamic shape factor, χ. Unit values of the shape factors correspond to dense aerosols of 

spherical shape, while porous spherical agglomerates lead, in theory, to values greater than unity. 

Highly irregular aerosols can have shape factors substantially greater than unity. 

 

Some experimental work on irregularly shaped aerosols was carried out by Kunkel [77] and is 

reproduced in [74] (page 54). The data is shown in Table 12-2. The second and third columns present 

data reproduced from [74]. The dynamic and the agglomeration shape factors are presented in the 

next two columns. They were calculated from the data in the previous two columns, using the 

equations shown in [74]. The equations are not valid for short agglomerates; therefore the shape 

factors are not exactly 1.0 in the first case. 

 

 

Table 12-2 Linear chain aerosols. Adopted from [74]. 

Arrangement Equal volume 

radius, 

rE, (mm) 

Equal fall 

velocity radius, 

rS, (mm) 

Dynamic 

shape factor 

(-) 

Agglomeration 

shape factor 

(-) 

o 

oo 

ooo 

oooo 

ooooo 

1.00 

1.51 

1.72 

1.95 

2.40 

1.20 

1.40 

1.50 

1.56 

1.64 

0.97 

1.16 

1.31 

1.56 

2.22 

0.95 

1.01 

1.30 

1.60 

2.66 

 

 

 

The shape factors are defined in SPECTRA separately for every aerosol size section (see Volume 

2). This approach is deemed more appropriate than using the same value for all size sections, as it 

is done in MELCOR. 

 

The coagulation kernel is calculated in SPECTRA taking into account three mechanisms: 

 

• Gravitational coagulation, Kgrav 

• Brownian coagulation, KBrown 

• Turbulent coagulation, Kturb 

 

The total coagulation kernel is calculated assuming that the three kernels may be added, similarly 

as in most aerosol codes: 

 

turbBrowngrav KKKK ++=  
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The individual coagulation kernels are discussed below. 

 

12.2.3.1 Gravitational Coagulation 

 

The gravitational coagulation kernel is calculated from the following formula ([74], section 4.3): 

 

( )

( ) 212211

212211

785.0

4

vvdd

vvddK grav

−+=

=−+=







 

 

 ε collision efficiency, (-) 

 d1 diameter of particle 1, (m) 

 d2 diameter of particle 2, (m) 

 γ1 coagulation shape factor, particle 1, (-) 

 γ2 coagulation shape factor, particle 2, (-) 

 v2 gravitational settling velocity, particle 1, (m/s) 

 v2 gravitational settling velocity, particle 2, (m/s) 

 cs particle sticking coefficient, (-) 

 

The formula presented in [74] is valid for spherical particles. Compared to this formula, the 

agglomeration shape factors, γ1 and γ2 , were introduced here, following [46]. The particle diameters, 

the shape factors, as well as the sticking coefficient are user-defined parameters (see Volume 2). 

The default values of particle diameters and shape factors are given in Table 12-1. The default value 

of the sticking coefficient is cs = 1.0. The same value is used in MELCOR [46]. The default value 

is in agreement with the data shown in literature [78], [79]. 

 

The gravitational settling velocity calculation is described below (section 12.2.5). The collision 

efficiency is calculated in SPECTRA using one of three available models: 

 

• Model of Fuchs, approximation for d1 « d2 ([74], section 4.3): 

 
2

21

15.1 








+
=

dd

d
  

 

• Model of Fuchs, exact formula ([74], section 4.3): 
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dd
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• Pruppacher-Klett ([74], section 4.3): 
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dd

d
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Figure 12-1 Comparison of the collision efficiency models with experimental data. 

 

 

 

Results of all three models are shown in Figure 12-1, together with a number of experimental data 

points. The default model is 1 (see Volume 2). MELCOR uses the same model. 

 

12.2.3.2 Brownian Coagulation 

 

The Brownian coagulation kernel is calculated using one of three available models: the diffusion 

model, the slip flow model, and the Fuchs model. By default the slip model is used (see Volume 2). 

The three available models are shortly described below. 

 

• Diffusion Model 

 

The Brownian coagulation is given by the following formula ([74], section 4.2.1): 
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 kB Boltzmann constant (= 1.38×10–23), (J/K) 

 T temperature, (K) 

 μg gas viscosity, (kg/m/s) 

 

• Slip Flow Model 

 

The Brownian coagulation is given by the following formula ([74], section 4.2.3): 

 

( )

( )2211
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2

11

124

2211

22

2

11

1

102.9

3

2

dd
d

C

d

CT

dd
d

C

d

CTk
K

mm

g

mm

g

B
Brown







+







+=
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 Cm1 Cunningham correction factor, particle 1, (-) 

 Cm2 Cunningham correction factor, particle 2, (-) 

 

The Cunningham correction factor is calculated from ([75], section 2.6, equation 2.57): 

 

















−++=

Kn

A
AAKnCm

3
21 exp1  

 

Where Kn is the Knudsen number, equal to twice the mean free path divided by the particle diameter 

(Kn = 2 l / d), and Ai are user-defined constants, with the default values (see Volume 2): 

 A1 = 1.257 

 A2 = 0.4 

 A3 = 1.1 

 

The mean free path, needed for the Knudsen number calculation, is given by ([21], section 9.7.3): 

 

RTTR

M
l

g

g

mg

g 1
25.1

2
==








 

 

 μg gas viscosity, (kg/m/s) 

 ρg gas density, (kg/m3) 

 Rm universal gas constant (=8314.51), (J/kmol/K) 

 R individual gas constant, (J/kg/K) 

 M gas molar weight, (kg/kmol) 

 T temperature, (K) 
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• Fuchs Model 

 

The Brownian coagulation is given by the following formula ([74], section 4.2.4): 

 

( ) ( )
( )

( ) 1221

2,1,

1221

21

2,1,2211

8

2

2

vdd

DD
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where DC,i is the diffusion coefficient, given by ([74], section 3.1): 

 

ig

B
iC

d

Tk
D

3
, =  

 

The formula presented in [74] is valid for spherical particles. Compared to this formula, the 

agglomeration shape factor, χi, and Cunningham correction factor, Cm,i, were introduced, following 

[46]. The final expression used in SPECTRA is: 

 

im

iig
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24

, 10464.1


−=  

 

The particle relative velocity, v12, is given by: 

 

2

2

2

112 vvv +=  

 

The individual velocities of particles 1 and 2 are equal to: 
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1210192.8
8

iii

B
i

d

T
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−==  

 

 kB Boltzmann constant (= 1.38×10–23), (J/K) 

 T temperature, (K) 

 mi mass of particle i, (kg) ( = ρi π/6 di
3 ) 

 ρi density of particle i, (kg/m3) 

 di diameter of particle i, (m) 

 

The symbol g12, represents the characteristic distance for coagulation of particles 1 and 2, and is 

given by: 

2

2

2

112 ggg +=  

 

The individual characteristic distances for particles 1 and 2 are determined by: 

 

( ) ( )  iiiii
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i dLdLd
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3

1  
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Figure 12-2 Brownian coagulation – comparison of models, d2 = 10–6 m 

 

 

 

Finally, L is the characteristic travel distance, given by: 
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Summarizing, there are three optional models for Brownian coagulation kernel calculation. These 

are the diffusion model, the slip flow model, and the Fuchs model. The Fuchs model is expected to 

be the most accurate one, and is therefore selected by default. The diffusion model is not valid for 

very small particles. This is clearly seen in Figure 12-2, comparing the three models. For particles 

smaller than 10–6 m the diffusion model predicts too low coagulation kernel. 

 

The coagulation kernel, as calculated from one of the three available models, is multiplied by the 

sticking coefficient, cs, to obtain the Brownian coagulation kernel. This is done to be consistent with 

the two other coagulation models. Therefore the user can deactivate the whole coagulation model 

by simply setting cs to zero. Note that MELCOR uses the sticking coefficient differently, as a 

multiplier for the term (d1+d2) v12 (see [46], RN Package Reference Manual, Appendix B). With this 

approach the user cannot set cs to zero. 
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12.2.3.3 Turbulent Coagulation 

 

The turbulent coagulation is calculated from ([46], RN-RM, Appendix B): 

 

2

2

2

1 KKcK sturb +=  

 

The term K1 represents turbulent diffusion coagulation, and is given by ([74], sec. 4.6, eq. 4.114): 

 

( )321

2/1

1
15

8
rrK

g

Tg
+














=




 

 

The coagulation shape factors are added, following [46], and the radius r is replaced by the diameter 

d: 
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Here εT is the turbulence dissipation rate, (m2/s3), other symbols were explained above. The 

turbulence dissipation density is, similarly as in MELCOR, a user-defined parameter, with the 

default value of 0.001. However, in contrast to MELCOR, in SPECTRA εT is not a constant number, 

but a function of Reynolds number. The Re dependence is shown in Figure 12-3. 

 

 

 

Figure 12-3 Turbulence dissipation rate 
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The limiting Reynolds numbers, Relam, Retur, are user-defined, with default values of 2200 and 10000 

respectively. Thus the turbulent coagulation does not occur in stagnant atmosphere and in laminar 

flow. 

 

The term K2 represents inertial coagulation, and is given by ([74], sec. 4.11, eq. 4.253, 4.270): 

 

( ) 21
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−+














= rrCK
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where C is equal to 6.2 (equation 4.253), or 5.51 (equation 4.270), and τ is given by [74]: 
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2 2 
=  

 

 ρp density of aerosol particles, (kg/m3) 

 ρg density of gas, (kg/m3) 

 μg viscosity of gas, (kg/m/s) 

 r particle radius, (m) 

 

The expression for τ is substituted into the formula for K2. The radius r is replaced by the diameter 

d, and the coagulation shape factors are added, following [46]. The Cunningham factors and the 

dynamic shape factors are added in τ, following [46]. The resulting formula is: 

 

( )

( )
2

2

22,

1

2

11,2

22114/5

4/34/1

2

2

22,

1

2

11,2

22114/5

4/34/1

2

086.0

169

2
















dCdC
dd

dCdC
dd

C
K

mm

g

Tg

p

mm

g

Tgp

−+













=

=−+
















=

 

 

Where the constant 0.086 was calculated using C=6.2. Note that in MELCOR the constant is 

0.04029 instead of 0.086 (compare [46], RN Package Reference Manual, Appendix B). Thus in 

MELCOR the multiplier on K2 is about twice smaller than in SPECTRA. In spite of that all tests 

show that in MELCOR the coagulation proceeds somewhat faster than in SPECTRA – see Volume 

3. The reason for this fact is unclear. 
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12.2.4 Aerosol Transport (Inter-Volume Flows of Aerosols) 

 

In order to calculate the particle transport through Control Volumes an implicit formulation is 

needed. The aerosol package often needs to be executed with very large time steps: see Volume 3, 

Analysis of Dust Transport and Deposition in PBMR. The runs shown there were performed using 

stationary flow solution. The flow solution was frozen; the Courant limit was deactivated, and the 

time step was set at 1000 s. The CV’s in the PBMR model are of the size ~1 m2, (~5 kg of gas), 

while the stationary flow is ~200 kg/s. Therefore the mass of dust transported through a CV during 

a time step is extremely large compared to the mass of dust present within a CV. In stationary 

conditions the ratio of those two numbers (the same as the ratio of gas masses) is: 

 

000,40
5

000,200

5

1000/200
==



kg

sskg  

 

The large time step (1000 s) was needed in order to run the simulation for a long time (1 year), since 

deposition of dust is very slow. In “normal” calculations the Courant limit restricts the time step to 

such a value that the quotient is ~1 (in the present example it would be ~5/200 = ~10–2 s). For the 

frozen flow solution the Courant limit does not exist of course, but still the development of the dust 

concentrations must be accurately calculated. 

 

Therefore the following requirement was set for the aerosol flow solution – the aerosol flow solution 

must be able to find an accurate solution, independent and insensitive to the applied time step, for 

the time steps that exceed the Courant limit by several orders of magnitude. 

 

The derivation of the aerosol balance equation, shown below, concerns a single size section. The 

same equation is solved for every size section. In order to limit the amount of subscripts in the 

discussion that follows, the subscript indicating the size section has not been used. It should be clear 

to the reader that all parameters introduced below are specific to a single size section. 

 

Aerosol particles are transported between Control Volumes with fluid flows, including both 

atmosphere gas flow and pool flows. The aerosols are assumed to have velocities that are related to 

the fluid velocities by using slip factors.  

 

Particle slip in atmosphere gas flow 

 

The atmosphere gas slip factor is defined as the ratio of the aerosol particle velocity to that of the 

carrier gas. The particle transport through a junction is calculated using the particle velocity, vp,l, 

defined as: 

 

gravDJNgAlp vJvSv ,, −=  

 

 SA slip factor for particle flow with the gas atmosphere, (-) 

 vg gas velocity, (m/s) 

 vD,grav deposition velocity due to gravitational settling, (m/s) 

 JJN junction direction indicator, equal to 0 for horizontal junctions, +1 for vertical up, 

and –1 for vertical-down junctions (see Volume 2, record 200XXX, IVERJN): 

 

The slip factors can be defined by the user, (separately for each size section), or calculated using 

the diffusiophoretic theory (see [46], RN RM section 2.4.2.2), as: 

 



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  525 

1

2

2

1

R

R

M
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S A ==  

 

 M1 molecular weight of gas in the upstream CV, (kg/kmole) 

 M2 molecular weight of gas in the downstream CV 

 R1 gas constant in the upstream CV, (J/kg/K) 

 R2 gas constant in the downstream CV 

 

Including the gravitational deposition velocity allows the aerosol to settle through vertical junctions 

when there is no gas flow. 

 

Particle slip and v∞ in pool flow 

 

The slip factor is defined as the ratio of the aerosol particle velocity to that of the carrier liquid. The 

particle transport through a junction is calculated using the particle velocity, vp,l, defined as: 

 

+= vJvSv JNlPlp,
 

 

 SP slip factor for the particle flow with pool, (-) 

 vl liquid velocity, (m/s) 

 v∞ vertical velocity (m/s) of a single particle in stagnant pool 

 

Including the v∞ velocity allows the aerosol to flow through vertical junctions when there is no liquid 

flow. A positive value of v∞ means that the flow will be upwards (particle density smaller than the 

density of the liquid). A negative value of v∞ means that the flow will be downwards (particle density 

larger than the density of the liquid). The user may define a constant value of v∞ or use the following 

formula: 
5.0

)(3/4
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g gravity constant, = 9.81 (m/s2) 

ρp particle density, (kg/m3) 

ρf fluid density, (kg/m3) 

D particle diameter, (m) 

CD drag coefficient, (-) 

 

The formula comes from balancing the drag force, Fd and the buoyancy force, Fb: 
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Figure 12-4 Drag coefficient for particles (also for droplets and bubbles - sec. 2.6.5) 

 

 

Figure 12-5 Measured drag coefficients CD, ∞ [205]. 
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The measured values of drag coefficient are shown in Figure 12-5. Note that the values are 

appropriate for Re → ∞. The dependence of drag coefficient on Reynolds number in the whole 

range of Re is described in section 2.6.5. The values are shown in Figure 12-4. The user can define 

the value for Re → ∞. by setting VINPRT > 100, VINFRT > 100. This is done for every size section. 

The drag coefficients are equal to: 

 

• CD,Re→∞= VINPRT – 100 (CV pool) 

• CD,Re→∞= VINFRT – 100 (pool flow through JN) 

 

Alternatively the user may define a constant value of CD (independent of Re) by setting VINPRT > 

1000, VINFRT > 1000. The drag coefficients are equal to CD = VINPRT – 1000, CD = VINFRT – 

1000. 

 

• CD = const. = VINPRT – 1000 (CV pool) 

• CD = const. = VINFRT – 1000 (pool flow through JN) 

 

For spherical particles CD = 0.47. In case of solid particles, created during coagulation, the shape 

will be very different from a sphere and this typically results in a larger CD. In case of gas particles, 

the shape will be more like the streamlined body, resulting in a smaller CD. 

 

On top of the drag coefficient correlation, a correlation specific for very small particles may be used, 

as follows.  

small

f

pfp
C

gD
v 

−
=



 )(

18

1
2

 

 

Here Csmall is the user-defined constant (CSMLCV). This correlation is applicable for very small 

particles, Dp < ~10–4 m. The best estimate value of Csmall is 1.0.  

 

Particle flow through a junction 

 

The number of particles transported through a junction per second is equal to: 

 

illp nAv ,
 

 

 vp,l velocity of particles in the junction l (in atmosphere or pool), (m/s) 

 Al fluid flow area (gas or liquid) for the junction l, (m2) 

 ni particle concentration in the source volume i (in atmosphere or pool), (1/m3). 

 

The mass of particles transported through a junction per second is equal to: 

 

i

i

llp
V

m
Av ,  

 

 vp,l velocity of particles in the junction l (in atmosphere or pool), (m/s) 

 Al fluid flow area (gas or liquid) for the junction l, (m2) 

 Vi fluid volume (gas or liquid) of the source volume i, (m3) 

 mi mass of particles in the source control volume i (in atmosphere or pool), (kg). 

 

Loss of particles due to flow out of a CV 
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The mass removal rate for a Control Volume is written for those junctions for which the flow is out 

of the control volume i. For this purpose an outgoing flow indicator is used: 

 

Oli outgoing flow indicator 

= 1: particle flow through the junction l is out of the control volume i. 

 = 0: otherwise. 

 

Using this indicator, the mass removal rate for the volume i due to flow through junction l is written 

as: 

li

i

i

llp O
V

m
Av − ,  

 

The rate of change of particles due to flow out of the volume i is obtained by summing the junction 

flows for all junctions connected to the volume i: 

 

Flow of particles out of Control Volume i = 












−

il

ili

i

lpl
mO

V

vA ,
 

 

Gain of particles due to flow into a CV 

 

The mass source rate for a Control Volume is written for those junctions for which the flow is into 

the Control Volume i. For this purpose an incoming flow indicator is used: 

 

Ili incoming flow indicator 

= 1: particle flow through the junction l is into the volume i (from the volume j). 

 = 0: otherwise. 

 

The source rate is given by: 

)1(, lli

j

i

llp I
V

m
Av −+  

 

Where the term (1 – εl) takes into account eventual aerosol removal in the junction l. This removal 

may occur in three cases: 

 

• A filter exists in the junction l; in this case εl is the filter efficiency (= εF, section 12.2.10) 

• The stream of gas enters the pool in the receiving volume; in this case εl is the overall pool 

scrubbing efficiency (= εPS, section 12.2.9). This mass is removed from the atmosphere and 

added into the pool. 

• An inertial impaction model is associated with this junction. In this case εl is the collection 

efficiency (= η, section 12.2.5.6). This mass is removed from the atmosphere and added into 

the pool. 

 

The total source of particles for all flows into the control volume i is obtained by summing junction 

flows for all junctions connected to the volume i: 
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Flow of particles into Control Volume i = 
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Using the above terms, the total mass balance for a given CV takes into account aerosol sources and 

sinks: 
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 mi mass of particles in volume i, (kg) 

 SE external source (user-defined tabular or control functions), (kg/s) 

 SR source due to fission product release, (kg/s) 

 D removal due to all deposition mechanisms, (kg/s) 

 R source due to resuspension of deposited aerosols, (kg/s) 

 K net source due to coagulation of all size sections, (kg/s) 

 

Note that the above equation is similar to the equation for the aerosol dynamics within a single 

Control Volume, shown in section 12.2.2. Here the sum given by the first two terms on the right 

hand side of the equation determines the term F, for the equation in section 12.2.2. Conversely, the 

term C, representing here the source due to coagulation, is calculated as the sum of all coagulation 

sources, given by the equation in section 12.2.2. 

 

The mass balance is written here using the particle masses, rather than the particle densities, as in 

section 12.2.2. SPECTRA is using and printing both the concentrations (1/m3) and the total masses 

(kg) within a CV (in MELCOR for example only masses are available, which makes it sometimes 

difficult to analyze the results – see the Vent test case in Volume 3). The conversion from particle 

concentrations to particle masses is: 

 

ppCV VV

m
n


=  

 

 VCV fluid volume within a CV (atmosphere or pool), (m3), 

 ρp particle density, (kg/m3), 

 Vp volume of a single particle (see Table 12-1), (m3), 

 

In order to solve the equation implicitly one needs to take into account that the deposition term is 

proportional to the particle concentrations, and consequently the particle masses. For a single 

deposition surface k, in the control volume i, the deposition rate (in kg/s) is given by: 

 

i

i
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kDkD m

V

vA

V

m
vA 









 
=

,,

,,  

 

 AD,k deposition area, (m2) 

 vD,k deposition velocity, calculated as shown in section 12.2.5, (m/s) 
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The total removal rate from volume i due to deposition is obtained by summing all the depositions 

in the volume i, including depositions on 1-D and 2-D Solid Heat Conductors, as well as depositions 

on the pool surface (if present). 

 

Removal of particles due to deposition in Control Volume i = i

ik i

kDkD
m

V

vA
D 









 
=



,,
 

 

Since the deposition must be calculated using the end-of-time-step value of particle mass, mi, the 

deposition term must be included implicitly in the balance equation. The mass balance equation 

becomes: 
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The above equation is written in a finite difference form, by replacing the derivative by the 

difference: 

t

mm

dt

dm iii



−
=

0

 

 

 mi particle mass in volume i, new value (kg) 

 mi
0 particle mass in volume i, old time step value (kg) 

 Δt time step size, (s) 

 

The particle balance equation becomes: 
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The above set of equations can be written shortly in a matrix form: 

 

BMA =  
 

where M is a vector of unknown particle masses, mi, A is a square matrix, and B is a vector of right 

hand side quantities. Elements of the matrix A are equal to: 

 

- diagonal element (i=j): 
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- other elements (ij): 
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 AD,k deposition area, deposition surface k, within Control Volume i, (m2), 

 vD,k deposition velocity calculated for the deposition surface k, (m/s), 

 Vi fluid volume of the Control Volume i, (m3), 
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 Al flow area, junction l, connected to Control Volume i and j, (m2), 

 vp,l velocity of particle flowing with fluid, junction l, (m/s), 

εl efficiency of filter (= εF, section 12.2.10), or overall pool scrubbing efficiency 

(= εPS, section 12.2.9) if present in the junction l, or inertial impaction collection 

efficiency (= η, section 12.2.5.6) if present in the junction l. 

 

The first sum in the diagonal element is over all deposition surfaces k in the Control Volume i, the 

second sum is over all junctions l connected to or from the Control Volume i. 

 

The elements of vector B are equal to: 

 

( )KRSStmb REii ++++= 0  

 

The matrix equation is solved using one of the standard matrix solvers (see section 17.4). As a result 

the particle masses, mi, in all Control Volumes are calculated. 

 

The equation of inter-volume transport contains the coagulation term K, the value of which is 

calculated by the aerosol dynamics equation within a CV (section 12.2.2), and which is not known 

at the beginning of the time step. Similarly, the equation calculating coagulation, given in section 

12.2.2 contains the term F, the value of which is determined by the above solution and which in turn 

is not known for the coagulation equation. The solution procedure is as follows: 

 

• The value of K is guessed (the value from the old time step is used). 

• The inter-volume transport equation is solved, resulting in the end-of time step values of all 

particle masses. These masses are called the “projected masses”, since they represent the 

expected (projected) end-of time step masses, computed based on the estimated value of the 

coagulation term. 

• The aerosol dynamics within a single CV (coagulation) is solved using the term F based on 

the projected masses. Those masses are called the “true masses” of particles, since they 

represent the exact (conservative) masses of particles within each Control Volume, for the 

inter-volume transport of particles as calculated by the projected masses. 

• The value of K is updated for the next iteration. At least 3 iterations are made. The projected 

and true masses are typically very similar already after first iteration. 

 

Because of the applied solution strategy the aerosol masses are conserved (within the accuracy of 

the double precision arithmetic – relative error ~10–15). The projected masses, mi, coming from the 

inter-volume transport equation are not conservative; their error (discrepancy between the 

conservative values, obtained from the single volume dynamics equation) is typically within 1%. 

Note that because of including the deposition terms in the implicit formulation, deposition rates are 

calculated based on the projected masses and not the true masses. This is considered unimportant 

because the accuracy of the correlations used to compute the deposition velocities (see section 

12.2.5) is at best an order of magnitude worse (~10%) than the accuracy of the projected masses 

(~1%). 

 

The stability of the aerosol flow solution, including the airborne aerosol transport with the 

atmosphere gas, and the transport of the aerosols deposited in the pool, was verified by performing 

time step sensitivity studies for the test cases shown in Volume 3. In all tests shown in Volume 3 

the results (aerosol concentrations) were practically insensitive to the applied time step. In one case 

(Aerosol Loop Flow and Deposition case) sensitivity to the time step was found for the MELCOR 

code (solution results with Δt = 5 s were different from the solution with Δt = 0.5 – see Volume 3) 
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but not for SPECTRA. The PBMR cases were run with Δt = 1000 s, 100 s, and 10 s, and no 

significant differences were observed. 

 

 

12.2.5 Aerosol Deposition 

 

The deposition mechanisms in SPECTRA are: 

 

• Gravitational settling, vD, grav. 

• Brownian deposition, vD, Brown. 

• Thermophoresis, vD, ther. 

• Diffusiophoresis, vD, diff. 

• Turbulent deposition, vD, turb. 

• Inertial impaction, vD, inert. 

 

For each of the mechanisms mentioned above a deposition velocity, vD, i, is calculated using an 

appropriate correlation (described below). The total deposition velocity is calculated, as in most 

aerosol codes, as the sum of individual velocities: 

 

inertDturbDdiffDtherDBrownDgravDD vvvvvvv ,,,,,, +++++=  

 

Note that compared to MELCOR, SPECTRA has two more deposition mechanism. The turbulent 

deposition and inertial impaction models are not present in MELCOR (according to [46] the inertial 

impaction is one of the most important deposition mechanisms missing in MELCOR). 

 

The Brownian, turbulent, and inertial deposition mechanisms have always positive contribution to 

the overall deposition: 

0.0

0.0

0.0

,
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The gravitational deposition, thermophoresis, and diffusiophoresis, can have both negative and 

positive contribution or no (zero) contribution: 

 

0.00.0

0.00.0

0.00.0
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Gravitational deposition has negative contribution in case of horizontal, down-facing surfaces; 

thermophoresis has negative contribution if wall temperature is higher than the gas temperature; 

diffusiophoresis in case of evaporation (from pool surface). 

 

Note that negative deposition velocity is something very different from resuspension! It only means 

that due to given mechanism the airborne particles have velocities away from the surface. The 

individual deposition velocities are coming into the overall velocity with plus or minus sign. Only 

if the overall deposition velocity is negative, it is then truncated to zero: 
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0.0Dv  

 

12.2.5.1 Gravitational Deposition 

 

The gravitational deposition velocity is given by ([74], section 7.2): 

 









g

mpp

g

mpp

gravD

CdCgd
v

22

, 5448.0
18

1
==  

 

 ρp density of particle, (kg/m3) 

 dp diameter of particle, (m) 

 g gravity constant, (m/s2) ( = 9.80665, [32]) 

 Cm Cunningham correction factor (see section 12.2.3), (-) 

 μg viscosity of gas, (kg/m/s) 

 χ dynamic shape factor, (-) 

 

Aerosols can deposit on the surfaces of 1-D and 2-D Solid Heat Conductors, as well as on the pool 

surface. The deposition depends on the vertical orientation of a surface. Each heat conductor surface 

has default gravity factors (δgrav), which can be re-defined by the user through the input data (see 

Volume 2). The default settings are: 

 

• Horizontal, up-facing surface:  δgrav = +1.0 

• Vertical surface:   δgrav =   0.0 

• Horizontal, down-facing surface: δgrav = –1.0 

 

In case of cylindrical and spherical geometries, as well as surfaces with fins or spines, the default 

values of the gravity factors are between 0.0 and 1.0 (see Volume 2 for detailed description of the 

default settings for all types of surfaces). 

 

The effective gravitational deposition velocity is for each surface given by: 

 

grav

g

mpp

gravD

Cd
v 




=

2

, 5448.0  

 

For calculation of the gravitational settling on a pool surface, the gravity factor is always equal to 

δgrav = +1.0. 

 

12.2.5.2 Brownian Deposition 

 

The Brownian deposition velocity is given by ([80], section 5): 

 

BL

C

BrownD

D
v


=,  

 

 DC diffusion coefficient, (m2/s) 

 δBL diffusion boundary layer thickness, (m) 

 

The diffusion coefficient is given by ([74], sec. 3.1): 
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 kB Boltzmann constant (= 1.38×10–23), (J/K) 

 T temperature, (K) 

 μg viscosity of gas, (kg/m/s) 

 rp radius of particle, (m) 

 dp diameter of particle, (m) 

 

The dynamic shape factor, χ, is introduced following [46]. The deposition velocity is equal to: 

 

m
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Two options are available to determine the boundary layer thickness: 

 

• User-defined constant value. The default value is (Volume 2): 

 

mBL

5100.1 −=  

 

• Theoretical model, based on the heat and mass transfer analogy. 

It is assumed that the deposition velocity equals the mass transfer coefficient, vD,Brown=Km, 

(m/s), calculated for the particle Schmidt number: 

hyd

C

m
D

DSh
K


=  

 

The deposition velocity is equal to vD,Brown=DC / δBL (see for example [80], sec. 5, [74], page 

8) and therefore: 

Sh

Dhyd

BL =  

 

The Sherwood number is calculated using the heat and mass transfer analogy (Nu → Sh, Pr 

→ Sc), from the laminar and the turbulent flow correlations: 

 





=
)(
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turbulentSceRC

inarlamC
Sh
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lam
 

 

 

where Re, Sc, Sh are Reynolds number, particle Schmidt number, and Sherwood number 

respectively. The constants, Clam, Ctur, a, b, are user-defined. The default values are (see 

Volume 2):   Clam = 3.656   a = 0.8 

       Ctur  = 0.023   b = 0.4 

 

The Reynolds number is taken from the Junction data (with a limit in the RT package the 

same as in the JN package: Remin=100.0), while the Sc number is calculated from: 
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12.2.5.3 Thermophoresis 

 

The thermophoretic deposition results from the force exerted on aerosol particles by temperature 

gradient in the bulk gas. Difference in the momentum transfer by molecular impacts on opposite 

sides of the particle will tend to drive the particle into the direction of colder gas. Therefore, if the 

wall temperature is lower than the gas temperature then the thermophoretic deposition velocity will 

be towards the wall (positive), while it will be against the wall (negative) in case of hot surface and 

cold gas. 

 

Three models are available in SPECTRA for calculation of thermophoresis: 

 

• Brock correlation [82] 

• He-Ahmadi correlation [83] 

• Combination of Brock and He-Ahmadi, with the first used for large particles and the second 

used for small particles 

 

These models are described below. 

 

• Brock correlation 

 

The Brock correlation is: 

T
BKnFT

BCC
v

sg

smg

thermD 
++

=
)21)(31(

2
,




 

 

 Cm Cunningham correction factor, (-) 

 Cs thermal exchange coefficient, (-) 

 Fs slip factor, (-) 

 T temperature, (K) 

 μg viscosity of gas, (kg/m/s) 

 

The value of B is given by: 

p

g

t
k

k
KnCB +=  

 

 Ct thermal accommodation coefficient, (-) 

 Kn Knudsen number, (-) 

 kg thermal conductivity of gas, (W/m/K) 

 kp thermal conductivity of particle, (W/m/K) 

 

The dynamic shape factor, χ, has been added to the Brock correlation, based on [46]. Note that the 

formula applied in MELCOR is somewhat different than the one shown above. The formula applied 

in SPECTRA contains a multiplier of 2Cs. In MELCOR, the constant 3/2 replaces 2Cs [46]. Based 

on work performed at NRG, the value of Cs recommended is 1.17. Therefore the Brock correlation, 

as implemented in MELCOR, gives the thermophoretic deposition velocities of about 64% 

(1.5/2.34) of the values obtained in SPECTRA. 
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For SPECTRA it was decided to use 2Cs, based on comparison of Brock and He-Ahmadi (see below) 

correlations. With this coefficient the Brock correlation agrees very well with the He-Ahmadi 

correlation for the practically interesting particle range of 10–6 ÷ 10–5 m (Figure 12-6). For larger 

particles Brock already gives lower velocity than He-Ahmadi, so applying the factor 3/2 from 

MELCOR would enlarge further the discrepancy. 

 

The values of coefficients in the Brock correlation are user-defined (see Volume 2). The default 

values are given below. 

 

 Cs = 1.17 (note that the Brock model may be deactivated by Cs = 0.0) 

 Ct = 2.50 

 Fs = 1.257 (equal to A1 in the Cunningham correction factor) 

 

The coefficients used in thermophoresis calculations by different aerosol codes were reviewed in 

[80]. The value of Ct was found to be between 2.0 (AEROSOLS, HAA4 codes) and 2.50 (HAARM, 

RETAIN codes). MELCOR uses 2.25 [46]. The value of 2.50 provides a very good agreement with 

the He-Ahmadi correlation for the practically interesting particle range of 10–6 ÷ 10–5 m (Figure 

12-6). The value of Fs was found to be between 1.0 (AEROSIM, RETAIN, NAUA codes) and 1.37 

(AEROSOLS, HAARM, HAA4 codes). MELCOR uses 1.257 [46]. 

 

Summarizing, the default coefficients in thermophoretic correlation are somewhat different in 

SPECTRA than in MELCOR. MELCOR correlation can be simulated in SPECTRA by setting 

Ct = 2.25, and Cs = (3/2)/2 = 0.75. Comparison of Brock correlation obtained using the MELCOR 

coefficients, with He-Ahmadi correlation is shown in Figure 12-7. 

 

• He-Ahmadi correlation 

 

The He-Ahmadi correlation is: 
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where π1, α, φ, Dm, are given by rather complex formulae, shown below. Although the total formula 

is quite complex, it may be considerably simplified by substituting all constant numbers. 

 

First, π1 is equal to: 

582.0
/4)2(

/36
18.01 =

++−
=

ntn SSS 


  

(since Sn and St are both equal to 1.0). 
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Figure 12-6 Comparison of Brock and He-Ahmadi correlations. 

 

 

Figure 12-7 Comparison of Brock and He-Ahmadi correlations. 
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Next α is simplified as follows: 
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where κ is the ratio of specific heats. While in theory φ depends on the kind of gas, it can be observed 

that the square root of φ does not change significantly over all possible values of κ: 1.33 ÷ 1.67: 
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The average value of the square root of φ is about 2.1 and may differ by only up to about 10% for 

different gases. The difference of 10% is considered small, compared to the accuracy one can hope 

to achieve in practical application of the correlation. Therefore it is assumed that: 

 

1.2=  

and finally α is given by: 
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The formula for Dm, reproduced from [81] is: 
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(the molecule mass mm was replaced using the Avogadro number, NA, and the gas individual and 

universal gas constants, R, Rm). This formula can also be simplified by combining all constants: 
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After substituting all expressions and simplifying, the expression for the thermophoretic deposition 

velocity can be written in much simpler form: 

 

( )  T
T

R
dCKnKnv pmthermD −−= /exp1146.1 2/3
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where: 

Kn+
=

291.01

33.0
  

 Kn Knudsen number, (-) 

 Cm Cunningham correction factor, (-) 

 dp particle diameter, (m) 

 R individual gas constant, (J/kg/K) 

 T temperature, (K) 

 

3. Combination of Brock correlation and He-Ahmadi correlation 

 

Several deposition correlations were compared in [86]. It was concluded that He-Ahmadi correlation 

gives the most accurate predictions for Knudsen numbers, 0.1 < Kn < 10. The Brock correlation is 

valid for Kn up to about 0.1. The Kn number of 10 corresponds to the particle diameters of ~10–8 m, 

while the Kn number of 0.1 corresponds to the particle diameters of ~10–6 m. 

 

The default SPECTRA model, consists of both correlations. The Brock correlation is used for Kn < 

Kn1 = 0.1. The He-Ahmadi correlation is used for Kn > Kn2 = 0.2. An interpolation zone, Kn1 < Kn 

< Kn2, is provided to ensure smooth transition from one correlation to another. 

 

 

Figure 12-8 Default thermophoresis correlation in SPECTRA; 
Brock for Kn < 0.1, He-Ahmadi for Kn > 0.2. 
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In the interpolation zone the thermophoretic velocity is linearly interpolated between the values 

obtained from the two correlations for the same Knudsen number: 

 

 )()()()(
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−

−
+= −  

 

When this combination of correlations is used, the He-Ahmadi correlation is multiplied by the ratio 

of Cs and the default value of Cs: (Cs/1.17). This is done to provide a common user-defined multiplier 

for the whole thermophoretic deposition model. Thus if the user wants for example to disable the 

thermophoresis it is enough to set Cs to a small number (exact zero should be avoided because the 

code will in such case assume the default value). Results obtained with the default correlation are 

shown in Figure 12-8. 

 

Independently of which model is selected for the thermophoresis calculation, the temperature 

gradient is always calculated in the same way, described below. The temperature gradient is 

obtained as a ratio between the gas-to-wall temperature difference, and the thermal boundary layer 

thickness. 

BL

wg TT
T



−
=  

 

Two options are available to determine the boundary layer thickness: 

 

• User-defined constant value. The default value is (Volume 2): 

 

mBL

3100.2 −=  

 

• Theoretical model, based on the heat convection through a boundary layer. 

It is assumed that the convected heat is transported through the boundary layer through gas 

conduction: 

)( wg

BL

g
TT

k
q −=


 

 

Where kg is the gas thermal conductivity. On the other hand, the heat flux may be obtained 

using the heat transfer coefficient, h: 

 

)( wg TThq −=  

 

Therefore: 

h

kg

BL =  

 

The default model for thermophoretic boundary layer thickness is model B (convection through the 

boundary layer). The same model is used by the MELCOR code. 
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12.2.5.4 Diffusiophoresis 

 

When water condenses on (evaporates from) a structure surface or pool surface, composition 

gradients will exist in the adjacent gas, which will affect aerosol deposition on the surface [46]. Two 

related mechanisms produce these gradients. First, a net molar flux of gas toward (away from) the 

condensing (evaporating) surface will exist, and this net flux, commonly called the Stefan flow, will 

tend to move aerosol particles with it. Second, differences in the momentum transfer by molecular 

impacts on opposite sides of the particle will tend to drive the particle into the direction decreasing 

concentration of the heavier constituent. In SPECTRA, as in MELCOR, the term diffusiophoresis 

is used to represent the net result of both effects. Note that when the non-condensable gas is heavier 

than steam (for example air), the differential molecular impact effect opposes the Stefan flow (which 

dominates the net result); the effects are in the same direction if the non-condensable gas is lighter 

than steam (for example helium). 

 

Two models are available in SPECTRA to calculate the diffusiophoretic deposition. 

 

• Model 1 (default) - differential molecular impact effect included in case of both 

condensation and evaporation. 

 

Condensation [46]: 
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Evaporation: 
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 Ms molar weight of steam (=18.0153), (kg/kmole) 

 MNC molar weight of non-condensable gases, (kg/kmole) 

 Xs mole fraction of steam in the bulk gas, (-) 

 XNC mole fraction of non-condensables in the bulk gas, (-) (= 1 – Xs) 

 ρg density of the bulk gas, (kg/m3) 

 ρsat saturated steam density, (kg/m3) 

 W evaporation/condensation flux, (kg/m2/s) (positive in case of evaporation) 

 

The above expressions are not convenient for immediate use in SPECTRA. Firstly, the 

molecular weights are not stored in the SPECTRA Control Volume data block; secondly, 

the gas properties available in the Control Volume data block are given for the actual gas 

mixture and not for the non-condensable gases only. Therefore, the above formulae are 

somewhat transformed, as shown below. 

 

The first term is written as: 
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In order to eliminate the unknown molecular weight of pure noncondensables, it is taken 

into account that the molecular weight of a mixture is equal to: 

 

NCsss MXMXM )1( −+=  

Therefore: 
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Substituting MNC into the formula, one obtains: 
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The molecular weights are not present in the SPECTRA Control Volume data block, but 

the individual gas constants are (R=Rm / M, - for steam Rs = Rm / Ms = 8314.51 / 18.0153 = 

461.5). Therefore: 
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Now the formula is expressed in terms of the steam volume fraction, Xs, and the gas constant 

of the gas mixture, R, both readily available in the Control Volume data block. The final 

equations used by SPECTRA are: 

 

Condensation: 
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Evaporation: 
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• Model 2 - differential molecular impact effect included only in case of condensation. 

 

In this model the differential molecular impact effect is included only in case of 

condensation. This formulation is the same as the one used in MELCOR ([46], RN 

Reference Manual, section 2.4.2.2). 
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Condensation: 
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Evaporation: 
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Again, after transformation the final equations are 

 

Condensation: 
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The results of both models are shown in Figure 12-9 and Figure 12-10. A few things may be 

observed in these figures: 

 

• Steam-Helium (light gas) mixtures: 

In case of steam-helium mixtures the differential molecular impact effect enhances the 

Stefan flow and the deposition velocities are larger (with respect to the absolute value) 

compared to the steam-heavy gas mixture. This is quite expected since in this case the 

heavier molecules are those of steam. 

 

• Steam-Air (heavy gas) mixtures: 

In case of steam-air mixtures the differential molecular impact effect opposes the Stefan 

flow and the deposition velocities are smaller (with respect to the absolute value) compared 

to the steam-light gas mixtures. 

 

• Model 2: 

Model 2 neglects the differential molecular impact effect in case of evaporation, and 

therefore results of Steam-Helium and Steam-Air mixtures are the same when W>0.0 

(Figure 12-10). 

 

In SPECTRA the diffusiophoresis, as well as all other deposition mechanisms, is applied for walls 

and the pool surfaces. The evaporation regime is of course only possible in case of pool surface. In 

case of walls (1-D and 2-D Solid Heat Conductors) only the condensation regime may occur. 
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Figure 12-9 Diffusiophoresis, Model 1. 

 

 

 

 

Figure 12-10 Diffusiophoresis, Model 2 
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12.2.5.5 Turbulent Deposition 

 

The turbulent deposition model implemented in SPECTRA is based on the review presented in [84]. 

Three different ranges are distinguished: 

 

• Diffusional deposition regime 

• Diffusion-impaction regime, also called turbulent impaction regime 

• Inertia-impaction regime 

 

The dimensionless deposition velocity data is shown in Figure 12-11 versus dimensionless particle 

relaxation time, τp
+. The particle relaxation time is given by: 
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 ρp density of aerosol particle, (kg/m3) 

 ρg gas density, (kg/m3) 

 dp
+ dimensionless diameter, = dp u* / γg = dp u* ρg / μg  

 dp particle diameter, (m) 

 μ g dynamic viscosity of gas, (kg/m-s) 

 f friction factor 

 vg gas velocity, (m/s) 

 Cm Cunningham correction factor, (-) 

 

 

 

Figure 12-11 Dimensionless turbulent deposition velocities, [84]. 
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The dimensionless deposition velocity is equal to: 
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 τw wall shear stress, = f ρg vg
2 , (N/m2) 

 f friction factor, (-) 

 vg gas velocity, (m/s) 

 

The deposition correlations applied for each regime are shown below. 

 

• Diffusional deposition regime 

 

The correlation is based on particle Schmidt number, and is taken from [81]: 

 
3/2

1, 057.0 −+ = pD Scv  

 

The particle Schmidt number is given by: 
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 μg gas viscosity, (kg/m/s) 

 T temperature, (K) 

 

The dynamic shape factor, χ, has been introduced, following [87] (section 2.9.1). Note that 

in [87] the multiplicative factor is equal to 0.065. The literature review shows values 

between 0.057 and 0.084 [81], [85]. 

 

• Diffusion impaction (turbulent impaction) regime 

 

The turbulent impaction correlation is taken from [87] (section 2.3.2.1). The correlation is: 

 

( )22,

++ = pD Av   

 

The constant A is a user-defined parameter, with a default value of 4.5×10–4, (selected based 

on review work performed at NRG). 
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The definition of τp
+ is, according to [87] (section 2.3.2.1): 
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where f is the friction factor ([21], equation 4.15) and Cf is the skin friction coefficient ([21], 

equation 4.14), The skin friction coefficient is related to the friction factor by ([21], equation 

4.16): f = 4Cf . 

 

The above definition differs from the definition in [87] by the presence of the Cunningham 

correction factor. In [87] Cm is neglected. In SPECTRA a more general formulation, with 

Cm included, is used. Therefore: 
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• Inertia impaction regime 

 

For this range [87] (section 2.3.2.1) recommends a constant dimensionless velocity, equal 

to 0.2. Investigation of Figure 12-11 shows that 0.2 is a good value for the dimensionless 

particle relaxation times of 20 ÷ 50. For larger particle relaxation times the dimensionless 

velocity slowly decreases. At the relaxation time of 1000 the value is slightly below 0.1 

(about 0.09). A simple correlation was developed to fit this behavior. The SPECTRA inertia 

impaction correlation is: 

 

( )++ −+= pDv 002.0exp1.008.03,
 

 

It can easily be checked that the correlation has the desired properties of: 

v+
D,3 = 0.18  for τp

+ = 20 

v+
D,3 = 0.09  for τp

+ = 1000 

 

The qualitative shape of the correlation is seen in Figure 12-12. It is seen that the correlation 

provides a good match for the data presented in Figure 12-11. 

 

The final deposition velocity is calculated from: 

 

)),(,( 3,2,1,,

++++ = DDDturbD vvMinvMaxv  

 

The full turbulent deposition correlation is shown in Figure 12-12 and Figure 12-13. A constant 

friction factor of f = 0.02 was used to generate data presented in these figures. Normally, during 

SPECTRA calculations the friction factors are taken from junctions. Therefore the user must specify 

associations between the depositing surfaces and the junctions. This can be done automatically by 

the code. Two options are available for automatic associations: 
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Figure 12-12 Dimensionless turbulent deposition velocities, vg = 1, 10, 50 m/s. 

 

 

 

Figure 12-13 Turbulent deposition velocities, vg = 1, 10, 50 m/s. 
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• The friction factor is taken from this junction connected to the boundary Control Volume 

of the depositing surface, which has a minimum flow area. 

• The friction factor is taken from this junction connected to the boundary Control Volume 

of the depositing surface, which has a maximum flow area. 

 

For the turbulent deposition on the pool surface the friction factor is a constant number, and is 

defined by the user. The default value is: f = 0.1 (Volume 2, record 171XXX). 

 

Figure 12-12 shows the dimensionless deposition velocity versus dimensionless particle relaxation 

time. For comparison the particle diameter calculated for the gas velocity of v = 10 m/s is shown at 

the top axis. The deposition velocities were calculated by SPECTRA for three gas velocities: 1.0 

m/s, 10.0 m/s, and 50.0 m/s. The dependence of the dimensionless deposition velocity on the gas 

velocity is visible only in the first (diffusional deposition) regime (see Figure 12-11). In the two 

other regimes the dimensionless deposition velocity is practically independent on the gas velocity. 

The results presented in Figure 12-12 well represent the experimental data shown in Figure 12-11. 

 

Figure 12-13 shows the same data as Figure 12-12, but this time the actual (dimensional) deposition 

velocity and the particle diameters are used on the x-y axes. For comparison the dimensionless 

particle relaxation times for v = 10 m/s are shown at the top axis. When the dimensional parameters 

are used, it is clearly seen that for a given particle diameter the turbulent deposition strongly depends 

on the gas velocity. For example, for a particle of 10–5 m, the turbulent deposition velocity is clearly 

below 10–6 m/s for the gas velocity of 1.0 m/s, a little below 10–2 m/s for the gas velocity of 10.0 

m/s, and a little below 1 m/s for the gas velocity of 50 m/s. Thus it can be roughly said that the 

turbulent deposition becomes important for the gas velocities above 10 m/s. 

 

The above formulae for turbulent deposition are valid for turbulent flow. In case of laminar flow 

the turbulent deposition is zero. Therefore a Reynolds number dependent multiplier, Et, is 

introduced in SPECTRA. The value of the multiplier is defined in the same way as the multiplier 

on the turbulence dissipation rate (section 12.2.3). 

 

• Et = 1.0     if Re > Retur, 

• Et = 0.0     if Re > Relam, 

• Third order (smooth) interpolation if Relam < Re < Retur. 

 

The multiplier is shown in Figure 12-14. The limiting Reynolds numbers, Relam, Retur, are user-

defined, with default values of 2200 and 10,000 respectively (the same values are used for the 

turbulence dissipation rate – section 12.2.3). Therefore the turbulent deposition does not occur in 

stagnant atmosphere and in laminar flow. 
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Figure 12-14 Multiplier on the turbulent deposition correlation. 

 

12.2.5.6 Inertial Impaction Deposition 

 

The inertial impaction deposition model implemented in SPECTRA is based on the review 

presented in [81]. Generally the inertial impaction model calculates the inertial impaction collection 

efficiency, defined as [180]: 

in

dep

in m

m

m

m
=−=1  

 

Here min is the incoming mass of aerosols, m is the mass passing through and mdep is the deposited 

mass. The collection efficiency is calculated either through one of the built-in correlations or a user-

defined correlation. 

 

The following correlations are built-in: 

 

o The Ciemat correlation [180], appropriate for tube bundle. The correlation was 

developed for steam generator tube rupture. The aerosols coming through the 

ruptured tube deposit on the surface of the neighboring tube or tubes - Figure 12-16 

(a). The correlation is: 

 

)exp(1 3

21

max

c
Stkcc −+

=


  

 

Here ηmax, c1, c2, c3 are user defined coefficients with the default values of 0.75, 

29.31, 3.85, and 0.5 respectively, based on [180]. Stk is the Stokes number, defined 

as ([75], eq. 9.23): 
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Cm Cunningham correction factor, (-) 

ρp particle density, (kg/m3) 

dp particle diameter, (m) 

vg gas velocity, (m/s) 

g gas viscosity, (kg/m/s) 

D impactor dimension, (m) 

 

o The collection efficiency is calculated from the correlation appropriate for a tube 

bend [181] - Figure 12-16 (c): 

 

)101( 1

max

Stkc −
−=  

 

Here ηmax, c1, are user defined coefficients with the default values of 1.0 and 0.963 

respectively, based on [181]. 

 

o The collection efficiency is calculated from a general correlation as a function of 

Stokes number: 

)(Stkf=  

 

The function f is defined using a Tabular Function. The independent variable for 

calculating the function is the Stokes number. 

 

o The collection efficiency is calculated from a Control Function. With this option 

any function may be built-in. The program checks the value obtained from the 

Control Function and automatically resets the value to lie within the physical 

values: 

0.10.0   

 

Comparison of the built-in correlation and an arbitrary tabulated as a function of the Stokes number, 

are shown in Figure 12-15. The values of the tabulated function is shown in Table 12-3. Further 

discussion and comparisons with experimental data is shown in Volume 3. 

 

The inertial impaction is implemented in SPECTRA in such a way that two options are available, 

each option calculates the deposition rate using different parameters. 

 

o Deposition surface associated with a junction. In such case the deposition rate is 

calculated based on the mass flow of aerosols through the associated junction. 

o Deposition surface not associated with a junction. In such case the deposition 

rate is calculated as a product of the deposition velocity and the aerosol 

concentration in the volume next to the structure surface. 

 

These two options are discussed below. 
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Figure 12-15 Comparison of the inertial impaction correlations available in SPECTRA. 

 

 

Table 12-3 An arbitrary tabular function defining collection efficiency 

Stk η = f(Stk) 
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Deposition surface associated with a junction 

 

In this case, the deposition rate is calculated based on the flow in the associated junction. An 

example shown in Figure 12-16 (b). The inertial impaction on SC-321 is calculated based on aerosol 

flow through JN-301. 
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Figure 12-16 Inertial impaction models in SPECTRA 

 

 

Suppose the gas velocity in JN-301 is vg0 (m/s), and the mass flow of aerosol particles through this 

junction is mJN (kg/s). The code will use the gas velocity to calculate the Stokes number. However 

one may argue that the gas velocity in the junction does not necessarily apply for the conditions 

close to the deposition surface. The distance between the deposition surface (in this case SC-321) 

and the break jet (JN-301) is an important factor. If the distance is large, then the jet of gas created 

at the break will be dissipated and the gas velocity near the deposition surface will be reduced. This 

fact is taken into account in SPECTRA by introducing a parameter called the jet dissipation factor, 

Fjet. The gas velocity that is used in the Stokes number is equal to: 

 

jetgg Fvv = 0  
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Here vg0 is the gas velocity in the associated junction (representing the tube break). The deposition 

rate, D (kg/s), is obtained from: 

JNmD =  

 

Here mJN (kg/s) is the mass flow of aerosol particles through the junction. Therefore with this option 

on, the deposition rate is proportional to the aerosol concentration in the Control Volume upstream 

the associated junction. In the present example this is CV-301. Note that the aerosol concentration 

in the volume next to the deposition surface (in this case CV-100) may be very low just because 

most of the aerosols coming through the break are deposited due to the inertial impaction. Therefore 

this kind of deposition requires different approach than that adopted for the other deposition 

mechanisms, where the deposition rate is simply a product of the deposition velocity and the aerosol 

concentration in the volume next to the structure surface. 

 

The numerical scheme applied for the present option is very similar to the one applied for filter 

calculations, because this is what is really happening during the process - particles leaving one CV 

and never enter the other volume. Of course the deposition is expected to occur only if the gas 

velocity is towards the deposition surface. The deposition is set to zero when the gas velocity 

reverses. 

 

The user may associate more than one surface with the same junction. When several surfaces are 

associated with the same junction, then the collection efficiency is calculated using fractions, FR,i, 

defined by the user: 

iRJNi FmD ,=  

 

 

 

Figure 12-17 Inertial impaction with multiple deposition surfaces involved 
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The following condition must be fulfilled in defining FR,i: 

 

0.1, 
i

iRF  

 

This condition must be fulfilled, otherwise the total collection efficiency would be higher than 1.0, 

in other words more particles would be collected than are coming in through the junction. A case 

when such modelling may be useful is shown in Figure 12-17. The inertial deposition occurs on two 

tubes neighboring to the break - Figure 12-17 (a). The model contains two structures on which the 

inertial deposition is active - Figure 12-17 (b). Both structures (SC-321, SC-331) are associated with 

the same junction (JN-301), and both fractions, FR,i, are assumed to be equal to 0.5. 

 

Deposition surface not associated with a junction 

 

In this case the deposition rate is calculated as a product of the deposition velocity and the aerosol 

concentration in the volume next to the structure surface. This is a typical approach, used for all 

other deposition mechanisms. In order to perform calculations the deposition velocity in meters per 

second is needed. The collection efficiency must be therefore converted into the deposition velocity. 

This is done using the following reasoning. 

 

In absence of the inertial impaction the aerosol density in a gas space is equal to the aerosol mass in 

a Control Volume, m0,CV (kg), divided by the gas volume in the CV, VCV (m3): (mCV/VCV). If the gas 

velocity is vg, the particle velocity is (S·vg), where S is particle slip factor. The mass flux of incoming 

particles is equal to (m0,CV/VCV)·(S·vg). The collection efficiency is η, therefore the mass flux of 

η·(m0,CV/VCV)·(S·vg) is deposited. The total deposition rate is obtained by multiplying the deposition 

flux by the gas flow area, Ag. The deposition rate in kg/s is therefore equal to: 

 

g

CV

CV

g vS
V

m
AD =

,0
  

 

When the inertial deposition takes place the aerosol mass becomes smaller. The aerosol mass with 

the inertial impaction taken into account, mCV, is related to the aerosol mass in absence of the 

impaction, m0,CV, by: mCV = m0,CV (1 - η). Therefore: 
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On the other hand, the deposition rate is obtained in SPECTRA from a general relation: 

 

CV

CV

DD m
V

vA
D 









 
=  

 

Here AD is the deposition area (m2), vD is the deposition velocity (m/s), VCV is the volume of the CV 

gas space (m3), and mCV is the aerosol mass (kg). Comparison of the above formula with the formula 

with the collection efficiency yields: 
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and: 

D

g

gD
A

A
vSv 

−
=





1
 

 

The total gas velocity in a CV consists of the horizontal, vg0,H, and the vertical, vg0,V, velocity. The 

corresponding vertical, Ag,V, and horizontal, Ag,H, flow areas must be used. Therefore: 
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The gas velocity, vg, is as before: 

jetgg Fvv = 0
 

 

This time the reference velocity, vg0, is the velocity in the Control Volume next to the deposition 

surface. The final expression for the deposition velocity is: 
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An example of such case is shown in Figure 12-16 (d). The tube bend is represented by CV-100 and 

three structures, SC-101, 102, and 103. The inertial impaction is activated on SC-102. The impactor 

dimension, Di, is in this case equal to the pipe radius (see [182]). The gas velocity is equal to the 

tube average velocity, therefore vg = vg0, therefore Fjet = 1.0. 

 

12.2.5.7 Electrophoretic Deposition 

 

Charged particles placed in an electrical field experience a force which is similar to the gravitational 

force. Hence the resulting velocity can be determined in the same way as the gravitational settling 

velocity ([76], section 2.2). The derivation of the equation for the electrophoretic deposition and 

analogy with gravitational field is shown in Table 12-4. 

 

Table 12-4 Analogy between gravitational deposition and electrophoretic deposition 

 Gravitational field Electrical field 

Particle velocity (m/s) 

Particle mobility (m/Ns) 

Force (N) 

Final expression (m/s) 

vD,grav= B · Fgrav 

B = Cm / (3πDpμgχ) 

Fgrav= mpg = (πDp
3ρp/6) · g 

vD,grav= (CmρpDp
2g)/(18μgχ)  

vD,e = B · Fe 

B = Cm / (3πDpμgχ) 

Fe = qE 

vD,e= (CmqE)/(3πDpμgχ) 

 

The following symbols are used: 

 

 vD,grav deposition velocity due to gravity, (m/s) 

 vD,e deposition velocity due electrostatic field, (m/s) 

 Fgrav gravity force, (N) 

 Fe electrostatic force, (N) 

 B particle mobility, (m/Ns) 
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 mp mass of particle, (kg) 

 ρp density of particle, (kg/m3) 

 Dp diameter of particle, (m) 

 g gravity acceleration, (m/s2) ( = 9.80665, [32]) 

 Cm Cunningham correction factor (see section 12.2.3), (-) 

 μg viscosity of gas, (kg/m/s) 

 χ dynamic shape factor, (-) 

 q electric charge of particle, (C) 

 E electric field strength, (V/m) 

 

The expression for electrophoretic deposition calculation is: 

 

qE
D

C
v

gp

m
eD

3

1
, =  

 

If the electrophoretic deposition is to be taken into account in the calculations, the user must define 

two parameters: the electric field strength, E, and the net electric charge for the particle, q. 

 

• Electric field strength, E  

 

The electric field strength is defined independently for each deposition surface of 1-D and 2-

D Solid Heat Conductors (see Volume 2, records 361XXX and 461XXX). It represents the 

field strength in the vicinity of this particular surface. The value must give only the part of the 

field strength vector that is normal (perpendicular) to the surface. A positive sign means the 

electric field is directed towards the surface and will have positive contribution to the 

deposition velocity. A negative sign means the electric field is directed out of the surface and 

will have negative contribution to the deposition velocity. 

 

• Net electric charge, q  

 

The particle charge is calculated in SPECTRA from the following formula: 

 
qx

pq DCq )10( 6=  

 

Here Dp is the particle diameter (m), Cq and xq are user-defined parameters (see Volume 2, 

records 86501, 86502). 

 

o Minimum charge. An equilibrium charge is given by ([75], equation 15.32, Figure 

15.6): n = 2.37×(Dp×106)1/2. Here n is the number of elementary charges. The charge 

is given by q = ne (e = 1.6×10–19 C - [75], equation 15.7). Therefore the equilibrium 

charge is: 

 

619 10108.3 = −

pDq  

 

This is achieved by setting Cq = 3.8×10–19 , xq = 0.5. 
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o Maximum charge. A maximum charge of a negatively charged sphere is given by 

([75], equation 15.6, Figure 15.6): n = 156,000×(Dp×106)2. Therefore the maximum 

charge is: 
2614 )10(105.4 = −

pDq  

 

This is achieved by setting Cq = 4.5×10–14 , xq = 2.0. 

 

 

12.2.6 Coagulation of Deposited Aerosols 

 

Before the resuspension models are described it is important to describe what is happening with the 

deposited aerosol particles. The current SPECTRA version contains a very simple model, which 

allows to take into account eventual coagulation of particles upon their deposition on the surfaces 

of 1-D and 2-D Solid Heat Conductors. 

 

The deposited particles are expected to remain separated in case of a mono-layer deposit; that is 

when the average deposition layer thickness is smaller than the diameter of the smallest deposited 

particles. If the layer thickness becomes larger, it is possible that the deposited particles stick 

together, to form larger agglomerates. An important consequence of this fact is that if the particles 

should become airborne at some later stage, then the size distribution of the resuspended particles 

may be very different than the size of the deposited particles. 

 

In SPECTRA the deposited aerosol particles of a given size section are assumed to coagulate into a 

larger size section (characterized by its diameter, di) if the average layer thickness, t, exceeds the 

diameter, di, multiplied by a user-defined factor: 

 

   t  di  XDC1RT (for 1-D Solid Heat Conductors) 

   t  di  XDC2RT (for 2-D Solid Heat Conductors) 

 

The default value of the parameters XCD1RT, XCD2RT is 1.0 (see Volume 2). 

 

Use of the parameter XCD1RT (as well as XCD2RT) is illustrated in Figure 12-18. With the default 

value (1.0, Figure 12-18, a.), the particles of the smallest size section will be transformed into section 

2 when the layer thickness becomes equal to (or larger than) the diameter of the section 2 (d2). 

Similarly, the particles of section 2 will be transformed to the size section 3, as soon as the deposited 

thickness becomes equal or larger than d3. 

 

If the value of XCD1RT is larger than 1.0 (for example 1.2, Figure 12-18, b.), the particles will 

agglomerate later. In the present example the smallest section will be transformed into section 2 

when the layer thickness becomes equal (or larger) to 1.2(d2). 

 

Finally, if the value is smaller than 1.0, then the particles will agglomerate faster. In the present 

examples (Figure 12-18, c.) particles of sections 1 and 2 will be transformed to the size section 3 

when the layer thickness becomes (or larger) to 0.8(d3). 
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Figure 12-18 Coagulation of deposited aerosol particles. 

 

 

12.2.7 Aerosol Resuspension - Parametric Model 

 

Two resuspension models are available in SPECTRA: a parametric resuspension model and a 

mechanistic model. The parametric model is described in this section. The mechanistic model is 

described in the next section. 

 

The parametric model contains a general polynomial function to calculate the resuspension rate. If 

the parametric resuspension model is used, then a change of the deposited mass due to resuspension 

(the resuspension term R, in the aerosol balance equation in section 12.2.4) is given by: 

)()(
)(

tmtR
dt

tdm
R t

resusp

−==  

 

Rt(t) is the total resuspension rate per unit time (1/s), calculated from the parametric resuspension 

model, described below. The resuspension can be a result of: 
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• Large velocity of the gas flowing along the surface with deposited aerosols. 

• Fast depressurization. 

• A combination of both gas velocity and depressurization rate. 

 

The resuspension rate is calculated for each process from a linear and power function: 

 

• Velocity-dependent resuspension: 

 

( ) ( )x

v vvCvvCtR 0201)( −+−=  

 

Rv resuspension rate due to gas velocity, (1/s), Rv= (1/m)(dm/dt), where m is the 

deposited mass (kg) 

v fluid velocity parallel to the deposition surface, (m/s) 

v0 minimum fluid velocity for resuspension, (m/s) 

Ci model coefficients (with an internal limit of: 0.0  Ci  1.0) 

x exponent (0.1 < x < 10.0) 

 

The minimum velocity for resuspension and the coefficients are calculated from the following 

formulae: 

TvnvHvvv Tnh 000000 +++=  

TCnCHCCC Tnh 111101 +++=  

TCnCHCCC Tnh 222202 +++=  

 

H relative humidity, (-) (further described below) 

n concentration of airborne particles, (1/m3) 

T temperature, (K) 

 

The coefficients, Cij, may be specified for each size section independently, or 

simultaneously for all size sections (see Volume 2). 

 

• Depressurization-dependent resuspension: 

 
x

p
dt

dp

dt

dp
C

dt

dp

dt

dp
CtR 
















−+
















−=

0

2

0

1)(  

 

Rp resuspension rate due to pressure change, (1/s), Rp = (1/m)(dm/dt), where m is the 

deposited mass (kg). 

dp/dt depressurization rate, (Pa/s) (positive when pressure decreases) 

(dp/dt)0 minimum depressurization rate for resuspension, (Pa/s) 

Ci model coefficients (with an internal limit of: 0.0  Ci  1.0×10–3) 

x exponent (0.1 < x < 10.0) 

 

The minimum depressurization rate for resuspension and the coefficients are calculated from 

the following formulae: 
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T
dt

dp
n

dt

dp
H

dt

dp

dt

dp

dt

dp

Tnh 000000
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=








 

 

TCnCHCCC Tnh 111101 +++=  

TCnCHCCC Tnh 222202 +++=  

 

 H relative humidity, (-) (further described below) 

 n airborne particle concentration, (1/m3) 

 T temperature, (K) 

 

The coefficients, Cij, may be specified for each size section independently, or 

simultaneously for all size sections (see Volume 2). 

 

• Total resuspension rate 

 

The total resuspension rate is obtained from: 

 

( ) ( ))(0.1)(0.10.1)( tRtRtR pvt −−−=  

 

• Influence of humidity 

 

The resuspension behavior depends on a long-term humidity rather than an instantaneous 

humidity at the moment of resuspension. The user can choose one of the following options: 

 

(1) H = current relative humidity in the Control Volume adjacent to the surface, 

(2) H = user-defined input entry, 

(3) H = maximum relative humidity recorded over the calculated time period. 

(4) H = maximum of (2) and (3). 

(5) H = time averaged relative humidity over the calculated time period. 

(6) H = maximum of (2) and (5). 

 

The resuspension coefficients as well as the limiting velocity depend on the relative humidity, 

concentration of airborne particles, and temperature. The influence of humidity was observed in 

resuspension experiments [88]. Mono-layer particles subject to air currents can be resuspended by 

impaction of other particles [75]. Therefore the influence of airborne particles concentration, n, is 

present. The resuspension measurements indicate temperature dependency [75], T, which is therefore 

included. 

 

A function of the exposure time to a given flow has been introduced based on the work of Fromentin 

[93]. The resuspension flux at a constant air speed was correlated as proportional to the time the 

deposit had been exposed to the flow, Δt, to a power of (–b), where b is an empirical coefficient: 
btR −~  
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Implementation of such relation into a computer code is not straightforward. Firstly, the gas velocity 

is typically not constant but varies in time. Therefore a reasonable formulation must be adopted; a 

formulation such that when the gas velocity becomes constant, approximates well the relation shown 

above. Secondly, a formulation should be reasonably insensitive to the applied time step. This is 

quite important, because in numerical calculations the formulation will depend on available values 

of gas velocity at the new and old time step (and not the total history of gas velocities). Since the 

function must be built based on only the new and the old time step value, as well as the time step 

size, one must make sure that when different time steps are applied the same solution is obtained. 

 

In SPECTRA the equation of Fromentin is applied over a single time step and has been 

approximated by an exponential, rather than a power function: 

 

)exp(~ tBR −  

 

This formulation has the advantage of giving results that are practically insensitive to the time step, 

and may be applied with small time steps. Two models are available: 

 

Model 1: 

21 )exp( RtBRR +−=  

 

In the above formula R1 is an “old resuspension”, equal to a minimum of the actual old time step 

resuspension rate and the new time step resuspension rate calculated from the velocity-dependent 

and pressure-dependent correlation, R0 = Rt(t). R2 is a “new resuspension”, equal to the difference 

(if positive) of the new R0 and the old R0 (i.e. it is the excess of the velocity- or pressure-induced 

resuspension, compared to the previous time step). Results of this model are shown in Figure 12-19. 

The resuspension function calculated from the gas velocity or pressure change, R0, increases during 

the first 10 seconds, then remains constant for 10 seconds, and finally linearly decreases to zero 

during the next 10 s. The actual resuspension rates are shown for three values of the user-defined 

exponent B: 0.01, 0.1, and 1.0. 

 

The results are not sensitive to the applied time step, which was verified by running the present test 

with the time steps of 0.1 s and 1.0 s. In case of B=1.0, it is clearly seen that the actual resuspension 

rate is always much smaller than that calculated from the time-independent, R0. This is the case if 

the velocity increase is slow compared to the characteristic time for decay (~1/B). 

 

Model 2: 

 21 ),exp( RtBRMaxR −=  

 

This model is different from model 1 in case of increasing gas velocity (and thus increasing R0). 

With model 2 the actual resuspension rate follows the calculated line, R=R0, when R0 is increasing. 

An increase rate of 10% per second has been defined as a minimum limit to consider the release rate 

as really increasing. This was done in order to filter out any small changes of velocity. The results 

are illustrated in Figure 12-20. 
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Figure 12-19 Resuspension versus exposure time – model 1. 

 

 

Figure 12-20 Resuspension versus exposure time – model 2. 

 

 

The user must select model 1 or 2 and provide the value of the exponent B (see Volume 2). The 

recommended model is the Model 1 (default value of IRMTRT – see Volume 2). The recommended 

value of B is 0.1 (default value of BRMTRT, see Volume 2), based on the data of Paci et al. [94]. 

 

A disadvantage of the parametric model is illustrated by the “double” test below. In this test a double 

periods with the same large velocity are applied, separated by a short period without any gas flow - 

Figure 12-22. Deposited particles are resuspended for a short period (governed by the exponent B) 

after each velocity increase periods - Figure 12-23. 
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In reality the deposited particles have a distribution of adhesion forces, i.e. some particles are weakly 

bound to the surface and for some particles the bond is strong. After the first high velocity period 

the weakly bound particles are resuspended, while the strongly bound particles remain. During the 

second high velocity period the gas velocity is exactly the same as in the first step. Consequently 

the drag force acting on particles is the same and the particles that have survived it in the first step 

are also not resuspended in the second step. 

 

This behavior is seen when a mechanistic resuspension model (Vainshtein or Rock’n Roll, described 

in the following sections) is used - see Figure 12-24, Figure 12-25. The initial distribution of 

adhesion forces, Fa, (called Fa-distribution) for the deposited particles is usually assumed to follow 

the lognormal distribution - Figure 12-21. After the first velocity step only the strongly bound (large 

Fa) particles remain - Figure 12-26. The same particles remain on the surface after the second step 

- Figure 12-27. 

 

Because of that reason the parametric model is not recommended for general application. Only the 

mechanistic model, where the deposited particles are balanced for each Fa-section separately, is 

capable of calculating the physically correct behavior. 

 

 

 

 

Figure 12-21 Resuspension test DOUBLE, Fa-distributions, t = 0.0 s, Vainshten. 
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Figure 12-22 Resuspension test DOUBLE, gas velocities. 

 

 

 

Figure 12-23 Resuspension test DOUBLE, deposited mass, parametric model. 
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Figure 12-24 Resuspension test DOUBLE, deposited mass, Vainshtein model. 

 

 

 

Figure 12-25 Resuspension test DOUBLE, deposited mass, Rock’n Roll model. 
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Figure 12-26 Resuspension test DOUBLE, Fa-distributions, t = 500.0 s, Vainshtein. 

 

 

Figure 12-27 Resuspension test DOUBLE, Fa-distributions, t = 1000.0 s, Vainshtein. 
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12.2.8 Aerosol Resuspension - Mechanistic Model 

 

Two resuspension models are available in SPECTRA: a parametric resuspension model and a 

mechanistic model. The parametric model is described in the previous section. The mechanistic 

model is described in this section. 

 

If the mechanistic resuspension model is used, then a change of the deposited mass due to 

resuspension (the resuspension term R, in the aerosol balance equation in section 12.2.4) is given 

by: 

mR
dt

dm
R m

resusp

−==  

 

Rm is the resuspension rate per unit time (1/s), calculated from the mechanistic resuspension model, 

described below. 

 

Resuspension rate, Rm 

 

The mechanistic resuspension model is based on the work of Vainshtein et al. [108], and Reeks et 

al. [109] and a review of models performed at NRG. The theory is based on the assumption that a 

particle is detached from a surface when it has accumulated enough potential energy to escape from 

the potential energy well. Such considerations lead to a formula for the resuspension rate: 

 












−=

PE

Q
fRm

2
exp0  

 

f0 is the typical frequency of vibration (1/s), Q is the height of the surface adhesion potential well, 

<PE> is the average potential energy of a particle in the well. 

 

In the model of Vainshtein et al. a formula for the resuspension rate is obtained for surfaces where 

there is a spread of the adhesive forces due to surface roughness. In the model introduced in 

SPECTRA the continuous spread of the adhesion force is divided into a discrete number of sections, 

with constant adhesion force in each section. The SPECTRA model keeps track of the particles 

separately for each section of the adhesion force. During resuspension the adhesion force 

distribution changes, as the particles with low adhesion forces are resuspended easier (and therefore 

faster) than the particles with high adhesion forces. 

 

The concept of the adhesion force distribution changes is further discussed below, and illustrated in 

Figure 12-31 through Figure 12-34. Influence of the distribution changes is shown and the results 

obtained by keeping track of particles in each section (default model) are compared to the results 

obtained with fixed adhesion force distribution (disabled particle tracking in the adhesion force 

sections). 

 

Reference [108] shows that the potential energy, <PE>, may be expressed in terms of the drag force, 

Fd, and the height of the potential well, Q, may be found as a function of the tangential pull-off 

force, Faτ, which in turn is determined by the adhesion force, Fa, as will be shown below. 
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The resuspension rate is given by [108]: 

 

























−=

3/4

0 exp
d

a
m
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F
fR   

 

In SPECTRA this formula is written as: 

 

























−=

Fx

d

a
m

F

F
fR exp0  

 

where xF is a user-defined parameter with the default value of 1.33. Calculations of the frequency 

of vibration, f0, the tangential pull-off force, Faτ, the drag force, Fd, as well as the adhesion force, Fa 

(needed for Faτ calculation), are described below. 

 

For a given particle size and gas velocity, the drag force, Fd, is just a single number, however the 

adhesion force, Fa, and thus Faτ spreads over a range of typically several orders of magnitude. This 

range is divided in SPECTRA into a finite number of sections, called the adhesion force sections, 

or shortly the Fa-sections. The above formula is applied individually for every Fa-section. 

 

Typical Frequency of Vibration, f0. 

 

The typical frequency is given by [108]: 

g

gu
f



 

300

2

0 =  

ρg density of gas, (kg/m3) 

μg viscosity of gas, (kg/m/s) 

uτ friction velocity, (m/s), equal to: 

gVfu = 8/
 

f friction factor, (-) 

Vg gas velocity, (m/s) 

 

In SPECTRA the formula for f0 is written as: 

g

gg

f

Vf
Cf



 2

00
8

=  

 

where Cf0 is a user-defined parameter with the default value of 1/300 = 3.33×10–3. An option is 

available to make f0 a constant value. In order to achieve that, a negative number should be entered 

for Cf0. In such case f0 will be equal to the absolute value of Cf0: 

 

0.0000 = ff CifCf  

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

570  K6223/24.277594  MSt-2402 

Tangential Pull-off Force, Faτ. 

 

The relation between the tangential pull-off force, Faτ, and the adhesion force, Fa, is derived based 

on the particle oscillation model described in reference [108]. The particle oscillations consider 

linear oscillations only using an idealized model of a particle on a spring. The spring stiffness, χ, is 

given by the Johnson, Kendall, and Roberts (JKR) model [110], as described in [109]: 

 

01

013/1

1

3/13/2

52

9

PP

PP
PrK

+

+
=  

 

where r is the particle (or asperity) radius, while K is given by: 
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νi and Ei are Poisson’s ratio and Young modulus respectively. The subscripts p and s stand for the 

particle material and the surface material respectively. The values may be found in material 

handbooks, such as [32]; the typical values are: νi ~ 0.3, and Ei ~ 1011 Pa (these are the default values 

- see Volume 2). 

 

The forces P0 and P1 are defined in reference [109] (equation 55 and 56). At the point of particle 

detachment (maximum “spring” length): 

a

a

FP

FP

=

−=

1

0
 

 

At the equilibrium point (minimum “spring” length): 

 

aFP

P

4

0

1

0

=

=
 

The resulting spring stiffness is equal to: 

 







=

ntpoimequilibriutheatFrK

etachmentdparticletheat

a

3/13/13/2 )4(
10

9

0.0

  

 

In reference [108], the value at the equilibrium point equilibrium point is used: 

 

3/13/13/2 )4(
10

9
ae FrK=  

 

This equation is written in terms of the particle (or asperity) diameter, D, instead of the radius: 

 

3/13/13/23/13/13/2

3/1

3/1

13.1
210

49
aae FDKFDK =




=  

 

In SPECTRA this formula is written as: 
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3/13/1

0,

3/2

aeff FDKC =   

 

where Cχ is a user-defined parameter with the default value of 1.13. The Deff,0 represents effective 

particle diameter, which is proportional to the particle true diameter, Dp, if Dp « ras, and is 

proportional to 2ras if ras « Dp (see the description of effective surface curvature, below). The Deff,0 

is calculated for each particle size section and each Fa-section from: 

asaspp

eff

rxDx

D

2

11

1

0,0,

0,

+

=  

 

xp,0 and xas,0 are user-defined multipliers, Dp is the particle diameter, (m), while ras is the asperity 

radius, (m). The asperity radius, ras, may be different for each Fa-section. Several options are 

available to define this parameter. Detailed descriptions of these options are provided below. 

 

The approach applied in [109] is to use the maximum “spring” stiffness. This approach leads to the 

value of Cχ equal to 1.13. Other values may be applied; for example average spring stiffness may 

be used, which is achieved by setting Cχ to the value of about 0.56. The influence of the parameter 

Cχ on the calculated resuspension rates is shown in Volume 3. 

 

The tangential pull-off force, Faτ, is equal to ([108], equation 11): 

 

3

2

2
Ba x

D
F


 =  

with ([108], equation 10): 

BB Dyx =  

and ([108], equation 5): 


a

B

F
y =  

 

Upon substitution the formula for the tangential pull-off force becomes: 
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In SPECTRA this formula is written as: 

 

2/12/1
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=
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D

F
CF  

 

CFa is a user-defined parameter with the default value of 2.0. Fa, is the adhesion force, described 

below. 
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An option is available to use a scaled adhesion force, Fa, with the scaling factor equal to the absolute 

value of CFa: 

 

0.0= FaaFaa CifFCF 
 

 

If the Vainshtein theory is applied to calculate the tangential pull-off force (i.e. CFa > 0.0) the ratio 

of the tangential force, Faτ, and the adhesion force, Fa, depends on the parameters such as CFa, xp,0, 

xas,0, and the option applied for ras calculation. These are user-defined coefficients (CFARRT, 

XP0RRT, XA0RRT - see Volume 2, records 8700XX, 8791XX). Some combination of these 

parameters may give unrealistic ratio of Faτ/Fa forces. In order to avoid extremely unrealistic values 

the limit is provided for the ratio of forces. The limit is defined by input parameters TMNRRT, 

TMXRRT (Volume 2, record 8791XX). The default values are 10–3 and 10–1, therefore: 

110 3 
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Adhesion Force, Fa, Distribution 

 

The principal assumption of the Vainshtein et al. resuspension model is existence of a spread of the 

adhesive forces due to surface roughness [108]. This spread is typically assumed for have the 

lognormal distribution (see for example reference [75], equation 4.42, [88], equation 11): 
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where <Fa> is the mean value of the adhesive force and σa is the standard deviation of the log-

normal distribution; in this case it is a measure of the spread of the adhesive forces, often referred 

to as the adhesive spread factor (see [88], page 6). Physically the value of φ(Fa) gives the fraction 

of deposited particles that are attached to the surface with the adhesion force equal to Fa, per unit 

adhesion force, (1/N). 

 

Examples of the lognormal distribution are shown in Figure 12-29. The figure shows three 

distributions. In each case the mean value is 1.0. The adhesive spread factors are equal to 1.2, 2.0, 

and 4.5. Note that with increasing adhesive spread factor the peak value is shifted towards smaller 

values. The mean value is nevertheless always the same. This is because the lines represent the 

fraction per unit adhesion force and in the logarithmic scale the unit force on the left-hand side is 

smaller than on the right-hand side. 

 

The adhesive spread, σa, is defined by the user, and it may be different for every particle size section 

(default value of σa is 4.0). The mean value of the adhesive force, <Fa>, may be defined by the user, 

or alternatively calculated by the program from the formulae shown below. As the adhesive spread, 

the mean value is defined (or calculated) for every particle size section. Thus the adhesive mean 

forces and the adhesive spreads may be different for different particle sizes. 
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In SPECTRA the spread of the adhesion force is represented by dividing the adhesion force “space” 

into a discrete number of intervals, called the “adhesion force sections”, or shortly the “Fa-sections”. 

The total number of the Fa-sections is a user-defined parameter (see Volume 2). 

 

The minimum and maximum values for the “Fa-sections” are determined internally by the code 

using the following reasoning. It is known that in case of the normal distribution practically all 

(>99%) of the function is located in the interval between <Fa> – 3σa and <Fa> + 3σa. In case of 

lognormal the interval boundaries are: 

3

3
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Mathematically it means with A and B selected as above, the following relation is fulfilled with a 

very good accuracy (error smaller that 1%): 

 =

B

A

aaaaa dFFF 0.1),,(   

 

Therefore the values of A and B are used as the boundary values for the lognormal distribution. The 

Fa-sections are uniformly distributed in the logarithmic space, which means the section boundaries, 

Fa, sec, are given by: 

secsec,sec, )()1( DiFiF aa =+  

 

Fa,sec(i) is the lower boundary value of the Fa-section number i, Fa,sec(i+1) is the upper boundary 

value of the Fa-section number i (equal to the lower boundary value of the Fa-section number i+1), 

and Dsec is the Fa-section width in the logarithmic space, equal to: 
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Nsec is the total number of the Fa-sections. The fraction of particles in the Fa-section i, in other words 

the fraction of deposited particles of given size section that is attached to the surface by the adhesion 

force between Fa,sec(i) and Fa,sec(i+1), is obtained from: 
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In SPECTRA the integral is evaluated numerically by dividing each sections into a finite number of 

intervals and performing a standard numerical integration (trapezoid method): 

 

 
+

=










−+

++
=

)1(

)( 1

,,

,,
sec,

sec,

)]()1([
2

)1()(
),,(

iF

iF

Nj

j

jaja

jaja

aaaaa

a

a

jFjF
jj

dFFF


  

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

574  K6223/24.277594  MSt-2402 

Fa,j(j) and Fa,j(j+1) are the integration points, φa,j(j) and φa,j(j+1) are the values of the distribution 

function φ in the points Fa,j(j) and Fa,j(j+1) respectively, and Nj is the number of integration intervals 

per Fa-section. Nj is a user-defined parameter (see Volume 2) with a default value of 1. The 

integration points are uniformly distributed in the logarithmic space, which means that: 

 

jjaja DjFjF =+ )()1( ,,
 

 

Dj is the integration interval in the logarithmic space, equal to: 
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The integration is illustrated in Figure 12-28. In the example shown in this figure the number of Fa-

sections, Nsec, is equal to 6, the number of integration intervals per Fa-section, Nj, is equal to 2. 

Consequently the total number of integration intervals is Ns × Nj = 12. For each Fa-section the 

representative adhesion force, Fa(i), that is used to calculate the resuspension rate for this particular 

section is equal to the middle value in the logarithmic scale: 
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Figure 12-28 Fa-section boundaries and integration points. 

 

 

It was found out in test calculations that for practically interesting values of adhesive spread σa < 5 

(note that with σa = 5 the spread of adhesive forces is more than four orders of magnitude) quite 

accurate results are obtained using the total of 25 - 50 integration points. 
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• Intervals: 25 (Ns = 25, Nj=1), σa = 1.2, Integral = 0.997 

σa = 3.0, Integral = 1.009 

σa = 5.0, Integral = 1.019 

 

• Intervals: 51 (Ns = 51, Nj=1), σa = 1.2, Integral = 0.997 

σa = 3.0, Integral = 1.000 

σa = 5.0, Integral = 1.003 

 

The default value of Fa-sections is 51 and the number of integration intervals per Fa-section is 1. 

An advantage of having an uneven number of the Fa-sections is having a middle section with the 

adhesion force Fa exactly equal to the mean value <Fa>. With 51 Fa-sections the total integral is 

calculated with the error below about 0.3%. Considering the uncertainties involved in the 

resuspension model the accuracy of 0.3% in evaluating the integral is far more than sufficient for 

the practical purposes. The results of integration are normalized in SPECTRA, so that in the end the 

total sum is always exactly equal to 1.0. The maximum number of Fa-sections is 99. An influence 

of number of Fa sections on the results is discussed in Volume 3. 

 

If the adhesive spread, σa, is large, a large number of Fa-sections is necessary to correctly represent 

section-by section resuspension. For example, with σa = 10, the min./max. range is 10–3 / 103. Thus 

the adhesive force spread is 6 orders of magnitude. Therefore a maximum number of 51 Fa-sections 

is selected by default only if σa  10, while it is equal to 99 if σa > 10. 

 

An example of the fractions calculated by SPECTRA for the lognormal distribution,  , is shown 

in Figure 12-30. The results are presented for the mean value of 1.0 and the adhesive spread factors 

of 1.2, 2.0, and 4.5. Note that the distribution expressed in particle fractions (relative number of 

particles) per single Fa-section is symmetrical around the mean value, independently of the adhesive 

spread σa. 

 

Apart from the lognormal distribution the user may specify the adhesive force distribution using a 

tabular function. With this option any distribution may be defined. The adhesive force distribution 

needs to be obtained from measured data. If available measurements are not very accurate, the 

lognormal distribution is recommended, as the one that requires less user effort. If more detailed 

data is available, the user may wish to use the tabular distribution option in order to provide a closer 

match to the measured values. 

 

The user input required for each option is summarized below. 

 

• Input parameters for the lognormal distribution 

o Nsec and Nj for each particle size section 

o Values of <Fa> (or methods of calculating them) for each Fa-section and each 

particle size section. Values of the adhesive spread, σa, each particle size section. 

 

• Input parameters for the tabular distribution 

o Nsec and Nj for each particle size section. The total number of integration intervals 

is equal to Nsec × Nj. The number of integration points is o Nsec × Nj + 1. 

o Values of <Fa> and σa, for each Fa-section and each particle size section. The grid 

points for distribution definition are defined as in case of lognormal distribution: 
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Figure 12-29 Fraction of particles per unit adhesion force, lognormal distribution. 

 

 

 

 

Figure 12-30 Fraction of particles per Fa-section, lognormal distribution. 
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o Array defining the distribution function per unit adhesion force, φj, (1/N), for each 

integration point (see Volume 2). The particle fractions per Fa-section are 

calculated from the entered distribution function in exactly the same way as in case 

of the lognormal distribution, including normalization of the final values. Since the 

distribution is normalized, the entered values of φj may be scaled by any factor. 

 

It is important to realize that with this option the user specifies the adhesion force distribution (by 

defining <Fa> and σa) it is the tangential pull-off force, Faτ, which determines the resuspension rate. 

The Faτ is related to Fa through the effective diameter: 

 

asaspp

eff

rxDx

D

2

11

1

0,0,

0,

+

=  

 

xp,0 and xas,0 are input parameters, while the asperity radius, ras, may be calculated as follows:: 

 

• A single value of ras may be used to calculate Deff,0 for all Fa-sections, ras(i) = <ras>. The 

value of <ras> is defined by the input parameter RASRRT (see Volume 2, records 8791XX). 

Default value of RASRRT is 1.0×10–7 m, which is equal to 0.1×Dp [108], for the particle 

diameter of Dp=10–6 m. 

• Distribution of ras may be defined by defining the mean value, <ras> (input parameter 

RASRRT), and the spread factor σas (input parameter SASRRT - see Volume 2, records 

8791XX). Default values of RASRRT and SASRRT are 1.0×10–7 m and 4.0 respectively. 

This is the default option (see Volume 2, description of records 8791XX). With this option 

the ratio of Faτ to Fa is close to the value obtained from the Vainshtein theory. Identical 

results are obtained when single particle size, or when a single value for the mean asperity 

size <ras> is defined in the “Vainshtein option” (when the asperity size distributions, φas(ras), 

are defined - see description below. 

 

Two options are available in the program for the particle distribution calculation in each Fa-section: 

 

• Variable distribution 

When this option is used the number of deposited particles is balanced separately for each 

Fa-section. It is important to do that because for a given (fixed) drag force, the particles that 

are weakly attached (low Fa-sections) will be resuspended quickly, while the particles that 

are strongly attached (high Fa-sections) will practically not be resuspended. Therefore the 

resuspension will soon stop and will only be resumed if the drag force (fluid velocity) is 

increased. 

 

With this option the user-defined distribution, φa(Fa), is used only for deposition, to 

distribute the newly deposited particles in the appropriate Fa-sections. During resuspension 

a balance of particles is considered for each Fa-section, so the resuspension from a given 
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Fa-section stops when there are no particles left in this section. This is the default option in 

SPECTRA. When this option is used, the mass balance is written for each Fa-section: 

 

( ) DiimiR
dt

idm
am +−= )()(

)(
  

 

This equation is written using a finite difference scheme: 

 

( ) tDitiRimim a ++= )()(1)()( 0   

 

m(i) - deposited mass, (kg), Fa-section number i, new time step value 

m0(i) - deposited mass, (kg), Fa-section number i, old time step value 

Rm(i) - resuspension rate, (1/s), Fa-section number i 

Δt - time step, (s) 

D - deposition rate, (kg/s) 

 

The particle mass in the section i, m(i), is equal to the total deposited mass, m, multiplied 

by the current distribution function φ(i). The above equation is rearranged to calculate the 

distribution function: 

 

( )
m

tDitiRim
i a ++
=

)()(1)(
)( 00 

  

 

In the above formula φ(i) is the current distribution, i.e. fraction of the particles in the Fa-

section number i, φ0(i) is the previous time step value, m and m0 are the total deposited 

masses (all Fa-sections) at the new and the old time step. 

 

• Fixed distribution 

When this option is used the user-defined adhesion force distribution is kept constant 

throughout the transient. This means in practice that the particles are not tracked for each 

Fa-section individually. In other words, the code “does not know” which particles have 

already been resuspended and assumes that the particle distribution is the same and equal 

to the user-defined function, φD(i), at every time step: 

 

)()( ii a =  

 

This option is not recommended for general application. It is included mainly for test 

calculations, and comparisons with some analytical solutions. 

 

Influence of balancing separately all size sections is illustrated in Figure 12-31 through Figure 

12-34. In this test gas velocity linearly increases from Vg = 0.0 m/s at time t=0.0, to Vg ~ 88 m/s at 

time t = 50.0 The figures show calculations performed with the default option (Option 1) and 

keeping fixed distribution (Option 2). With the first option, only the particles from the “left” Fa-

sections (i.e. the particles which are weakly attached to the surface) are resuspended. Once these 

weakly attached particles are removed from the surface, there is practically no more resuspension 

until the gas velocity and thus the drag force increases. 
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Figure 12-31 Resuspension test MRes4, influence of balancing each Fa-section, t = 0.0 s. 

 

 

 

Figure 12-32 Resuspension test MRes4, influence of balancing each Fa-section, t = 30.0 s. 
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Figure 12-33 Resuspension test MRes4, influence of balancing each Fa-section, t = 50.0 s. 

 

 

 

Figure 12-34 Resuspension test MRes4, influence of balancing each Fa-section. 
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On the other hand, if the Option 2 is selected, particle resuspension is much faster. Physically this 

option means that particles from all sections are resuspended, with the resuspension rate equal to 

the average for all Fa-sections.  

 

The resuspension rate for the weakly bound (“left”) particles is large, while for the strongly bound 

(“right”) particles is practically zero. Nevertheless the average value is still quite significant and the 

particles are resuspended very fast. It should be noted that for the Option 2 the drag force multiplier, 

Xd, has been reduced by a factor of 10. Default value is 0.3 (see description of the drag force 

calculation, Fd, below). For the Option 2 Xd has been set to 0.03. Even with 10 times smaller drag 

force, the deposited mass is only 3×10–4 kg (0.6%) at 50 s, while with Option 1 it is about 32 g 

(63%) at the same time (see Figure 12-34). The resuspension rate is calculated for each Fa-section 

from the following formula: 
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This may be written as: 

 )(exp)( 0 iYfiRm −=  

 

where Y(i) is an exponent, characteristic for the given Fa-section. In SPECTRA a limit is provided 

for the maximum value of Y(i). This limit (an input parameter CUTRRT, see Volume 2, record 

8700XX) is an important parameter, therefore a short discussion is provided here. Applying the 

limit, means that the resuspension rate is calculated from: 
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The cut-off values are between 5 and 20, with a default value of 10 (see Volume 2). Therefore the 

cut-off limits are: 

 

• Minimum: CUTTRT = 10.0, exp(–Y(i) ) > 4.5×10–5 (-) 

• Default: CUTTRT = 15.0, exp(–Y(i) ) > 3.1×10–7 (-) 

• Maximum: CUTTRT = 20.0, exp(–Y(i) ) > 2.1×10–9 (-) 

 

With CUTOFF = 20.0 the resuspension rates are set to zero only for those sections for which it is 

very low anyway ~10–9. This means that there is practically no cut-off, and the results are 

representing the model of Vainshtein et al. This is shown as the first line in Figure 12-35 (this figure 

shows resuspension results for 3 size sections, 0.4, 1.5, 4.0 μm, for a constant gas velocity - detailed 

description of the test condition, and comparison with an analytical solution of Vainshtein model is 

shown in Volume 3). 

 

With the cut-off limit of 20 most resuspension (~35%) occurs during the first second. During the 

slow resuspension that follows (1000 s) another ~10 % is resuspended. During this and later times 

the resuspension is governed by the size sections for which exp(–Y(i) ) ~ 10–5 (resuspension time of 

order of 105 s. While in theory this resuspension rates are possible, the experimental evidence [112] 

shows that resuspension is typically much more rapid and occurs in a matter of seconds rather than 

thousands of seconds. Therefore it is surmised that applying the Vainshtein formula to the sections 

for which exp(–Y(i) ) ~ 10–7 is simply applying the model beyond it’s range of validity. 
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Therefore CUTRRT of 15 is applied as a default value. This cut-off value will remove all the lower 

rate resuspension terms. This means in practice that the resuspension will stop after the time of order 

of 100 s (Figure 12-35, second line). 

 

 

Figure 12-35 Influence of the cut-off limit on resuspension rates. 

 

 

Figure 12-36 Influence of the cut-off limit - CUTRRT = 20 (maximum). 

  

Resuspension Test MRes-Sen1, Influence of Cut-off

0.50

0.60

0.70

0.80

0.90

1.00

1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04

Time, [s]

F
ra

ct
io

n
 r

em
a
in

in
g
, 
[-

]

Cut = 20 (Maximum)

Cut = 15 (Default)

Cut = 10 (Minimum) Cut = 20 (Maximum)

Cut = 15 (Default)

Cut = 10 (Minimum)



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  583 

The minimum cut-off value is 10.0. This value will result in stopping the resuspension already after 

about 10 s (Figure 12-35, third line). The end-results (at 1000 s) for all three cases are shown in 

Figure 12-36 through Figure 12-38. Further discussion is provided in Volume 3. 

 

 

Figure 12-37 Influence of the cut-off limit - CUTRRT=15 (default). 

 

 

Figure 12-38 Influence of the cut-off limit - CUTRRT = 10 (minimum). 
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Calculation of the Adhesion Force Distribution from the Asperity Radius Distribution 

 

The resuspension option presented so far was based on a direct knowledge of the adhesion force 

distribution, φa(Fa), with the mean value <Fa> and the adhesive spread, σa, being user-defined 

parameters. Such distribution is used for example in [88]. 

 

Quite often the literature another approach is made. A surface asperity, ras, distribution is assumed, 

φas(ras). The adhesion force is then expressed in as a function of the surface asperity radius, 

Fas=f(ras), which in the end allows to obtain the adhesion force distribution itself. Such approach is 

used for example in references [108] and [109]. This approach seems a little of going around to 

tackle the problem, because of two reasons. 

 

• Firstly, the adhesion forces are easier to measure (this is done in centrifuges) than the 

asperity radii, 

• Secondly, the use of asperity radii requires certain assumptions (discussed below), which 

are difficult to justify. 

 

This option is included in SPECTRA because it is applied in the article of Vainshtein [108], which 

is the principal source of the model applied in SPECTRA. To allow easier comparison with [108] 

and other literature data the option described below is included. 

 

When the method based on the surface asperity distribution is used, the asperity distribution is 

defined instead of the adhesion force itself. This is again done using the lognormal distribution or 

the tabular distribution. The lognormal distribution is in this case written as: 
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where the subscript as is used for asperities. The values of <ras> and σas are of course input 

parameters, which need to be defined instead of the <Fa> and σa used when the adhesion force 

distribution is entered directly. Those parameters are defined individually for each size section. 

Therefore the asperity size may be specified as different for each particle size. The asperity size 

sections, ras-sections, are then defined in exactly the same way as the Fa-sections: 
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Next, a relation between the asperity radius and the corresponding adhesion force is needed, in order 

to convert the ras-sections into the Fa-sections. Typically it is done using the following reasoning 

(see [108]). Adhesion force is written for a particle of a given diameter, Dp, deposited on a smooth 

surface. For the basic adhesion forces applicable for typical dust particles the adhesion force is 

proportional to the particle diameter: 
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psmootha DF ~,
 

 

In the Vainshtein approach it is stated that for rough surfaces a small surface asperity may play a 

role of a particle while a particle may play a role of a flat surface [108], in which case: 

 

asa rF ~  

A “reduction factor” is then defined:  

)/2()/()/( , paspassmoothaa DrRrFF ==  

 

This relation may be used to scale the smooth values into the rough values. This approach may be 

criticized for a number of reasons. The most important weak points are: 

 

• Firstly, the particles are typically not smooth but have asperities of their own. 

• Secondly, the assumptions imply that ras « Dp, so it is not applicable for different particle 

sizes and therefore cannot be applied in SPECTRA calculations where the particle size 

sections may in general vary significantly (see section 12.2.1). 

• Thirdly, a deposited particle will be in contact with several (typically 3) asperities, because 

a particle cannot rest on just one asperity. 

 

The first weakness cannot be easily remedied at present. The next two weakness however can be to 

some extend remedied. This is done by defining the effective diameter, Deff,i: 

 

asiaspip
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xp,i and xas,i are user-defined multipliers, which in general may be different for different types of 

adhesive forces. The subscript i indicates the type of adhesion force, (i=1: van der Waals, i=2: 

adsorbed liquid). The values of xp,i and xas,i are discussed below. With the effective particle diameter 

defined as above the adhesion force is proportional to: 

 









pasp

pasas

a DrifD

Drifr
F ~  

 

Therefore it has the desired property Fa ~ ras for ras « Dp, but it has applicability range is extended 

to ras » Dp. Moreover the effect of particle diameter may be easily removed by setting the xp,i to a 

large value. In this way the “classical” Vainshtein model can be obtained for comparisons with 

literature data (see Volume 3). 

 

Finally, the fact that a particle rests typically on three asperities may be taken into account by setting 

xas,i to 3.0. If ras « Dp, then Fa ~ 3ras - the total adhesion force resulting from asperity contact in the 

three resting points is assumed to be sum of the individual asperity forces. 

 

When the asperity distribution is used and converted to the adhesive force distribution, then the 

effective diameter, Deff,i, and finally the adhesion force Fa(i) are calculated for each Fa-section using 

the average asperity radius, ras(i) = (ras,sec(i)×ras,sec(i+1) )1/2, for this section. 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

586  K6223/24.277594  MSt-2402 

It should be remembered that when the asperity distribution is used and converted to the adhesive 

force distribution, one should calculate the adhesive force for a smooth surface (the Vainshtein 

model assumes that asperity plays the role of particle on a smooth surface), therefore the surface 

roughness should be entered as zero. If this is not the case, SPECTRA will print a warning message 

in the input diagnostics. 

 

In the Vainshtein “prescription” the asperity radius is equal to: 

 

( )2/1.0 pas Dr =  

 

This is only possible to achieve using the option with the asperity size distribution, φas(ras). Such 

inputs are shown in Volume 3. Here a short example is given, where <ras> is defined according to 

this prescription for five size sections: 
 

*      <Ras>    sigma 

870101 0.125E-7  4.0   * size section 1, Dp = 0.25E-06, f'=0.1 => <Ras> = 0.1*0.25E-6/2 = 0.125E-07 

870201 0.250E-7  4.0   * size section 2, Dp = 0.50E-06, f'=0.1 => <Ras> = 0.1*0.50E-6/2 = 0.250E-07 

870301 0.500E-7  4.0   * size section 3, Dp = 1.00E-06, f'=0.1 => <Ras> = 0.1*1.00E-6/2 = 0.500E-07 

870401 1.000E-7  4.0   * size section 4, Dp = 2.00E-06, f'=0.1 => <Ras> = 0.1*2.00E-6/2 = 1.000E-07 

870501 2.000E-7  4.0   * size section 5, Dp = 4.00E-06, f'=0.1 => <Ras> = 0.1*4.00E-6/2 = 2.000E-07 

 

On the other hand, the input below illustrates the default option (φa(Fa) distribution is defined), with 

the mean forces <Fa> left to be calculated by the code (zeroes are entered), and the mean asperity 

radius equal to 1.0×10–7 m: 
7100.1 −=asr  

In this case the mean asperity size and the asperity spread factor are defined in the record 8791101. 

These values do not affect the adhesion force, Fa, but are used for conversion of the adhesion force 

into the tangential pull-off force, Faτ (calculation of the effective diameter, Deff,0). Entering zero 

means applying the default value of 10–7 m. Additionally xp,1 is set in this case to a large number, to 

obtain Deff,1 proportional to ras, in order to compare the results with the next test case.  
 

*     Adhesion force distribution 

* 

*      <Fa>   sigma 

870101 0.0    4.0   * size section 1 

870201 0.0    4.0   * size section 2 

870301 0.0    4.0   * size section 3 

870401 0.0    4.0   * size section 4 

870501 0.0    4.0   * size section 5 

* 

*      <Ras>   sigma         xp0   xa0 

879101 0.0    4.0            0.0   0.0 

 

*        Adhesion force mean value <Fa> calculation - model constants 

*        van der Waals 

*        A1    x1   R    xp1    xa1 

879201  0.0   0.0 -1.0  1.0e10  0.0 

 

Exactly the same results will be obtained using the asperity size distribution, φas(ras), option, if the 

mean asperity size is specified as the same as above, i.e. 1.0×10–7 m for all size sections (in this case 

the mean asperity radius defined in the record 8791101 is not used): 

 

pas Dallforr 7100.1 −=  
* 

*      <Ras>    sigma 

870101 1.000E-7  4.0   * size section 1, Dp = 0.25E-06 

870201 1.000E-7  4.0   * size section 2, Dp = 0.50E-06 

870301 1.000E-7  4.0   * size section 3, Dp = 1.00E-06 

870401 1.000E-7  4.0   * size section 4, Dp = 2.00E-06 

870501 1.000E-7  4.0   * size section 5, Dp = 4.00E-06 

* 

*      <Ras>   sigma         xp0   xa0 

879101 0.0     4.0           0.0   0.0 

 

*        Adhesion force mean value <Fa> calculation - model constants 

*        van der Waals 

*        A1    x1   R    xp1    xa1 

879201  0.0   0.0 -1.0  1.0e10  0.0 
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The results will be identical provided that the adhesive force is proportional to the asperity size, 

Deff,1  ras (xp,1 is set to a large number). If this is not the case there will be some small differences 

in the calculated adhesion force. In contrast to xp,1, xp,0 does not need to be set to a large number. 

This value is used only for the spring stiffness calculation and identical results will be obtained if 

the same value is used consistently in both models (in the present examples zeroes are entered, 

which means that a default value, xp,0 = 1.0, is used). 

 

Calculation of the Mean Adhesion Force, <Fa> 

 

The mean adhesion force, <Fa>, needs to be calculated if the adhesion force distribution is used and 

the <Fa> is not specified by the user. If the lognormal distribution is used, the mean adhesion force, 

<Fa>, has its usual meaning. In case of the tabulated distribution, the <Fa> represents the nominal 

adhesion force. The x-coordinate in the distribution table is give the relative adhesion force: x = 

Fa/<Fa>. 

 

For smooth surfaces the literature (see [108], equation 1) gives the following formulae for the 

adhesion: 

pa DF =   for small hard particles 

pa DF = 
4

3
 for large soft particles 

 

Δγ is the adhesive surface energy, (J/m2). The value of Δγ used in [108] is 0.15 J/m2. In general it 

may be observed that for smooth surfaces the adhesion force is proportional to the particle diameter: 

pa DCF =  

 

For the value of Δγ from [108] the value of C is between about 0.3 (large soft particles) and 0.5 (small 

hard particles). 

 

In reality the deposition surfaces are rough. For these surfaces the adhesion force is more difficult to 

calculate. Moreover in general one needs to consider several mechanisms of particle adhesion to a 

surface. For example the gravity force will have a small contribution and may therefore be neglected 

for small particles, but should not be neglected for large particles. Since in SPECTRA the particle size 

sections may vary significantly (see section 12.2.1) a general resuspension model must consider the 

effect of gravity. Discussion of the main adhesive forces and the method of calculation adapted in 

SPECTRA is discussed below. 

 

The main adhesive forces are (see [75]): 

 

• (1) The van der Waals force 

• (2) Force arising from the surface tension of adsorbed liquid 

• (3) The electrostatic force 

 

On top of these three adhesion forces a gravity force is added, which is important for large particles: 

 

• (4) The gravity force 
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All these forces are discussed below. 

 

• (1) The van der Waals force 

 

The van der Waals forces are determined by [75]: 

 

2

sep

p

Hama
x

D
AF =  

 

In the above formula Dp is the particle diameter, (m); xsep is the separation distance, (m), and AHam is 

the Hamaker constant, equal to AHam = 6×10–20 ÷ 150×10–20 (J) [75]. 

 

The model applied in CÆSAR [107] predicts that the particle-surface adhesive force is proportional 

to the particle diameter and inversely proportional to the surface roughness. The adhesion force is 

shown in [107] and is reproduced in Figure 12-39. 

 

In SPECTRA it is assumed that the adhesion may be correlated using the effective particle diameter, 

Deff, and the surface roughness, R: 

1,
1

1,
1

effxa D
R

A
F =  

 

In the above formula Deff is the effective particle diameter, (m); R is the surface roughness, while A1 

and x1 are user-defined constants. An internal limit is applied in SPECTRA for the surface roughness: 

R  10–9. Therefore for the smooth surface: Fa,1 = 109A1Deff,1. The effective particle diameter is 

defined differently if the adhesion force distribution is given directly and if it is given through the 

asperity distribution. When the asperity size is zero, the effective particle diameter is given by: 

ppeff DxD 1,1, =  

 

The xp is a user-defined multiplier, which may be viewed as a shape factor allowing taking into account 

a non-spherical shape of particles. The value of xp is defined separately for each particle size section, 

thus larger particles (formed from coagulation of smaller ones) may be given different (larger) values 

of the shape factor. When the asperity size (RASRRT, see Volume 2, records 8791XX) is positive, 

the effective diameter is (see the description of asperity distribution, above): 

 

asaspp

eff

rxDx

D

2

11

1

1,1,

1,

+

=  

 

where ras is the asperity radius, while xp,1 and xas,1 are user-defined multipliers with the default values 

of 1.0 and 3.0 respectively. 

 

The model applied in CÆSAR [107] predicts that the particle-surface adhesive force is proportional 

to the particle diameter and inversely proportional to the surface roughness, which means x1=1.0. 

Results obtained with the formula applied in SPECTRA with A1 = 5×10–10 and x1 = 1.0 are shown in 

Figure 12-40. Results agree well with the values calculated by CÆSAR (Figure 12-39). Therefore the 

values of A1 = 5×10–10 and x1 = 1.0 are applied as the default values for calculation of the adhesive 

force. 
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Figure 12-39 Adhesive force of SnO2 particles to a steel surface, [107]. 

 

 

Figure 12-40 Adhesive force, dry atmosphere, A1 = 5.0×10–10, x1 = 1.0. 
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Note that in SPECTRA the value of R has an internal limit of a minimum of 10–9. Thus the “smooth 

surface” line is obtained for R=10–9. With the value of A1 = 5.0×10–10 the proportionality coefficient 

in the adhesion force is equal to: 

5.0
)101(

105
19

10

1

1

=



=

−

−

x
R

A
 

 

For smooth surfaces the literature (see [108], equation 1) gives the following formulae for the 

adhesion: 

 

pa DF =   for small hard particles 

pa DF = 
4

3
 for large soft particles 

 

Δγ is the adhesive surface energy, (J/m2). The value of Δγ used in [108] is 0.15 J/m2. Therefore: 

 

pa DF = 47.0  for small hard particles 

pa DF = 35.0   for large soft particles 

 

To obtain exactly the same values in SPECTRA, the following values should be used: 

 

• A1 = 4.7×10–10, for small hard particles. 

• A1 = 3.5×10–10, for large soft particles. 

 

The default value, A1 = 5.0×10–10, is sufficiently close to those values for most practical applications. 

 

The discussion above was limited to the cases when surface asperity did not affect the result. The 

effective diameter was simply equal to ythe particle diameter: 

 

peff DD =1,
 

 

Below the influence of surface asperities is shown. The effective diameter is given by: 

 

asaspp

eff

rxDx

D

2

11

1

1,1,

1,

+

=  

 

xp,1 and xas,1 are user-defined multipliers. With this definition qualitatively good results are obtained 

for the asymptotic cases: 









pasp

pasas

a DrifD

Drifr
F ~  

 

Results shown in Figure 12-41 show adhesion forces for the asperity radius of 10–7 m, and the default 

values of the user-defined multipliers (see Volume 2): 

 

• Asperity radius: ras = 10–7 m, xp,1 = 1.0 and xas,1 = 3.0. 
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Figure 12-41 shows that when the particle diameter becomes large, the adhesion force does not 

depend on the particle diameter (lines become horizontal). In this region the adhesion force is 

governed by the asperity radius, ras = 10–7 m. This region is indicated in the figure with the comment 

“asperity effect”. In the first case, (A1, x1) = (5.0×10–10, 1.0), the gravity effect becomes visible on 

the right-hand side of the picture. In the no-asperity effect cases, the forces in this region were so large 

(~10–8 Figure 12-40) that the gravity force was almost not visible. In the present case the gravity force 

(~10–9 for the large particles) becomes visible in the right-hand side of the figure. This region is 

indicated in the figure with the comment “gravity effect”. 

 

 

 

 

Figure 12-41 Adhesive force, A1 = 5.0×10–10, x1 = 1.0, H = 0.0, <ras>=1.0×10–7. 

 

 

 

• (2) Force arising from the surface tension of adsorbed liquid 

 

In humid conditions most materials adsorb liquid molecules on their surface [75]. An attractive force 

between a particle and a surface is created by a surface tension of the liquid drawn into the capillary 

space at the point of contact. For relative humidities greater than 90% and smooth surface the force is 

(see reference [75], equation 6.3): 

pa DF = 22,
 

 

In the above formula σ is the surface tension, (N/m). For real surfaces at lower relative humidities, the 

force depends on the curvature of asperities at the points of contact, not on the particle diameter. This 

curvature varies greatly from particle to particle, giving rise to a distribution of adhesive forces for the 

same size particles ([75], section 6.1, page 143). In the present implementation it is assumed that the 

adhesive force on a rough surface is proportional to the effective curvature, resulting from the 

curvature of the particle itself and the surface asperities. The effective curvature is given by: 
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=  

In the implementation it is written as: 

asaspp

eff

rxDx

D

2

11

1

2,2,

2,

+

=  

 

where ras is the asperity radius, while xp,2 and xas,2 are user-defined multipliers, both having the default 

value of 1.0. If the force distribution is entered, then a single value, representing the average asperity 

radius (user input), is used. If the asperity distribution is entered, then a different value is used for each 

ras-section, equal to the ras-section middle value in the logarithmic space: 

 

)1()()( sec,sec, += iririr asasas  

 

where ras, sec(i) and ras, sec(i+1) are the ras-section number i left and right boundaries. 

 

The effect of relative humidity is taken into account using the humidity-dependent function, f(H), 

defined in the following way. If the humidity is equal to, or higher than 90% then f(H) is equal to 1.0. 

If the humidity is equal to 0% then f(H) is equal to 0.0. A third order, smooth interpolation is performed 

in the range between 0 and 90%. Thus the f(H) is defined as follows: 

 











−

=

=

9.00.1

9.00.0)23(

0.00.0

)( 2

Hif

HifXX

Hif

Hf  

 

where X = H/0.9. Finally, the adhesion force, caused by the humidity is given by (see reference [75], 

equation 6.3): 

2,22, )( effa DHfAF =   

 

where A2 is a user-defined constant, with a default value of 6.28 (=2π). The adhesive force for a humid 

atmosphere (H=1.0) is shown in Figure 12-42. The values shown in this figure are the total force 

coming from the van der Waals force (computed with A1 = 5.0×10–10 and x1 = 1.0) and the humidity 

(computed with A2 = 6.28). 

 

• (3) The electrostatic force 

 

The electrostatic force is given by (see reference [75], equation 6.2): 

 

2

2

3,

q

Ea
x

q
KF =  
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Figure 12-42 Adhesive force, humid atmosphere, A1 = 5.0×10–10, x1 = 1.0, A2 = 6.28. 

 

 

The KE is the Coulomb constant; equal to 9.0×109 Nm2/C2 ([75], equation 15.2), and xq is the separation 

distance of opposite charges. The formula is based on an assumption that the particle charge q induces 

an equal and opposite charge on the surface. In general, if the induced charge is denoted as qi, we 

have: 

23,

q

i
Ea

x

qq
KF =  

 

The induced charge depends on the material and is proportional to q: qi = A3q. For non-conducting 

materials it is close to zero (A3=0.0), for conductors it is close to the charge q (A3=1.0). 

 

It is assumed that the separation distance is proportional to the surface roughness, with the 

proportionality factor, xE (default value: xE = 0.5). If the particle diameter is smaller than xE R, the 

diameter is used. The adhesion force caused by the electrostatic forces is given by: 

 

2

2

3
3,

)],[min( pE

Ea
DRx

qA
KF =  

 

A3, xE are user-defined constants. KE = 9.0×109, and q is the net electric charge of the particle. The 

electric charge of particles is calculated from: 

 
qx

pq DCq )10( 6=  

 

Cq and xq are input parameters, discused in section 12.2.5.7. 
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Figure 12-43 Adhesive force, A1 = 5.0×10–10, x1 = 1.0, <ras>=1.0×10–7, electric charge. 

 

 

• Minimum charge. An equilibrium (minimum) charge is given by: 

 

619 10108.3 = −

pDq  

 

• A maximum charge of a negatively charged sphere is given by: 

 
2614 )10(105.4 = −

pDq  

 

Figure 12-43 shows adhesion forces calculated for a 10-fold equilibrium charge, which means 

Cq=3.8×10–18. Influence of the electrostatic field is visible by comparing this figure to Figure 12-41. 

The effect is visible for large particles on a smooth surface and small particles on a rough surface. 

 

• (4) The gravity force 

 

The gravity force acting on a particle with density ρp and volume Vp is: 

 

3

4,
6

ppppa DgVgF == 


  

 

where g is the gravity constant. The gravity force depends on the vertical orientation of a surface. 

Each heat conductor surface has default gravity factors (δgrav), which can be re-defined by the user 

through the input data (see Volume 2). The default settings are: 
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• Horizontal, up-facing surface:  δgrav = +1.0 

• Vertical surface:   δgrav =   0.0 

• Horizontal, down-facing surface: δgrav = –1.0 

 

In case of cylindrical and spherical geometries, as well as surfaces with fins or spines, the default 

values of the gravity factors are between 0.0 and 1.0 (see Volume 2 for detailed description of the 

default settings for all types of surfaces). 

 

The final formula for the gravity force applied in SPECTRA includes the gravity factor and is: 

 

gravppa DCF  = 3

44,
 

 

C is a constant, equal to 5.14 (=π/6×g). Influence of gravity force is typically very small or negligible. 

It may be visible in case of dry surfaces and large particles - see Figure 12-41. 

 

• Total adhesion force 

 

The total adhesion force is calculated as the sum of all forces: 

 

4,3,2,1, aaaaa FFFFF +++=  

 

The mean adhesion forces are calculated for each particle size section during the input processing and 

stored for the calculations. The values are printed in the output file. The values of adhesion forces do 

not change during calculations (are time-independent). 

 

• Practical example of adhesion force definition 

 

It is instructive to show how an empirical expression can be built through the input coefficients. A 

useful empirical expression based on direct measurement of glass and quartz particles (Corn data) is 

given by ([75], equation 15.7): 

 

( )  ( )HDHDF ppa 9.01063%009.01063.0 +=+=  

 

where Dp is particle diameter in m, %H is the relative humidity in %, and H is the non-dimensional 

relative humidity. This formula may be written as: 

 

2,1,9.0063063.0 aappa FFDHDF +=+=  

Therefore: 

pa

pa

DHF

DF

=

=

 )/9.0063.0(

063.0

2,

1,

 

 

Finally the formula can be approximated in SPECTRA by entering the following values of the user-

defined coefficients: 
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/9.0063.0
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=

=

x

A

A

  

 

Additionally the asperity radius, ras, should be set to zero (by entering a small positive number), or 

alternatively setting xa,i to a large value. Either way the effective diameter will be equal to Deff,i=Dp. 

The electrostatic and the gravitational force should be set to zero (default values may be used). The 

values for σ = 0.059, A2 = 0.96, are shown in Figure 12-44. For comparison the results obtained directly 

from the Corn formula are shown using the empty markers. 

 

The SPECTRA-calculated values are identical to the values obtained from the Corn formula for the 

relative humidities of 0.0 and 1.0. For the relative humidity of 0.5 the SPECTRA values are slightly 

different because of the third order humidity interpolation applied in the code. 

 

More examples, including how the adhesive force distributions may be defined through the asperity 

size distributions, are shown in Volume 3. 

 

 

 

 

 

Figure 12-44 Adhesive force, Corn data, A1 = 0.063, x1 = 0.0, A2 = 0.96. 
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Drag Force, Fd 

 

For the particle in a bulk flow the drag force is calculated from ([75], equation 3.4): 

 

( )2,
8

gpgDbd VDCF 

=  

 

ρg - density of gas, (kg/m3) 

Dp - particle diameter, (m) 

Vg - gas velocity, (m/s) 

CD - drag coefficient, given by: 

 










+
=

947.998Re44.0

947.998Re)Re15.01(
Re

24 687.0

if

if
CD

 

 

The value of the boundary Reynolds number was selected at the cross point of the two lines, i.e. when 

24/Re(1+0.15Re0.687)=0.44. The Reynolds number is defined as ([75], equation 3.10): 

 

g

gpg VD




=Re  

 

μg - viscosity of gas, (kg/m/s) 

 

For the resuspension calculation the value of Fd,b is not useful, and is presented here only for 

comparison. For particles deposited on a wall the drag force is given by ([88], eq. 21): 

 

( )2
2

' 0.8 += p

g

g

d DF



 

 

In SPECTRA a user-defined multiplier, Xd, is added. The drag force, as coded within SPECTRA, is 

given by: 

( )2
2

0.8 += p

g

g

dd DXF



 

 

With Xd of one the expression represents the drag force acting on a particle at a wall. However, in the 

Vainshtein model the mean value of the fluctuating component should be used. The mean value of the 

fluctuating component is about one third of the full value. This means applying the multiplier of 0.3 

in the expression for the drag force ([88], eq. 16). Therefore the default value of the multiplier Xd is 

0.3. 
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Dp
+ is a dimensionless particle diameter, given by: 

 





=+

gp

g

g

p VD
f

D
8

 

 

χ is the dynamic shape factor, applied for non-spherical particles (see [75], eq. 3.23). 

 

The drag forces, calculated by SPECTRA as described above, are shown in Figure 12-45 and Figure 

12-46. The first figure presents the drag force for particle in a bulk flow. The second figure shows the 

drag force for particle at a wall. This is the force Fd used in the resuspension model. It is seen that the 

force seen by particle at a wall is much smaller than that experienced by the particle in the bulk flow 

for the same gas bulk velocity. 

 

For comparison, the approximate data presented in reference [75] (in Table 6.1) is reproduced here in 

Table 12-5. The adhesion forces presented in this table correspond to 50% humidity and should 

therefore be compared with the values shown in Figure 12-44. The forces from air current are 

comparable to the drag forces, Fd,b, presented in Figure 12-45. It is seen that the values have the same 

order of magnitude, the values from SPECTRA being calculated being somewhat larger than the value 

presented in the table. 

 

Table 12-5 Adhesion and removal forces ([75] Table 6.1). 

 

Diameter, (m) 

Force, (N) 

Adhesion Air current at 10 m/s 

1.0×10–7 

1.0×10–6 

1.0×10–5 

1.0×10–4 

10–8 

10–7 

10–6 

10–5 

2×10–10 

2×10–9 

3×10–8 

6×10–7 

 

 

Lift force, FL 

 

The lift force, FL, experienced by a particle at a wall. The lift forces is calculated from: 

 

• Expression of Soltani [111], valid for D+ < 1.8: 

 

( ) 0.3
2

'

, 975.0 += p

g

g

aniSoltL DF



 

 

• Expression of Hall ([88], eq. 20), valid for 1.8 < D+ < 70: 

 

( ) 31.2
2

'

, 215.4 += p

g

g

HallL DF



 

 

where the constant is equal to 20.9 divided by 22.31. 
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Figure 12-45 Drag force for particle at bulk flow, Fd,b. 

 

 

Figure 12-46 Drag force for particle at a wall, Fd, calculated within SPECTRA 
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In SPECTRA a user-defined multiplier, XL, is added. In order to obtain smooth transition from one 

formula to the other, the transition point has been chosen at the crossing point of the Soltani’s and the 

Hall’s formulae. The exact value is equal to (4.215 / 0.975)1/(3 – 2.31) = 8.34525. The lift force, as coded 

within SPECTRA, is given by 

 

• Expression of Soltani, applied for D+ < 8.34525: 

 

( ) 0.3
2

, 975.0 += p

g

g

LaniSoltL DXF



 

 

• Expression of Hall, applied for D+ > 8.34525: 

 

( ) 31.2
2

, 215.4 += p

g

g

LHallL DXF



 

 

As in case of the drag force, the dimensionless particle diameter is given by: 

 

gp

g

g

p VD
f

D =+





8
 

 

XL - user-defined multiplier (default = 1.0) 

f - friction factor, (-) 

ρg - density of gas, (kg/m3) 

Dp - particle diameter, (m) 

Vg - gas velocity, (m/s) 

 

Comparison of the expressions of Hall and Soltani is shown in Figure 12-47. Lines calculated with 

both expressions cross at D+ of about 10 (the exact value is 8.34525). Results of the model, as coded 

in SPECTRA are shown in Figure 12-48. The lift forces, FL, are typically much smaller than the drag 

forces, Fd. 

 

The lift force is not used in the Vainshtein resuspension model and is not used by default in SPECTRA. 

However, an option is available to use the lift force or a combination of the lift and the drag force. 

Recall that the resuspension rate is calculated as: 

 

























−=

Fx

d

a
m

F

F
ftR exp)( 0  

 

In the default option Fd is the drag force, calculated using the multiplier Xd. The lift force, FL, 

calculated using the multiplier XL may substitute the drag force. 
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Figure 12-47 Lift force - comparison of the expressions of Hall and Soltani. 

 

 

 

Figure 12-48 Lift force, FL, calculated within SPECTRA. 
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1.0E-21

1.0E-20

1.0E-19

1.0E-18

1.0E-17

1.0E-16

1.0E-15

1.0E-14

1.0E-13

1.0E-12

1.0E-11

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-08 1.0E-07 1.0E-06 1.0E-05 1.0E-04

Particle diameter, [m]

F
, 

[N
]

V = 1 m/s

V = 10 m/s

V = 100 m/s

V = 1 m/s

V = 10 m/s

V = 100 m/s
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In such case the resuspension will be calculated from: 
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Finally, the sum may be used. In such case: 
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Note the is the drag force is calculated with the user-defined multiplier Xd, while the lift force, FL, is 

calculated with the user-defined multiplier XL: 
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Since both Xd and XL are user defined parameters, any linear combination of drag and lift forces may 

be achieved in the program. 

 

Effective Surface Curvature 

 

An effective surface curvature is used in SPECTRA to define the effective particle diameter: 

 

asiaspip

ieff

rxDx

D

2

11

1

,,

,

+

=  

 

The formula is based on an effective curvature of two surfaces, a particle, with diameter of Dp and 

a surface asperity, with the asperity radius of ras (Figure 12-49). First, consider a particle on a smooth 

surface (Figure 12-49 A). At the distance l from the contact point, the distance between the particle 

and the surface is H (l may for example represent the length of the adsorbed liquid - see [75], figure 

6.3). For a small angle, φ, the following proportion may be written: 

 

2/pD

l

l

H
=  

 

Next, consider a case when the surface has a curvature with its radius of ras (Figure 12-49 B). For 

small angles, φ1 and φ2 the following proportions are written 

 

asp r

l

l

H

D

l

l

H
== 21
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or: 

asp r

l
H

D

l
H

2

2

2

1
2/

==  

 

An effective curvature will have the diameter Deff and the corresponding effective distance Heff. The 

relation between these two parameters will be the same as that for a particle on a smooth surface, 

which means: 

2/

2

eff

eff
D

l
H =  

 

The effective distance, Heff, for a situation depicted in Figure 12-49 (B), is equal to: 

 

21 HHH eff +=  

This leads to: 

aspeff r

l

D

l

D

l 222

2/2/
+=  

This means: 

aspeff rDD 2

111
+=  

Finally: 

asp

eff

rD

D

2

11

1

+

=  

 

In the formula applied in SPECTRA two user-defined 

multipliers xp,i and xas,i are added to make it more 

general. 

 

The effective diameter calculated from the above 

formula provides a smooth transition from two extreme 

cases, when Dp « ras, and when ras « Dp. In those cases 

the effective diameter is equal to the diameter of the 

more curved surface: 

 








=

pasp

pasas

eff DrifD

Drifr
D
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Figure 12-49 Effective curvature 
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Extended Mechanistic Model 

 

The extended resuspension model offers a little more general formula for the resuspension rate 

calculation. Instead of the formula described above: 
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the following formula is used: 
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C1 and C2 are the user-defined parameters (default values of 1.0 and 0.0 respectively). A limit is 

imposed on the difference, such that it never becomes negative (Faτ – C2 Fd  0.0). Therefore if C2 

Fd  Faτ the result is independent on the forces and is always equal to: f0 exp(0) = f0. 

 

Using the extended formulation the “Rock’n Roll” model may be built. Recall that: 

 

0.0= FaaFaa CifFCF 
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LLddd FXFXF +=  

 

In the “Rock’n Roll” model [88]: 
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The aerodynamic force, Faero, is given by: 
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where (r/a) ~ 102 . The frequency of vibration: 
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In the “Rock’n Roll” model the Rm is divided by a term with error function: 
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This term has been neglected here. This term gives the values between 0.5 and 1.0, which can be 

accommodated by dividing f0 by 1/2 (this is achieved by dividing Cf0) and performing sensitivity 

calculations. Results of such sensitivity calculations, shown in Volume 3, prove that the error 

introduced by neglecting this term is practically negligible. Therefore the following values need to 

be applied in order to obtain the “Rock’n Roll” model: 

 

 C1 = 12.5 = (1/2) / (0.2)2  Xd = 102 = (r/a) 

 C2 = 1.0    XL = 0.5 

 CFa = –1.0    xF = 2.0 

 Cf0 = 6.58×10–3 ÷ 13.2×10–3  IDRRT = 3 (option to allow use of Xd and XL) 

 

 

Conclusions 

 

Conclusions on the mechanistic resuspension model in SPECTRA are given below. 

 

• The mechanistic model is based on the work of Vainshtein et al. [108]. 

 

• The model as coded is very flexible and different variations may be easily achieved. In 

particular: 

o The adhesion force distribution may be defined by the user if measured data exist. 

o The adhesion force distribution may be calculated by the code from the built-in 

correlations. In this case the user must enter the parameters such as surface 

roughness, relative humidity, etc. 

o The adhesion forces may be determined through the asperity distribution. With this 

option and the appropriate values of the mean asperity size, <ras>, and the spread 

factor, σas, the results are identical to the results of the original model. This has been 

verified in several calculations (see Volume 3). 

o The default number of Fa-sections is 51 (an advantage of having an uneven number 

of the Fa-sections is having a middle section with the adhesion force Fa exactly 

equal to the mean value <Fa>). It was found out that approximately this number of 

sections in necessary in order to obtain an accurate solution for typical adhesive 

spreads σa  5. If the adhesive spread, σa, is large, a large number of Fa-sections is 

necessary to correctly represent section-by section resuspension. For example, with 

σa = 7, the (min./max.) range is [exp(–7) / exp(+7) ] ~ (10–3 / 103). Thus the adhesive 

force spread is 6 orders of magnitude. Therefore a maximum number of 51 Fa-

sections is selected by default only if σa  5, while it is equal to 99 if σa > 5. 

o In contrast to the applied number of Fa-sections, the number of integration intervals 

per single Fa-section does not have an important effect on the solution (At least 

with the default number of Fa-sections. It would have a meaning if very few Fa-

sections were used). Therefore the default setting is 1 integration interval per Fa-

section (which may be increased by the user to a maximum of 5). 

o If the user-defined distribution option is used, then the user must of course define 

the distribution function for all integration points (equal to the number of Fa-

sections multiplied by the number of integration intervals, plus one). This may be 

tedious but is necessary to obtain an accurate and consistent (i.e. independent to 

some small changes of the number of sections) solution. The user-defined fractions 

are internally normalized by the code, so the values may be scaled by any factor, 

which makes it easier to prepare the input data. 
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• An extended option is available. Using this option, the user may easily build other 

resuspension model, for example the “Rock’n Roll” model. 

 

• The model has been validated against available test data - see Volume 3. 

 

 

12.2.9 Pool Scrubbing 

 

When a stream of gas enters a pool region of the receiving Control Volume, then it forms bubbles in 

the pool. The gas is assumed to quickly reach equilibrium at the entrance to the pool (the equilibrium 

conditions are calculated by the Bubble Collapse Model – see Chapter 2). At the end of the bubble 

collapse, the mass flow of gas entering the pool, WB, is divided into the mass flow of gas, WG, and 

condensed liquid, WL. The flow WG forms bubbles in the pool, while the condensed steam, WL, remains 

in the pool. The aerosols entering the pool with the stream of gas are divided as follows: 

 

• The part WL /WB remains in the pool. 

• The part WG /WB is transported partly to the atmosphere and partly remains in the pool, 

depending on the pool scrubbing efficiency, EPS. 

 

The division of aerosol particles is: 

• Fraction remaining in the pool:   
B

L
PS

B

G

W

W
E

W

W
+  

• Fraction reaching the atmosphere:  )1( PS

B

G E
W

W
−  

 

The overall pool scrubbing efficiency, εPS, is defined as the fraction of aerosols remaining in the pool: 

B

L
PS

B

G

PS
W

W
E

W

W
+=  

 

When the pool scrubbing efficiency is equal to 1.0, then all aerosols remain in the pool and the overall 

pool scrubbing efficiency is also 1.0: 

 

(max)0.10.1 PS

B

B
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L
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W

W

W
 ===+=  

 

When the pool scrubbing efficiency is equal to 0.0, then the overall pool scrubbing efficiency is equal 

to: 

 

(min)0.0 PS

B
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B
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PS
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W

W

W

W
 ==+=  

 

The pool scrubbing efficiency, EPS, is calculated using one of the two models, described below 

 

• Model 1 – user-defined pool scrubbing efficiency. 
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The pool scrubbing efficiencies, EPS, are defined for each size section in the input data using 

either a Tabular or a Control Function. 

 

• Model 2 – correlation. 

 

A correlation is available in SPECTRA to calculate the pool scrubbing efficiency. The 

correlation is: 

)]exp[1( pPS DBAE −−=  

 

In the formula the A, B are user-defined coefficients, and Dp is the particle diameter, (m). The 

default values of the user-defined coefficients are A = 0.8 and B = 0.5×106 (m–1) (see Volume 

2).  

 

The pool scrubbing efficiencies, calculated from the above correlation, are shown and 

compared to the numerical results obtained with SPARC and BUSCA codes in Figure 12-50 

and in Volume 3.  

 

The default value of the coefficient A is conservatively taken as 0.8, while the best estimate 

value is 1.0, as is seen in Figure 12-50. The conservatism in efficiency calculation was 

applied because pool scrubbing is not calculated in a mechanistic way, but a very simple 

correlation is used instead. 

 

 

 

 

Figure 12-50 Pool scrubbing efficiency correlation. 
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12.2.10 Aerosol Filters 

 

Two types of aerosol filters are available in SPECTRA. 

 

Filter type 1 – user-defined filter efficiency. 

 

For this type of filter the user defines filter efficiency, separately for each size section. The filter 

efficiency, εF, is defined as a fraction of the incoming aerosols that is removed by the filter: 

in

rem

F
W

W
=  

 

Of course the filter efficiency must be within the range: 

 

0.10.0  F  

 

Note that other codes (see for example [46]) often use the decontamination factor, DF, rather than the 

filter efficiency, as an input parameter. The decontamination factor is defined as a ratio of aerosols 

coming into the filter to the aerosols leaving the filter: 

 

out

in

F
W

W
DF =  

 

Taking into account that Wrem = Win – Wout, it can be easily shown that the relation between the filter 

efficiency and the decontamination factor is: 

 

F

F
F

F

F
DF

DF
DF

1

1

1 −
=

−
= 


 

 

The range of the decontamination factor is: 

 

 FDF0.1  

 

Filter type 2 – glass fiber filter. 

 

The glass fiber filter model is implemented based on the data from [75] (section 9). The calculation 

procedure is as follows: 

 

The single fiber efficiency is calculated using five deposition mechanisms: 

 

- interception, εR, 

- inertial impaction, εI, 

- Brownian diffusion, εD, 

- diffusion-interception, εDR, 

- gravitational settling, εG, 
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The single fiber efficiency for interception is given by ([75], equation 9.21): 

 

)1(

)1( 2

RKu

R
R

+

−
=


  

 

where Ku is the Kubawara hydrodynamic factor, given by: 

 

44

3

2

ln 



−+−−=Ku  

 

α volume fraction of fibers, or packing density, or solidity, (-) 

 R ratio of particle diameter to a single fiber diameter dp / df , (-) 

 

The single fibre efficiency for inertial impaction is given by ([75], equation 9.24): 

 

Ku

JStk
I

2
=  

where: 

4.05.27)286.29( 8.2262.0 −−= RRRJ   

fg
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d

UCd
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18

0

2

=  

 

 ρp density of particle, (kg/m3) 

 μg viscosity of gas, (kg/m/s) 

 dp particle diameter, (m) 

 df diameter of a single fibre, (m) 

 Cm Cunningham correction factor, (-) 

 U0 face velocity (gas velocity in absence of filter material = Junction velocity), (m/s) 

 

The single fiber efficiency due to diffusion is given by ([75], equation 9.27): 

 
3/22 −= PeD  

where: 

C

f

D

Ud
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0
=  

 

The diffusion coefficient is given by ([74], section 3.1): 

 

m

p

m

pg

B
C C

d

T
C

d

Tk
D


== −2410464.1

3
 

 

 kB Boltzmann constant (= 1.38×10–23), (J/K). 

 

The Cunningham correction factor, Cm, and the dynamic shape factor, χ, were added following [46] 

(RN RM section 2.4.2.2) 
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The single fiber efficiency due to diffusion-interception is given by ([75], equation 9.28): 

 

2/1

3/2

)(

24.1

PeKu

R
DR =  

 

The single fiber efficiency due to gravitational settling is given by ([75], equation 9.30): 

 

)1( RGG +=  

where: 

0

2
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gCd
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=  

 

The single fiber efficiency is obtained by assuming that all mechanisms described above act 

independently. The overall efficiency is equal to ([75], equation 9.33a): 
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 −−=
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1

)1(1
i

i  

or: 

)1()1()1()1()1(1 GDRDIR  −−−−−−=  

 

When the single fiber efficiency, εΣ, is known, the total filter efficiency is calculated from ([75], 

equation 9.19): 
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 27.1exp1
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where t is the thickness of the filter. Results obtained with fiber filter test calculations are shown in 

Figure 12-51 (see also Volume 3). 

 

The filter efficiency is calculated using the single fiber diameter, df. Quite often this value is not known 

for a particular filter. The value however can be deduced from the pressure drop over the filter. The 

two parameters are related by ([75], equation 9.36) 

 

2

0 )(

f

fg

d

fUt
p


=  

 

 μg gas viscosity (equal to the air viscosity: 1.8×10–5 kg/m/s), 

T gas temperature (equal to 300 K), 

U0 face velocity (equal to 2.7×10–1 m/s), 

 

3.0006.0:)561(64)( 35.1 +=  forf  
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Figure 12-51 Glass fiber filter efficiencies. 

 

 

 

The user can enter either the fiber diameter, or the pressure drop over the filter, or both. If only one of 

the two parameters is entered, then the other parameter is obtained using the above relation (see 

Volume 2). The code checks if the forward and reverse loss coefficients for the junction where the 

filter is located are consistent with the filter data. The minimum loss factor is calculated from: 

 

22min
27.02.1

22




=


=

p

v

p
K


 

 

where 1.2 is the air density at normal conditions. If the value of the loss coefficient is smaller than 

Kmin, then a warning message is printed and the loss coefficient is reset to the value of Kmin. 
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12.3 Fission Products 

 

12.3.1 Isotope Chains (Decay Chains) 

 

The concentrations of radioactive fission products are calculated from an isotope balance equation, 

similar to that used to calculate concentrations of nuclides in the reactor core, described in section 9.3. 

There are three important differences between the isotopes considered is by the Isotope 

Transformation Model from the Reactor Kinetics (RK) Package, described in section 9.3, and the 

decay chains, discussed here. 

 

• The isotopes from the RK Package always reside in the core. There is no release of these 

isotopes. In contrast to that, the isotopes from the RT Package can be released from the core 

and transported as vapors or aerosols (section 12.2). 

• The isotopes from the RK Package are continuously produced and burned in the core due to 

fission and capture processes. The isotopes from the RT package have constant mass, equal 

to the initial mass specified by the user. The initial masses of isotopes are calculated outside 

SPECTRA (for example by the ORIGEN code) and entered in the input deck (optionally the 

equilibrium concentrations may be used to calculate the initial masses – this option is only 

available if the reactor kinetics model is used). The initial masses are kept constant as long as 

the isotopes reside in the core. Once they are released from the core, the transformation of 

these isotopes due to decay is calculated as described below. 

• The isotopes from the RK package affect the reactivity. The isotopes from the RT package 

have no effect on reactivity. 

 

The isotope balance is calculated from the equation similar to that used is by the Isotope 

Transformation Model, described in section 9.3. However, since the RT Package deals only with 

isotopes released from the core, the terms involving neutron capture and fission, as well as fuel 

removal and reload, are not included. The only remaining terms are those describing the radioactive 

decay. Therefore this model is referred to as the “decay chains”. 

 

A change of concentration of isotope i may be caused by the following reasons: 

 

• Removal due to decay of isotope i. The rate of nuclide removal is equal to: 

 

ii N−  

 

λi is the decay constant (s–1), Ni is the number concentration of the isotope i (m–3). 

 

• Production due to decay of some other isotope j, from the same chain. The rate of change of 

i is equal to: 




→

ij

ijdii N ,  

 

γd, j→i is a yield fraction of isotope i from the decay of isotope j. In other words, γd,j→i is a 

probability of the fact that a decay of a nuclide of isotope j will result in production of a 

nuclide of isotope i. 
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• Production or removal due to processes other than decay (for example, source from fission 

yields, from release of fission products, from sorption of fission product vapors, etc. The 

source rate of i is generally written as Si (s–1m–3). 

 

Taking both the removal and the production terms, described above, a general balance of nuclide 

concentration of isotope i is written as: 

 

i

ij

ijdjjii

i SNN
dt

dN
++−= 



→,  

 

This equation can be written in a finite difference form, by replacing dNi/dt by t)/NN( ii − , where 

iN  is the value of isotope i concentration at the start of time step. The finite difference form of the 

isotope balance equation is: 
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=−+
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11
,  

 

where the terms with actual (unknown) nuclide concentrations have been grouped on the left hand 

side, while other (known) terms were grouped at the right hand side of the equation. The above 

equation, written for each isotope of a given chain, forms a set of linear equations that can be written 

shortly in a matrix form: 

BNA =  

 

where N is a vector of unknown nuclide concentrations, Ni, A is a square matrix, and B is a vector of 

right hand side quantities. The elements of matrix A are equal to: 
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The elements of vector B are given by: 

 

iii StNb += /  

 

This above matrix equation is solved using one of the standard matrix solvers (see section 17.4). A 

single isotope chain may consists of up to 11 different isotopes. The maximum number of independent 

decay chains is 20. 

 

All isotopes with positive decay constant, λi > 0.0, contribute to the decay heat. The decay heat is 

calculated from the following formula: 

 

=
i

idiichaind qNVQ ,  
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Examples of decay chains are shown in Figure 12-53 through Figure 12-57. Isotopes are shown in 

colors depending on their decay half-life time, T. The red color is used for the short-life isotopes (T 

of order of minutes). The stable isotopes are shown in blue. The applied color scale is shown in 

Figure 12-52. 

 

The data for those isotopes was obtained from [70], [71], and [89]. The decay chains were defined 

following [89]. The fission yields, γf, were obtained from [71] and [89]. Whenever available, the 

more recent data from [71] was used. The neutron capture cross sections, σc, were obtained from 

[70] and [71]. For most isotopes the data can be found in both references, and the values are very 

similar. In one case (I-131) the data was significantly different (σc = 80.0 barn according to [70], 

and σc = 0.621 barn according to [71]). It was decided to use the data from [71]. The decay yields, 

γd, were obtained from [89]. The half-life times, T, were obtained from [71] and [89]. Whenever 

available, the more recent data from [71] was used. The decay energy data, E, was obtained from 

[70]. 

 

The decay chains shown in Figure 12-53 through Figure 12-57 are built into the code and may be 

requested through input (see Volume 2). If these chains are requested then any parameter can be 

redefined by the user. The user can also define different chains. The maximum number of decay 

chains is 24, with up to 11 isotopes per chain. 

 

Initial masses of fission products 

 

The initial masses of isotopes in the code can be entered by the user, or equilibrium concentrations 

may be calculated by the code. The second option is available only if the Reactor Kinetics Package 

is used in the calculations. If the equilibrium concentrations are requested, then the concentrations 

in the reactor are calculated from a simplified isotope balance equation (compare section 9.3.1): 
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Where S is the nuclear source and is calculated as a sum over all fissile nuclides present in the 

Reactor Kinetics (RK) Package. Since the information about all isotopes present in the RK Package 

is available, the value of S is known. The isotope concentrations are calculated by transforming the 

above equation into a final difference form (similarly as the decay chain equation, shown above): 
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Figure 12-52 Decay chains, colour legend. 

 

 

 

 

 

Figure 12-53 Decay chain, Mw = 131. 

 

 

 

 

 

Figure 12-54 Decay chain, Mw = 132. 
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Figure 12-55 Decay chain, Mw = 133 / 134. 

 

 

 

 

 

Figure 12-56 Decay chain, Mw = 134. 
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Figure 12-57 Decay chain, Mw = 135 / 136. 

 

 

Figure 12-58 Decay chain, Mw = 137. 

 

 

Figure 12-59 Decay chain, Mw = 138. 
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Figure 12-60 Decay chain, Mw = 85. 

 

 

 

 

Figure 12-61 Decay chain, Mw = 90. 

 

 

 

 

Figure 12-62 Decay chain, Mw = 106. 
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The above equation, written for each isotope from a given chain, forms a set of linear equations that 

can be written shortly in a matrix form: 

BNA =  

 

where N is a vector of unknown nuclide concentrations, Ni, A is a square matrix, and B is a vector of 

right hand side quantities. The elements of matrix A are equal to: 
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The elements of vector B are given by: 

 

StNb ifii ,/ +=  

 

This above matrix equation is solved using one of the standard matrix solvers (see section 17.4). 

 

The time step, and the total integration time are selected based on the user-defined average fuel 

burn-up. The total time of fuel burn, tB, is equal to: 

 

R

fuel

B
Q

B

e

m
t

101064.8 
=  

 

 mfuel total mass of fuel (fissile isotopes) in the core, (kg), calculated based on the data 

from the RK Package, equal to: (VR·Mw,f / Av) · Σ(Nf,j σf,j) 

 e fuel enrichment, (-) 

 VR reactor volume, (m3) (from the RK Package) 

 MV average molar weight of the fuel (default = 235.0) 

 Av Avogadro number (=6.022×1026 - [32]), (1/kmol) 

 σf,,j fission cross section for fissile material j (from the RK Package), (barn) 

 Nf,,j concentration of fissile material j (from the RK Package), (m–3) 

 B fuel burn-up, user-defined input parameter BNUPRT with the default value of 80.0, 

(MWd/kg). The factor 8.64×1010 is a conversion factor from MWd/kg to Ws/kg, = 

106 (W/MW) × 8.64×104 (s/day). 

 QR reactor fission power, (W) 

 

Note: there is an internal limit on tB = 1.0 s. Therefore reducing B below the values corresponding to 

tB = 1.0 s will not have any effect on the results. The value of tB (BTIMRT) is printed in the 

SPECTRA output file below the value of B (BNUPRT). 

 

During the initial state calculation, the total burn-up time, tB, is divided into Nstep subintervals, and 

the decay and neutron capture equations are solved with the time step of: 

 

100

B

step

B t

N

t
t ==  

 

The number of steps was selected based on sensitivity calculations. It was observed that the end 

masses were clearly different is 1 step and 10 steps were applied. There was practically no difference 
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between the end masses calculated using 10 steps and 100 steps. Therefore 100 steps were selected 

to be used. 

 

When the Nstep steps are performed, the concentrations, Ni, (m–3), of all isotopes from a given chain 

are calculated for the burn-up B. When the initial concentrations are known, the initial masses, mi, 

(kg), are calculated from: 

iw

v

i

Ri M
A

N
Vm ,=  

 

 VR total volume of the reactor, (m3) 

 Mw,i molar weight of the isotope i, (kg/kmol) 

 Φ neutron flux, (m–2 s–1) 

 

 

Individual fission yields 

 

In the above discussion, the fission source is: 

 





fisj

jjfif N,,   

 

where γf ,i is the average fission yield of isotope i. The values of  γf ,i for the built-in isotopes are shown 

in Figure 12-53 through Figure 12-62. 

 

The user may define individual isotope yields for different fissile isotopes, where an individual yield 

fraction of isotope i from fission of isotope j, βj→i, is defined in the input deck (YIFPRT - see Volume 

2) for each of the fissile isotopes present in the model. In such case the current fission yields are 

calculated from. 
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Here: Nj(t)  current concentration (1/m3) of the fissile isotope j  

 σf, j microscopic fission cross section, (m2), of the fissile isotope j  

 γj→i  individual yield fraction of the isotope i from fission of the isotope j  

 γi(t) current yield fraction of the isotope i  

 

The definition of individual yields and calculation of current yield fraction for different and time-

varying concentrations of fissile isotopes are discussed in Volume 3, see tests Kr-88-SOL, Kr-88-LIQ, 

Xe-136. 
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12.3.2 Fission Product Release 

 

For the purpose of fission product release, each isotope present in the core is associated with one of 

the fission product release classes. Several default release classes are built-into the SPECTRA code. 

New classes can be added and the coefficients of the built-in classes may be modified through input 

(see Volume 2). 

 

The default release classes were specified following [46]. The same numbering scheme was 

preserved, but the built-in classes include only the first 12 classes from [46]. The default release 

classes, and the member elements are shown in Table 12-6. 

 

 

Table 12-6 SPECTRA default fission product classes. 

 

Release class 

 

Member elements from reference [46] 

Default 

member elements 

in SPECTRA 

1 

2 

3 

4 

5 

6 

7 

8 

9 

 

10 

11 

12 

Xe, He, Ne, Ar, Kr, Rn, H, N 

Cs, Li, Na, K, Rb, Fr, Cu 

Ba, Be, Mg, Ca, Sr, Ra, Es, Fm 

I, F, Cl, Br, At 

Te, O, S, Se, Po 

Ru, Rh, Pd, Re, Os, Ir, Pt, Au, Ni 

Mo, V, Cr, Fe, Co, Mn, Nb, Tc, Ta, W 

Ce, Ti, Zr, Hf, Th, Pa, Np, Pu, C 

La, Al, Sc, Y, Ac, Pr, Nd, Pm, Sm, Eu, Gd, Tb, 

    Dy, Ho, Er, Tm, Yb, Lu, Am, Cm, Bk, Cf 

U 

Cd, Hg, Zn, As, Sb, Pb, Tl, Bi 

Sn, Ga, Ge, In, Ag 

Xe, Kr 

Cs, Rb 

Ba, Sr 

I, Br 

Te, Se 

Ru, Rh, Pd 

- 

Zr 

Y 

- 

- 

Sb 

- 

 

 

Each of the built-in isotopes, shown in section 12.3.1, has a default assignment to one of the above 

classes. For example, in case of chain 131, the assignments are: 

 

Sb-131   - class 11 

Te-131m,   Te-131 - class 5 

I-131   - class 4 

Xe-131m,   Xe-131 - class 1 

 

Each isotope, which can be released from the fuel and whose release is not determined by a user-

defined Control Function, needs to be assigned to one of the release classes, as well as one of the 

vapor classes (see section 12.3.3). The release classes are used to determine the release rates of 

fission products, while the vapor classes are used to calculate condensation/vaporization of the 

released fission products. The vapor classes and the release classes are independent, so the same 

isotope may be associated with release class and vapor class with different numbers. It is however 

recommended to keep the release class and vapor class numbering the same, to avoid confusion. 

The built-in vapor classes are the same as the release classes (see section 12.3.3). 

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

622  K6223/24.277594  MSt-2402 

Three built-in fission product release models are available: 

 

• CORSOR-M model [90]. 

• ARSAP model [91]. 

• HTR-FPR. 

 

The release coefficients are built-in for each vapor class but can be redefined in input. Alternatively 

the user may define a different release model using a Control Function. 

 

The user may additionally specify a minimum limit on the fission product release rate. In this case 

the release rate calculated from the one of the above mentioned models would be used if the obtained 

value is greater than the user-specified minimum release rate for this class, and the class minimum 

release rate will be used otherwise. The minimum release rate option is useful for taking into account 

fuel manufacturing defects, which may cause a small release during normal plant operation. The 

release models are discussed subsequently below. 

 

 

12.3.2.1 CORSOR-M Model 

 

The CORSOR-M model correlates the release data using an Arrhenius equation form [90]: 

 









−=

RT

Q
kR exp0

 

 

where:  R - release rate (mass fraction released per minute), (1/min) 

   k0 - fractional release rate coefficient, (1/min) 

   Q - release constant, (kcal/mol) 

   R - gas constant, equal to 1.987×10–3 (kcal/mol/K) 

 

This equation is converted to the SI units, as follows: 

 









−=

T

B
AR exp  

 

where:  R - release rate, (1/s) 

   A - fractional release rate coefficient, (1/s) 

   B - release constant, (K) 

 

The above equation is used by SPECTRA. Conversion of the coefficients to the SI units is quite 

simple: A = k0 / 60.0, B = Q / R = Q / 1.987×10–3. The original release coefficients from [90] (also 

applied in MELCOR 1.8.3 - [46]) and the conversion to the SI units is shown in Table 12-7. 
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Table 12-7 Release coefficients, original CORSOR-M data [90], [46]. 

Release class Member Elements A, (s–1), (=k0 / 60.0) B, (K), (=Q / R) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Xe, Kr 

Cs, Rb 

Ba, Sr 

I, Br 

Te, Se 

Ru, Rh, Pd 

(Mo) 

Zr 

Y 

(U) 

Sb 

(Sn) 

2.00×105 / 60.0 = 3.333×103 

2.00×105 / 60.0 = 3.333×103 

2.95×105 / 60.0 = 4.917×103 

2.00×105 / 60.0 = 3.333×103 

2.00×105 / 60.0 = 3.333×103 

1.62×106 / 60.0 = 2.700×104 

0.0 

2.67×108 / 60.0 = 4.450×106 

0.0 

1.46×107 / 60.0 = 2.433×105 

0.0 

5.95×103 / 60.0 = 9.917×101 

63.8 / R = 32108.7 

63.8 / R = 32108.7 

100.2 / R = 50427.8 

63.8 / R = 32108.7 

63.8 / R = 32108.7 

152.8 / R = 76899.8 

0.0 

188.2 / R = 94715.7 

0.0 

143.1 / R = 72018.1 

0.0 

70.8 / R = 35631.6 

 

 

The original CORSOR-M coefficients contain a few deficiencies, discussed below 

 

Class 7, 9, and 11 – no release coefficients. 

 

The release coefficients for the classes 7 (Mo), 9 (La), and 11 (U), are omitted “due to lack of 

radiological significance” [90]. The same approach was taken in MELCOR 1.8.3 [46]. Recently 

these coefficients were modified in MELCOR 1.8.5. For the Mo class the coefficients were 

developed based on fit to test data. For class 9 the data from the classes 10 was applied. For class 

11 the data from the classes 12 was applied. In SPECTRA a similar approach was adopted. 

 

For the class 7 (Mo) a data fit has been 

developed (note that the coefficients were 

developed independently of MELCOR 1.8.5, 

so the values are different): 

 

4

4

10271.3/0.65

0.50060/103

==

==

RB

A
 

 

The class 7 release coefficients were checked 

by comparing results of the CORSOR-M 

model with the ORNL test data and with the 

alternative release model – ARSAP. The 

results are shown in Figure 12-63. 

 

 

 

 

 

 

 

 

Figure 12-63 New release coefficients for class 7, 
comparison with ARSAP and ORNL data. 
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For the class 11 (Sb) the data from class 12 was 

used. The class 11 release coefficients were 

checked by comparing results of the CORSOR-

M model with the ORNL test data and with the 

alternative release model – ARSAP. The results 

are shown in Figure 12-64. 

 

For the class 9 (Y) the data from class 10 was 

used. The release rates of these classes are very 

small. At the temperature of 2500 K the release 

rate is of order of 10–8 (1/s). 

 

 

 

 

 

 

 

 

 

 

Figure 12-64 New release coefficients for class 11, 
comparison with ARSAP and ORNL data. 

 

 

Class 3 and 6 – inconsistency between CORSOR and CORSOR-M 

 

During comparison of results of the CORSOR-M model with the CORSOR model [90], it was found 

out that for two classes: 3 (Ba), and 6 (Ru), the results of CORSOR-M with the original coefficients 

from [90] are very different from the results of CORSOR with the coefficients from the same 

reference (the CORSOR-M coefficients were derived based on the CORSOR data). Comparison of 

the CORSOR and CORSOR-M results is shown in Figure 12-65. In case of class 3 the discrepancy 

is 2 – 3 orders of magnitude. In case of class 6 the discrepancy is 3 – 6 orders of magnitude! 

Comparison of the CORSOR-M results with measurement data confirmed that the original 

coefficient give too small release rates for these classes (Figure 12-66). 

 

It was decided to modify the release coefficient k0 for those two classes, to provide better agreement 

with the CORSOR model, the ARSAP model, and the ORNL test data. The release constant, Q, was 

left unchanged.  

 

Class 3:  k0 = 9.5×106  (instead of 2.95×105) 

Class 6:  k0 = 2.0×1010 (instead of 1.62×106) 

 

Results are shown in Figure 12-66. It is seen that with the modified coefficients the CORSOR-M 

results are in better agreement with the ARSAP model as well as the ORNL test data (not to mention 

that they are in much better agreement with the original CORSOR model). 
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Figure 12-65 Class 3 (Ba) and 6 (Ru), comparison of CORSOR and CORSOR-M. 

 

 
 

Figure 12-66 Fission product release models, Class 3 (Ba) and 6 (Ru). 
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Class 12 – Sn or Ag 

 

CORSOR Manual shows separately the release 

coefficients for Sn and Ag. The values are [90]: 

 

Sn: k0 = 5.95×103  Q = 70.8 

Ag: k0 = 7.90×103  Q = 61.4 

 

The coefficients for Ag provide about an order 

of magnitude higher release rates. In MELCOR 

1.8.3 both Ag and Sn are members of the class 

12 [46]. Since the release of Ag is much larger 

than Sn it was decided to modify the release rate 

coefficients for the class 12. The release rates 

are compared to the ORNL test data for Ag in 

Figure 12-67. 

 

 

 

 

 

 

 

Figure 12-67 Fission product release models, Class 12 (Ag). 

 

 

The final CORSOR-M default release coefficients, as used by SPECTRA are shown in Table 12-8. 

The release rate equations, as applied in SPECTRA (SI units) for the 12 release classes, defined 

following [46], are shown in Table 12-9. A comparison of the CORSOR-M model with the ARSAP 

model and with ORNL test data for all isotopes is shown in Volume 3. 

 

 

Table 12-8 Release coefficients, CORSOR-M, modified 

Release class Member Elements A, (s–1), (=k0 / 60.0) B, (K), (=Q / R) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Xe, Kr 

Cs, Rb 

Ba, Sr 

I, Br 

Te, Se 

Ru, Rh, Pd 

(Mo) 

Zr 

Y 

(U)- 

Sb 

(Ag) 

2.00×105 / 60.0 = 3.333×103 

2.00×105 / 60.0 = 3.333×103 

9.50×106 / 60.0 = 1.583×105 

2.00×105 / 60.0 = 3.333×103 

2.00×105 / 60.0 = 3.333×103 

2.00×1010/ 60.0 = 3.333×108 

3.00×104 / 60.0 = 5.000×102 

2.67×108 / 60.0 = 4.450×106 

1.46×107 / 60.0 = 2.433×105 

1.46×107 / 60.0 = 2.433×105 

7.90×103 / 60.0 = 1.317×102 

7.90×103 / 60.0 = 1.317×102 

63.8 / R = 32108.7 

63.8 / R = 32108.7 

100.2 / R = 50427.8 

63.8 / R = 32108.7 

63.8 / R = 32108.7 

152.8 / R = 76899.8 

65.0 / R = 32712.6 

188.2 / R = 94715.7 

143.1 / R = 72018.1 

143.1 / R = 72018.1 

61.4 / R = 30900.9 

61.4 / R = 30900.9 
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Table 12-9 Release rate formulae, CORSOR-M model, SI units. 

Class            A                B 

   1:  R  =  3.333E+03 exp ( - 32108.7 / T ) 

   2:  R  =  3.333E+03 exp ( - 32108.7 / T ) 

   3:  R  =  1.583E+05 exp ( - 50427.8 / T ) 

   4:  R  =  3.333E+03 exp ( - 32108.7 / T ) 

   5:  R  =  3.333E+03 exp ( - 32108.7 / T ) 

   6:  R  =  3.333E+08 exp ( - 76899.8 / T ) 

   7:  R  =  5.000E+02 exp ( - 32712.6 / T ) 

   8:  R  =  4.450E+06 exp ( - 94715.7 / T ) 

   9:  R  =  2.433E+05 exp ( - 72018.1 / T ) 

  10:  R  =  2.433E+05 exp ( - 72018.1 / T ) 

  11:  R  =  1.317E+02 exp ( - 30900.9 / T ) 

  12:  R  =  1.317E+02 exp ( - 30900.9 / T ) 

 

 

The effect of surface-to-volume ratio is taken into account as follows: 

 

MCORSORMCORSOR VSVSRR −− = )/(/)/(  

 

Here (S/V)CORSOR-M is the reference surface-to-volume ratio for the CORSOR-M model, equal to 422.5 

[46]. 

 

 

12.3.2.2 ARSAP Model 

 

The ARSAP model [91] correlates the release data using the following equation form: 

 









+−= 2

1exp
1

c
T

c

R
R

g

 

 

where:  R - release rate, (1/s) 

   c1 ,c2 - coefficients 

   Rg - grain size, (m) 

   T - minimum of the current fuel temperature the FCI temperature, (K) 

   TFCI - fuel-cladding interaction (FCI) temperature, (K) 

 

In order to be consistent with the formulation of the CORSOR-M model, the above equation has 

been transformed in SPECTRA to the following form: 

 









−=

T

c

R

C
R

g

1exp  

 

The transformation is simple: C = exp(c2). The release coefficients from [91] and the conversion to 

the SI units is shown in Table 12-10. The class numbering scheme from the CORSOR-M model 

(from [46]) was preserved here to avoid confusion. Therefore the elements shown in Table 12-10 

are not in the same order as they are appearing in reference [91]. The release rate equations, as 

applied in SPECTRA for the 12 release classes, are shown in Table 12-11. 
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The principal differences between the ARSAP and CORSOR-M models are (apart from different 

values of coefficients): the use of grain size and the FCI temperature in ARSAP. Comparison of 

CORSOR-M and ARSAP model results are shown for some release classes in Figure 12-63, Figure 

12-64, and Figure 12-67. Comparison for all release classes is given in Volume 3. 

 

 

Table 12-10 Release coefficients, ARSAP [91]. 

Release class Elements, [91] C, (s–1), (=exp(c2) ) c1, (K) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Krypton, Kr 

Cesium, Cs 

Barium, Ba 

Iodine, I 

Tellurium, Te 

- 

Molybdenum, Mo 

Cerium, Ce 

Neodymium, Nd 

- 

Antimony, Sb 

- 

exp( -1.49D+00 ) = 2.254E-01 

exp(  1.34D+00 ) = 3.819E+00 

exp( -2.20D+00 ) = 1.108E-01 

exp(  9.36D-01 ) = 2.550E+00 

exp(  1.19D+00 ) = 3.287E+00 

0.0 

exp( -4.94D+00 ) = 7.155E-03 

exp( 20.20D+00 ) = 5.926E+08 

exp( 24.00D+00 ) = 2.649E+10 

0.0 

exp( -1.19D+00 ) = 3.042E-01 

0.0 

37300.0 

43000.0 

45900.0 

42100.0 

44500.0 

0.0 

34900.0 

119000.0 

130000.0 

0.0 

41500.0 
0.0 

 

Table 12-11 Release rate formulae, ARSAP model, T = Min(Tfuel, TMCI). 

Class              C                      c1 

   1:  R  = ( 2.254E-01 / Rg ) exp ( - 37300.0 / T ) 

   2:  R  = ( 3.819E+00 / Rg ) exp ( - 43000.0 / T ) 

   3:  R  = ( 1.108E-01 / Rg ) exp ( - 45900.0 / T ) 

   4:  R  = ( 2.550E+00 / Rg ) exp ( - 42100.0 / T ) 

   5:  R  = ( 3.287E+00 / Rg ) exp ( - 44500.0 / T ) 

   6:  R  = ( 0.000E+00 / Rg ) exp ( -     0.0 / T ) 

   7:  R  = ( 7.155E-03 / Rg ) exp ( - 34900.0 / T ) 

   8:  R  = ( 5.926E+08 / Rg ) exp ( -119000.0 / T ) 

   9:  R  = ( 2.649E+10 / Rg ) exp ( -130000.0 / T ) 

  10:  R  = ( 0.000E+00 / Rg ) exp ( -     0.0 / T ) 

  11:  R  = ( 3.042E-01 / Rg ) exp ( - 41500.0 / T ) 

  12:  R  = ( 0.000E+00 / Rg ) exp ( -     0.0 / T ) 

 

 

The effect of surface-to-volume ratio is taken into account as follows: 

 

ARSAPARSAP VSVSRR )/(/)/(=  

 

Here (S/V)CORSOR-M is the reference surface-to-volume ratio for the ARSAP model, equal to 422.5. 

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  629 

12.3.2.3 HTR Fission Product Release Model (HTR-FPR) 

 

The model is specific to TRISO particles, applied in High Temperature Reactors. The model 

consists of two parts: particle failure and diffusion through the coating. These are discussed 

subsequently below. 

 

o Particle failure 

 

The particle failure model determines the fraction of TRISO particles that has failed during the 

transient. The failure fraction is assumed to be a function of temperature and relative fuel burn-up. 

Two options are available: (a) built-in correlation, (b) user-defined 2-D table. The 2-D table defines 

the failure fraction as a function of temperature and burn-up. Using this option any function may be 

easily tabulated. An example is shown in Volume 2. The built-in correlation is described below. 

 

The correlation has been developed to match the data of AREVA [214], Figure 12-68. The 

correlation is: 

( ) −++= 221010 exp)(log nAAAF  

1000

1373−
=

T
  

 

Here F is the failure fraction (-), T is the temperature, A0, A1, A2, n2, are burn-up dependent 

coefficients: 

Bn

BBA

A
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+=

−+−=
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2

2

2
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Here B is dimensionless burn-up. B=0.0 means fresh fuel, while B=1.0 means maximum burn-up 

(the relative burn-up of 1.0 corresponds to 80,000 MWd/t). The correlation is compared to the source 

data in Figure 12-69. The agreement with the source data is very good. The main advantages of 

using a correlation rather than tabulated data are: 

 

(a) user convenience (no need to define tables), 

(b) values for intermediate values of burn-up are easily obtained, 

(c) correlation may be extended beyond the range of the tabulated values. 

 

o Very high temperatures 

 

The applicability range of the correlation was extended to very high temperatures as follows. In the 

very high temperature range the coating will be damaged. Reference [215] shows that at very high 

temperatures (2500 - 2800°C) a steep increase in the release fraction is observed - Figure 12-70. 

The correlation provides an approximately linear (in the logarithmic scale) dependency of failure 

fraction and temperature. In order to obtain a similar shape as shown in Figure 12-70, an additional 

term was added: A3×exp(θn3). The full correlation is: 
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The term with A3 is only meaningful for temperatures higher than 2400°C; in this region the curves 

bend upwards - Figure 12-71. The full correlation is shown in Figure 12-72. 

 

o Very high burn-ups 

 

The correlation was extended to burn-ups higher than 1.0 (the relative burn-up of 1.0 corresponds 

to 80,000 MWd/t). It was checked that the correlation provides reasonable values up to B = 2.0. This 

is the maximum value that may be applied (Volume 2, input parameter BTRIRT). Results obtained 

with B = 2.0 are shown in Figure 12-73. 

 

The mass of fission products released during a single time step from TRISO (fuel region) to graphite 

(SC) due to failure of particles, is calculated from: 

 

t
MF

F

FM

dt

dM
fFP

FP

fail

FP
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0

 

 

MFP mass of fission product in fuel, (kg) 

ΔF  increase of the failure fraction, end of time step, (-), ΔF = F – F0 

F  failure fraction, end of time step, (-) 

F0  failure fraction, start of time step, (-) 

ΔMFP,f increase of the mass of fission product in fuel due to fission during time step, (kg) 

Δt  time step size, (s) 

 

The first term, MFP·ΔF/(1–F0), represents the mass that is released from TRISO particles due to 

increase of the failure fraction during a single time step. The second term, F0·ΔMFP, represents the 

release from particles that were already failed at the start of the time step. This term is positive if 

there is mass source of a given isotope in the core due to fission (isotopes with positive fission 

yield). The source due to decay of a parent isotope is not contributing to this source. Volume 3 gives 

examples and explanations of the cases when there is a source due to fission and due to decay. In 

short, fission is creating isotopes in intact and failed particles at the same time. Decay is calculated 

separately for fission products that are staying in the fuel and separately for the released fission 

products. 
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Figure 12-68 Failure fractions of TRISO particles - [214] 

 

 

Figure 12-69 Failure fractions of TRISO particles - correlation 
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Figure 12-70 Failure fractions of TRISO particles - very high temperature data [215] 

 

 

Figure 12-71 Failure fractions of TRISO particles - extension to very high temperatures 
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Figure 12-72 Failure fractions of TRISO particles - full temperature range 

 

 

Figure 12-73 Failure fractions of TRISO particles - extension to very high burn-ups 
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o Diffusion through the coating 

 

The second mechanism of fission product release is diffusion through the coating layers. A diffusion 

equation may be applied directly for TRISO particles. Examples are shown in Volume 3. However 

this would require to model a representative TRISO particle for each region of the core. In case of 

large models this would be impractical and too time-consuming. Therefore a simplified approach is 

taken. The release rate is calculated from the following equation: 

 

diff

FP

TRISOdiff

FP

TRISO

TRISO

diff

FP
TRISO

diff

FP

R

M

RR

M

V

A

R

C
A

dt

dM
−=−=−=







 3
 

 

CFP concentration of fission product isotope in the kernel of TRISO particles, (kg/m3) 

MFP mass of fission product isotope in the kernel of TRISO particles, (kg) 

ATRISO surface area of the kernel of all TRISO particles, (m2) 

VTRISO volume of the kernel of all TRISO particles, (m3) 

RTRISO radius of the kernel of a TRISO particle, (m) (input parameter RTRIRT, Volume 2) 

Rdiff effective resistance for diffusion of coating layers, (s/m). The value is calculated from: 

 

PyC

PyC

SiC

SiC
diff

D

X

D

X

D

X
R ++=

ker

ker  

 

Dker diffusion coefficient in the fuel kernel, (m2/s) 

Xker effective thickness of the kernel, (m) (equal to ¼ of the kernel radius RTRIRT, Volume 2) 

DSiC diffusion coefficient in the SiC layer, (m2/s) 

XSiC thickness of the SiC layer, (m) (input parameter TTRIRT(1), Volume 2) 

DPyC diffusion coefficient in the PyC layer, (m2/s) 

XPyC thickness of the PyC layer, (m) (input parameter TTRIRT(2), Volume 2) 

 

The effective thickness of kernel, Xker, is equal to ¼ of the kernel radius, for the following reason. 

For any radius r, within the kernel, the distance from the kernel surface is equal to RTRISO – r - Figure 

12-74. 

 

 

Figure 12-74 Calculation of effective diffusion distance in the fuel kernel 
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The average distance is given by: 
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The correctness of this formula is checked by comparing the results obtained with this formula with 

the results obtained with the exact diffusion model. Such comparisons are shown in Volume 3. 

 

The theoretical formula uses the constant 3, which is appropriate for spherical geometry (see [215], 

eq. 4-9). Test calculations, discussed in Volume 3 (TRISO-Cs test), showed that better results may 

be obtained by using slightly different constant. Therefore the formula used in the code is: 

diff

FP

TRISO

FPR

diff

FP

R

M

R

C

dt

dM
−=








 

 

Here CFPR is a constant (input parameter CFPRRT) with default value of 3.0. 

 

The fission product isotopes that are released from TRISO particles (fuel regions) are placed in the 

corresponding structure (SC or TC), proportional to the power density. As an example a pebble 

model, consisting of graphite/fuel matrix (5 cm radius) and pure graphite (1 cm) is discussed in 

Volume 3 (HTR-FPR failure tests 1 and 2 and diffusion test). The fission products will subsequently 

diffuse through the structure and be released from the surface using a sorption/desorption model 

(section 12.3.5). The presence of a sorption model is required by the code if the HTR-FPR model is 

used. 

 

The diffusion coefficients need to be defined by the user. The coefficients for main materials and 

fission products are discussed below. The coefficients were obtained from [216]. The coefficients 

are defined as: 

( )RTQDD /exp 11 −=  

 

D diffusion coefficient (m2/s), 

T temperature (K), 

R gas constant, equal to 8.3145 (J/mol-K), 

D1 coefficient (m2/s), 

Q1 activation energy (J/mol), 

 

In SPECTRA, the diffusion coefficients are defined by: 

 

( )TBDD /exp 11 −=  

B1 coefficient (K) 
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With one exception, the coefficients, including the values of B1 = Q1 / R, were obtained as the 

recommended coefficients from [216]. The exception is Kr in SiC; in this case a correlation covering 

all experimental data was developed: D = 5.0×10–5×exp(–50,514.0/T). 

 

The values are available for the following materials: 

 

• UO2 as fuel kernel (kernel material in a given fuel region, MTRIRT(0) - Volume 2), 

• SiC (first coating material in a given fuel region, MTRIRT(1) - Volume 2), 

• PyC (second coating material in a given fuel region, MTRIRT(2) - Volume 2), 

• matrix, 

• pure graphite. 

 

The values are available for four vapor classes: 

 

• Kr vapor class 1 

• Cs vapor class 2 

• Sr vapor class 3 

• Ag vapor class 12 

 

All the coefficients are listed below. 

 

 UO2 fuel kernel: 

  D1 (m2/s)  Q1 (J/mol)  B1 (K) 

  ______________ _______________ _______________ 

• Kr 1.3×10–12   1.26×10+5   15,154.0  

• Cs 5.6×10–8   2.09×10+5   25,137.0  

• Sr 2.2×10–3   4.88×10+5   58,693.0  

• Ag 6.7×10–9   1.65×10+5   19,845.0  

 

 SiC: 

  D1 (m2/s)  Q1 (J/mol)  B1 (K) 

  ______________ _______________ _______________ 

• Kr 5.0×10–5   4.20×10+5   50,514.0  

• Cs 2.8×10–4   4.20×10+5   50,514.0  

• Sr 1.2×10–9   2.05×10+5   24,656.0  

• Ag 3.6×10–9   2.15×10+5   25,858.0  

 

 PyC: 

  D1 (m2/s)  Q1 (J/mol)  B1 (K) 

  ______________ _______________ _______________ 

• Kr 2.9×10–8   2.91×10+5   34,999.0  

• Cs 6.3×10–8   2.22×10+5   26,700.0  

• Sr 2.3×10–6   1.97×10+5   23,694.0  

• Ag 5.3×10–9   1.54×10+5   18,522.0  
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 Matrix: 

  D1 (m2/s)  Q1 (J/mol)  B1 (K) 

  ______________ _______________ _______________ 

• Kr 2.8×10–3   2.05×10+5   24,656.0  

• Cs 3.6×10–4   1.89×10+5   22,731.0  

• Sr 1.7×10–2   2.68×10+5   32,233.0  

• Ag 1.6   2.58×10+5   31,030.0  

 

 Graphite: 

  D1 (m2/s)  Q1 (J/mol)  B1 (K) 

  ______________ _______________ _______________ 

• Kr 2.8×10–3   2.05×10+5   24,656.0  

• Cs 1.7×10–6   1.49×10+5   17,921.0  

• Sr 1.7×10–2   2.68×10+5   32,233.0  

• Ag 1.6   2.58×10+5   31,030.0  

 

 

The following graphs are presented below: 

 

• Diffusion coefficients in UO2 kernel 

• Diffusion coefficients in SiC 

• Diffusion coefficients in PyC 

• Diffusion coefficients in matrix 

• Diffusion coefficients in graphite 

 

Figures below show the diffusion coefficients graphs copied from [216], with the lines obtained 

with SPECTRA correlation superimposed on the original graphs. 

 

It should be noted that Iodine (vapor class 4) is practically not diffusing. Measurements showed that 

“I-131 measurements were barely above detection limit” [215], sec. 4.1.1.3.2. Observed released 

fractions from the graphite is below 10–8 even at temperatures as high as 1600 - 1800°C - [215], 

sec. 4.1.1.3.2. 

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

638  K6223/24.277594  MSt-2402 

Diffusion coefficients in UO2 kernel 
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Diffusion coefficients in UO2 kernel (continued) 
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Diffusion coefficients in SiC 
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Diffusion coefficients in SiC (continued) 
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Diffusion coefficients in PyC 
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Diffusion coefficients in PyC (continued) 
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Diffusion coefficients in Matrix 
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Diffusion coefficients in Matrix (continued) 
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Diffusion coefficients in Graphite 
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Diffusion coefficients in Graphite (continued) 

 

 
 

 
 

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

648  K6223/24.277594  MSt-2402 

12.3.3 Fission Product Vapors 

 

Each fission product must be associated with one of the vapor class. The vapor classes and the release 

classes are independent, and therefore the same isotope may be associated with a vapor class and a 

release class with a different number (or no release class at all, if no release is calculated or the release 

rate is defined using a Control Function). The fission product classes are shown in Table 12-6. The 

coefficients shown in Table 12-7 and Table 12-12 are specified based on reference [46]. The class 

numbering from reference [46] was preserved; therefore the release class and the vapor class for a 

given isotope have the same number. Compared to the release classes one more vapor class is added: 

class 13, representing CsI. Upon release all Cs and I that are simultaneously released during one time 

step are assumed to be combined into CsI. 

 

The general formula used to compute the fission product vapor pressure is [46]: 

 

)(log''
'

])['(log 1010 TCB
T

A
mmHgP ++−=  

 

where:  P - saturation pressure, (mm Hg) 

   A’, B’, C’ coefficients, 

   T - temperature, (K) 

 

In SPECTRA the SI units are used; therefore the formula is converted to: 

 

)(log)(log 1010 TCB
T

A
P ++−=  

 

where:  P - saturation pressure, (Pa) 

   A, B, C coefficients, 

   T - temperature, (K) 

 

Conversion to the SI units is quite simple: B = B’ + log10(105/750) = B’ + 2.125 (A and C remain 

unchanged: A=A’, C=C’). The fission product vapor equations, as applied in SPECTRA (SI units) 

for 13 vapor classes (the first 12 classes the same as the release classes, and the 13-th class of CsI), 

are shown in Table 12-12. The coefficients for all classes except for the Class 1 were obtained from 

[46]. Class 1 (noble gases) is always a vapor; therefore the coefficients were set to give a constant 

vapor pressure of 1010 Pa. (B=10.0, A=C=0.0). 

 

The limiting temperatures for the first sets were modified compared to the data from [46]. They 

were set to the values for which P = 10–10 Pa. This was done to minimize discontinuities at this 

temperature (see Volume 3). The original limiting temperatures from reference [46] are printed in 

Table 12-12 in brackets, behind the actually used temperatures. 

 

The vapor pressure is defined using up to three sets of coefficients; each set has its lower limit 

temperature. For the class 2, 4, and 13 multiple sets are used. The calculation of the vapor pressure 

is performed as follows: 
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Table 12-12 Fission product vapor pressures, SI units. 

Class                  A            B        C                    T-lim 

   1:  log(P)  =  -     0.0 / T  +  10.00  -  0.00 log(T) ,   T >  273.0 

   2:  log(P)  =  -  9400.0 / T  +  23.71  -  3.75 log(T) ,   T >  390.0      (600.0) 

       log(P)  =  -  6870.8 / T  +  10.12  -  0.00 log(T) ,   T > 1553.0 

   3:  log(P)  =  -  7836.0 / T  +   8.57  -  0.00 log(T) ,   T >  422.0     (1000.0) 

   4:  log(P)  =  -  3578.0 / T  +  19.84  -  2.51 log(T) ,   T >  273.0      (298.0) 

       log(P)  =  -  3205.0 / T  +  25.79  -  5.18 log(T) ,   T >  387.0 

       log(P)  =  -  2176.9 / T  +   9.77  -  0.00 log(T) ,   T >  457.0 

   5:  log(P)  =  - 13940.0 / T  +  25.63  -  3.52 log(T) ,   T >  534.0      (298.0) 

   6:  log(P)  =  - 33200.0 / T  +  12.73  -  0.00 log(T) ,   T > 1460.0     (1500.0) 

   7:  log(P)  =  - 32800.0 / T  +  11.80  -  0.00 log(T) ,   T > 1504.0     (1500.0) 

   8:  log(P)  =  - 21570.0 / T  +  10.87  -  0.00 log(T) ,   T > 1032.0     (1500.0) 

   9:  log(P)  =  - 21800.0 / T  +  10.80  -  0.00 log(T) ,   T > 1046.0     (1000.0) 

  10:  log(P)  =  - 32110.0 / T  +  14.00  -  0.00 log(T) ,   T > 1338.0     (1500.0) 

  11:  log(P)  =  - 13730.0 / T  +  10.55  -  0.00 log(T) ,   T >  666.0     (1000.0) 

  12:  log(P)  =  - 15400.0 / T  +  10.28  -  0.00 log(T) ,   T >  758.0     (1000.0) 

  13:  log(P)  =  - 10420.0 / T  +  21.82  -  3.02 log(T) ,   T >  436.0      (600.0) 

       log(P)  =  -  9678.0 / T  +  22.48  -  3.52 log(T) ,   T >  894.0 

       log(P)  =  -  7303.9 / T  +   9.71  -  0.00 log(T) ,   T > 1553.0 

 

 

 

For temperatures below the limiting temperature for the first set zero vapor pressure is used. For 

temperatures between the limit for the first set and the second set, the first set of coefficients is used, 

etc. 

 

• T < Tlim(1)   P(T) = 0.0 

• Tlim(1) < T < Tlim(2)  Use first set 

• Tlim(2) < T < Tlim(3)  Use second set 

• T > Tlim(3)   Use third set  

 

The temperature limits for the default classes with multiple sets (class 2, 4, and 12 – see Table 

12-12) were selected in order to provide continuous P(T) [46]. This means a limiting temperature 

between data sets is defined at the points where the lines defined by the two sets are crossing. 

 

In such case, i.e. if the limiting temperatures are selected to provide a smooth P(T), there is no need 

to perform any interpolation between the ranges of applicability of different sets. Therefore, if the 

built-in data was to be used solely, then the computational scheme would not need any 

interpolations. However, since coefficients of the existing sets may be re-defined by the user, and 

new sets may be defined, there is in general a need to provide a safe procedure to ensure continuity 

of P(T). Therefore an interpolation scheme has been introduced as follows: 

 

• Tlim(1)–10.0 < T < Tlim(1)+10.0 interpolation between zero and the first set. 

• Tlim(2)–10.0 < T < Tlim(2)+10.0 interpolation between the first set and the second set. 

• Tlim(3)–10.0 < T < Tlim(3)+10.0 interpolation between the second set and the third set. 
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The interpolated range was set at ±10.0 K. Note that a requirement is put on the limiting 

temperatures such that they are at least 50.0 K apart (see Volume 2). In the interpolation zones a 

linear interpolation is performed for X = A/T + B +C log10(T). 

 

As an example of the interpolating scheme a simple function has been built, using three sets that 

provide a constant value within each set: 

 

• Set 1: A = 0.0, B = 1.0, C = 0.0, Tlim = 350.0   P(T)=10.0 

• Set 2: A = 0.0, B = 1.3, C = 0.0, Tlim = 400.0   P(T)=19.9 

• Set 3: A = 0.0, B = 1.5, C = 0.0, Tlim = 450.0   P(T)=31.6 

 

 

 

Figure 12-75 Example of a user-defined class, an illustration of the interpolation scheme. 

 

 

Resulting pressure is shown in Figure 12-75. The interpolation is linear with respect to the exponent, 

X, so the actual vapor pressure, which is equal to 10X, is not linear. The function P(T) is however 

continuous. Summarizing, the applied interpolation scheme assures that the vapor pressure function 

is always continues, independently of the value of the coefficients and the limiting temperatures, 

which are entered by the user. 

 

The vapor pressures for all built-in classes, except for the class 1 are shown in Figure 12-76 and 

Figure 12-77. Class 1 (Xe, Kr) is assumed to be always a vapor (the saturation pressure is infinitely 

large). The only other class that has a large vapor pressure at the room temperature is class 4 (I, Br) 

- Figure 12-76. All other classes have their saturation pressures equal to zero at the temperatures 

below ~400 K - Figure 12-76. 
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Figure 12-76 Saturation pressures for built-in vapor classes 2 – 5, and 13. 

 

 

 

Figure 12-77 Saturation pressures for built-in vapor classes 6 – 12. 
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12.3.4 Fission Product Chemistry 

 

Fission product chemistry is not implemented in the current code version. The equations shown 

below will be implemented in a future version. 

 

12.3.4.1 Chemical Reaction 

 

A simplified model is considered, with a chemical reaction of two elements: 

 

mn BAmBnA +  

 

The elements A and B are reacting to form the compound AnBm. All isotopes of the element A and B 

should be taken into account in defining the reaction.  

 

The reaction kinetics is given by: 

 

][)(][][)(
][

mnrevfor
mn BATRBATR

dt

BAd
−=  

 

[A] concentration of the element A, (kmol/m3) 

[B] concentration of the element B, (kmol/m3) 

[AnBm] concentration of the compound AnBm, (kmol/m3) 

Rfor forward reaction rate, (m3/kmol-s) 

Rrev reverse reaction rate, (m3/kmol-s) 

 

In general the forward reaction term should be written as Rfor · (A)x · (B)y . Here a simplified version 

is considered, where it is assumed that x = y = 1.0. The reaction rates of the elements follow from the 

reaction stoichiometry: d(A)/dt = –n d(AnBm)/dt and d(B)/dt = –m d(AnBm)/dt . Therefore: 

 

][)(][][)(
][1

][)(][][)(
][1

mnrevfor

mnrevfor

BATRBATR
dt

Bd

m

BATRBATR
dt

Ad

n

+−=

+−=

 

 

The reaction rates for the forward and the reverse reactions are given by: 
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R0, for forward reaction first coefficient, (m3/kmol-s) 

AR, for forward reaction second coefficient, (K) (activation energy divided by the gas constant) 

R0, rev reverse reaction first coefficient, (m3/kmol-s) 

AR, rev reverse reaction second coefficient, (K) (activation energy divided by the gas constant) 
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The equations are solved in the following way. The non-linear reaction terms are linearized. The 

linearized product of reactant concentrations are written as: 

 

)][][][]([
2

1
][][ 00 BABABA +  

 

Here [A]0 and [B]0 are the beginning of time step values. As a result one obtains a linear set of 

equations, which is then easily solved by one of the standard solver (see section 17.4). A large 

amount of test runs performed showed that this method provides a fast and stable solution even with 

very large time steps. 

 

After linearization the finite difference version of the reaction kinetics equation is: 
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After easy transformations, one obtains a matrix equation of the form: 
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The above matrix equation is solved using Gauss-Jordan elimination method, to find the end-of-

time step concentrations [A], [B], and [AnBm]. 

 

It should be noted that in equilibrium the concentrations fulfill the following relation: 
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This relation may serve as an easy check of the calculated values for equilibrium conditions - see 

next section. 
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12.3.4.2 Example of a Chemical Reaction - CsI 

 

As an example the following chemical reaction is considered: 

 
CsIICs +  

 

The elements Cs and I are reacting to form the compound CsI. All built-in isotopes of the element 

Cs and I are taken into account in defining the reaction. That means : 

 

• Cs-133, Cs-134, Cs-135, Cs-136, Cs-137 

• I-131, I-132, I-133, I-134, I-135 

 

The reaction kinetics is given by: 

 

][)(][][)(
][

CsITRICsTR
dt

CsId
revfor −=  

 

[Cs] concentration of Cs, (kmol/m3) 

[I] concentration of I, (kmol/m3) 

[CsI] concentration of the compound CsI, (kmol/m3) 

Rfor forward reaction rate, (m3/kmol-s) 

Rrev reverse reaction rate, (1/s) 

 

The reaction rates of the elements follow from the reaction stoichiometry: d[Cs]/dt = n d[CsI]/dt and 

d[I]/dt = m d[CsI]/dt . Therefore: 
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The reaction rates for the forward and the reverse reactions are given by: 
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R0, for forward reaction first coefficient, (m3/kmol-s) 

AR, for forward reaction second coefficient, (K) (activation energy divided by the gas constant) 

R0, rev reverse reaction first coefficient, (m3/kmol-s) 

AR, rev reverse reaction second coefficient, (K) (activation energy divided by the gas constant) 
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12.3.5 Sorption of Fission Product Vapors on Surfaces 

 

Discussion of the sorption models available in SPECTRA is preceded by a short overview of the 

sorption phenomena, given in section 12.3.5.1. An overview of the sorption models available in the 

SPECTRA code is given in section 12.3.5.2. Detailed description of the available models is given 

in sections 12.3.5.3, 12.3.5.4, and 12.3.5.5. The sorption models may be used in combination with 

diffusion models. In such case the diffusion models calculate diffusion of the adsorbed material 

throughout the solid structures. Diffusion in the 1-D and the 2-D structures is described in section 

12.3.5.6. Finally, section 12.3.5.7 presents a summary of the sorption models. 

 

12.3.5.1 Overview of Sorption Phenomena 

 

A short description of the sorption phenomena, is given below. Broadly speaking adsorption can be 

described as the accumulation of gas molecules on a surface. Absorption, on the other hand, is a 

term usually reserved for accumulation of gas molecules inside a solid material. In practice, 

however, we usually find no sharp boundary between adsorption and absorption and the term 

sorption has been introduced in 1909 by W. McBain, to cover phenomena that fall in between these 

two extremes or contain elements of both. 

 

A typical example of a sorption phenomenon is when molecules impinge on a surface layer with 

pores interconnected into the interior. Gas molecules can diffuse down the pores and adsorb onto 

the pore walls inside the bulk of the material. So, even though this strictly speaking is a pure 

adsorption process it also conforms to the definition of absorption in as much as molecules are 

absorbed into the material like water into a sponge. The adsorption process is slowed down by the 

time bottle-neck imposed by diffusion. The process appears to be much slower than plane surface 

adsorption and the number of molecules adsorbed per unit area of the adsorbent is also much higher. 

The nature of the attractive interaction between the adsorbed molecules and the adsorbent, however, 

to a first approximation, remains the same as for a smooth surface. This simple example shows that, 

although the activation energy for adsorption may be the same for the porous layer and the smooth 

surface, effective timescales to achieve adsorption equilibrium may differ appreciably.  

 

Apart from physical or chemical adsorption onto a surface, molecules may also dissolve in the alloy 

or oxide layer at the surface. The result is a solid solution, defined as a state where dissolved atoms 

are randomly distributed through the matrix of the host material. They may be present as interstitial 

atoms or may take up spaces where other atoms were displaced. Atoms in solid solution are free to 

diffuse through the host crystal and can evaporate from the solid at high enough temperature and 

come in equilibrium with its own vapor. The situation is analogous to a gas in equilibrium with its 

dissolved phase in a liquid. When the absorbed atoms are incorporated into a regular array rather 

than a random distribution inside the host crystal the final state resembles a new chemical compound 

more closely than a solid solution. Exchange between the trapped atoms and its free gas is then 

described by different characteristic evaporation energy per mole as for solid solution. 

 

For adsorption of gas molecules onto a solid surface some or all of the above phenomena may play 

a role. The mass of gas absorbed in a liquid (or dissolved in it) at low pressure is directly proportional 

to the pressure. 
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This well-known relationship is known as Henry’s law and may be expected to hold at low gas 

pressures also for certain adsorbent-adsorbate systems where the adsorbent is a solid surface and 

the adsorbate is a gas. In practice though, most gas-solid systems show non-linear relationship 

between the amount of gas adsorbed and the gas pressure. A relationship, or plot, of the amount of 

gas adsorbed versus the gas pressure is known as an absorption isotherm because it is defined at a 

constant temperature. At a different temperature a new isotherm needs to be established. 

 

The reason why most gas-solid systems show non-Henrian behavior is most probably due to the 

non-uniformity of their surfaces. Gas molecules are caught preferentially in cracks, pits, along 

ledges, distorted crystal areas and regions containing unsaturated or “dangling” bonds. There exists 

a whole spectrum of these sites, each with its own characteristic bonding energy. The first gas 

molecules are caught by the stronger attractors. This presumably happens because weakly bound 

molecules can easily diffuse across the surface until they become trapped in a well and also because 

almost all molecules that impinge near such sites become trapped. So, the deep wells get filled first. 

After this the spots with less attraction are filled, and so on. A solid surface therefore behaves like 

a fast collection of “different liquids”, each with Henrian behavior. The isotherms of these 

inherently different trap site populations differ quantitatively and qualitatively. 

 

For instance, suppose we have a uniformly distributed population of strong attracting sites that 

accumulate gas effectively and allow very few incoming molecules to escape. We say these sites 

have a high capture cross-section or a large sticking factor (a number between 0 and 1). Their 

presence will lead to a strong initial upward slope on a graph of adsorbed mass versus gas pressure. 

As the gas pressure increases these sites start to saturate and the next population of sites, with a 

lower sticking factor starts to fill at a less rapid rate and the slope of the curve drops. The result is 

non-Henrian behavior. 

 

From the above theory of adsorption it is conceivable that, for a given adsorbent and adsorbate, a 

uniform distribution of strong sites may dominate the adsorption behavior at very low pressure and 

very low surface concentration, leading to Henrian behavior. Smooth surfaces with low porosity 

and uniform surface structure should also promote Henrian behavior at low pressure and surface 

concentration. In fact, a theoretical isotherm has been derived for gaseous cesium sorption on 

particulate nuclear graphite that fits the experimental data very well and indeed reduces to a Henrian 

isotherm at low concentration and very low pressure but becomes of the exponential or so-called 

Freundlich type at higher pressure. The Freundlich isotherm has the form: 

 

n

VCk
m

x /1=  

 

Here x/m is the adsorbed mass of the adsorbate divided by the mass of the adsorbent. Both k and 1/n 

are empirical constants, which depend on the nature of the adsorbate-adsorbent system. The form 

1/n is used explicitly because the exponent is often less than one. However, isotherms with an 

exponent greater than one are also sometimes called Freundlich. For the special case where the 

exponent is one, the Freundlich isotherm becomes Henry’s law. 

 

It is easy to visualise how the potential depth of a trap site can influence its sticking factor. Let the 

trapping energy be E*, then only those gas molecules with kinetic energy less than or equal to E* 

can be trapped. So for a very deep potential well almost all molecules, impinging onto it, are caught 

and the sticking factor becomes close to one. 
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Shallow wells, on the other hand, only manage to catch a small fraction of incoming molecules and 

therefore display low sticking factors. The latter sites are emptied first during desorption as the 

surface temperature is raised. At very high surface temperature only the very deep trap sites – and 

of course some subsurface reservoirs – remain filled with the adsorbate. 

 

Consider a distribution of trap sites with a continuous range of adsorption energy. For simplicity we 

assume that the energy ranges from zero to infinity. The latter of course cannot be true in practice 

but the example suffices to show the essentials of the arguments involved. Let us assume an 

exponential fall-off of the density of trapping sites with energy. A distribution that suites this 

description is: 














−=

E

E

E
En exp

1
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Here <E> is the mean site energy and the formula constitutes a proper distribution as: 

 

0.1)(
0

=


dEEn  

 

The incoming flux (molecules per unit area per unit time) is given by the formula: 

 

Tmk

p

B


2
0 =  

 

Here p is the partial pressure of the radioactive nuclide, m it’s mass, kB is the Boltzmann constant, 

and T the absolute temperature. The incoming molecules have a Maxwell distribution in velocity so 

that only a small fraction of molecules have velocity much smaller or much larger than the mean 

value. If we stick to classical dynamics a molecule can only be trapped if its kinetic energy is less 

than the adsorption energy. So the fraction of the available flux that can fill up sites with energy E 

is: 
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The integration limit is defined as: 
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The parameter α(E) is the so-called sticking factor. It is the fraction of the available total flux that 

can adsorb to sites of energy E. It is further assumed that the sites of energy E undergo desorption 

at a rate: 
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Here C(E) is the density of filled sites per unit area of energy E. We further assume that the 

probability of adsorption, of sites with energy E, depends linearly on the availability of such sites. 

Let Cmax be the total number of sites per unit area, then the maximum density of sites per unit area 

of energy E is: 
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The filling rate is proportional to the available empty sites and the flux. 
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Combining the rate of adsorption and desorption we get the overall population rate for sites of 

energy E. 
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We simplify by dropping the explicit reference to energy dependence, remembering that the final 

equation holds for single site energy only, and we use: 
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The incoming flux, Φ0, depends in general on the thickness of the δ-sublayer [121], equal to the 

mean free path. The mean free path is given by ([21], section 9.7.3): 
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 μg gas viscosity, (kg/m/s) 

 ρg gas density, (kg/m3) 

 Rm universal gas constant (=8314.51), (J/kmol/K) 

 Mw gas molar weight, (kg/kmol) 

 Tg gas temperature, (K) 

 

The δ-layer thickness is extremely small. For example, in case of dry air at 300 K and 1.0×105 Pa: 

δ = 0.0137 × 1.8×10–5 / 1.16 × ( 29. / 300. )1/2 = 6.6×10–8 m 

In case of helium at 700 K and 9.0×106 Pa: 

δ = 0.0137 × 3.2×10–5 / 6.07 × ( 4.0 / 700. )1/2  = 5.5×10–9 m 
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12.3.5.2 Sorption Models 

 

Three models are available, these are: 

 

• User-defined (Control Function) model, described in section 12.3.5.3 

• Sorption model 1 (SPECTRA model), described in section 12.3.5.4 

• Sorption model 2 (PATRAS/SPATRA model), described in section 12.3.5.5 

 

The models 1 and 2 are of course the preferred for most calculations. The user-defined model is 

included mainly for test calculations (for example when a test requires constant sorption flux, 

constant surface concentration, etc - see Vapor Diffusion Tests, described in Volume 3). 

 

 

12.3.5.3 User-Defined (CF) Model 

 

In the user-defined model the user simply defines the total sorption mass transfer rate (dCS/dt)total 

(kg/m2-s) using a Control Function: 

CF
dt

dC

total

S =







 

 

CF is the Control Function value. The following limits are imposed internally on the value obtained 

from the Control Function: 
33 1010 −− − CF  

)/()/(,10 min

15

min CCCFdtdCthenCCif S == −  

 

C is the vapor concentration, kg/m3, in the gas space (if CF>0) or inside the wall (if CF<0). The 

second limit (referred to as a “starvation limit”) prevents sorption when there is no material to be 

sorbed. A user-defined multiplier, X1SRRT (for 1-D structures) and X2SRRT (for 2-D structures) 

is applied for the value obtained from the Control Function. 

 

 

12.3.5.4 Sorption Model 1 (SPECTRA Model) 

 

The Sorption Model 1 has been elaborated specifically for the SPECTRA code. It is simpler than 

the Model 2 (PATRAS/SPATRA Model - described in the next section), but it is more practical for 

use in view of frequent lack of sufficient data to determine all coefficients for the Model 2. Quite 

often all available data is given in terms of equilibrium isotherms. Such data is relatively easily 

converted to the Model 1 coefficients (see Volume 3) but is insufficient to deduce all coefficients 

required by the Model 2. 

 

The Sorption Model 1 is based on Freundlich isotherm, which (see 12.3.5.1) has the following form: 

x/m = k·CV
1/n. The behavior described above may be represented by the differential equation: 
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(dCS/dt)total total sorption mass transfer rate, (kg/m2-s) 

AS(T)  adsorption coefficient, (m/s), dependent on wall temperature, T 

CV concentration of the vapor in the gas space (kg/m3). An upper limit on CV is 

imposed: CV  Csat(T) based on experimental data (see Volume 3) 

xA  adsorption exponent, (-) 

BS(T)  desorption coefficient, (m/s), or (1/s) depending on interpretation of Cd 

Cd concentration of the vapor on the surface (=CS) (kg/m2), or in the material (=CS/d, 

where d is the material thickness) (kg/m3), depending on the user choice (see input 

parameter IDSRRT, Volume 2) 

 

An asymptotic solution of the above equation is in agreement with the Freundlich isotherm. Assume 

that xA = 1/n and there is a constant vapor concentration, CV, and that Cd = CS or CS/d, where d is the 

material thickness, (m). The latter assumption means that the diffusion inside the material is 

instantaneous, or at least fast compared to the adsorption rate. With these assumptions the solution 

of the above differential equation gives: 

 

( )]exp[1)( /1 tBCdTAC S

n

VSd −−=  

The asymptotic value of Cd is: 
n

VSd CdTAtC /1)()( =→  

 

This is identical to the Freundlich isotherm shown above, if AS(T) = k/d, since the adsorbed 

concentration is equal to Cd = (x/m). The coefficients AS, BS are obtained from the relation applied 

in [46]: 
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Substituting the above formulae into the equation defining the total sorption rate we obtain: 
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In the implementation a user-defined multiplier, X1SRRT (for 1-D structures) and X2SRRT (for 2-

D structures), is applied for the value obtained from the above formula and the following limits are 

imposed (the values may be redefined by the user - see Volume 2): 
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Note that a similar model is adopted in the MELCOR code. In MELCOR the sorption rate is 

calculated from [46]: 
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A corresponding model for SPECTRA may be built by applying the following coefficients: 



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  661 

 

0.00.0

0.1

0

0

==

=









==

B

A

ij

Aij

AB

x
R

E
AaA

 

 

In MELCOR the desorption constant is not used (B0 = 0.0). In SPECTRA a positive value may be 

used. If a positive B0 is applied, then two options are available (see input parameter IDSRRT, 

Volume 2): 

 

• Both direction sorption 

With this option negative sorption is allowed. When the vapor concentration, CV, becomes 

small, then: 

0.0− dS

x

VS CBCA A  

In such case: 

0.0








total

S

dt

dC
 

 

• Only positive sorption allowed. 

A limit may be imposed that will prevent desorption of the adsorbed isotopes in case then 

CV becomes small. With this option the total sorption flux is: (dCS/dt)total ≥ 0. 

 

Based on the experimental observations a limit is imposed on the value of CV in the adsorption term, 

Csat(T). It has been observed (see Figure 12-78) that for vapor concentrations higher than a certain 

limit (temperature-dependent) the sorption is slowed down or stopped completely (the surface 

becomes saturated). In the SPECTRA model this is achieved by using the reduced exponent, xred, 

(XRSRRT - Volume 2). If the value of xred is zero, then the adsorption term remains constant for CV 

> Csat(T) (see Figure 12-79): 
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If a positive value is used then the adsorption term slowly increases with CV (see Figure 12-80): 
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The last term ensures continuity of the function when CV = Csat(T). The value of Csat(T) may be a 

function of wall temperature, T, according to the equation similar to that applied for AS(T) and BS(T): 
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Figure 12-78 Sorption on steel - data and Langmuir isotherms from Wichner [183]. 

 

 

 

Figure 12-79 Sorption on steel - data and SPECTRA model with xred = 0.0 
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Version 2: A(T) and C(T) tabulated
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Figure 12-80 Sorption on steel - data and SPECTRA model with xred = 0.05 

 

 

Alternatively any or all of the three coefficients, AS(T), BS(T), and Csat(T), may be tabulated versus 

temperature using the general purpose Tabular Function utility available in SPECTRA (see Volume 

2). 

 

Summarizing, the adsorption is calculated as: 

 

• If CV < Csat: 
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Finally, the sorption model equation is: 
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The model may be applied for either gas-covered or liquid-covered surfaces, depending on the user-

defined selector (ISRLRT, see Volume 2). 
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If the sorption model is applied for liquids, then the adsorption flux may be calculated using the heat 

and mass transfer analogy. In order to do that, the user must define the diffusion coefficient in 

liquids, DC, (m2/s) (DCSRRT - Volume 2). 

 

• If the diffusion coefficient DC (DCSRRT, Volume 2) is not defined, then the adsorption 

coefficient is obtained from the user-defined constants A0, AA and the temperature-

dependent formula: 

)/exp(0 TAAA AS −=  

 

• If the diffusion coefficient DC (DCSRRT) is defined, then the adsorption flux is computed 

using the heat and mass transfer analogy, where: Nu → Sh, Pr → Sc. The Sherwood number 

is defined as: 

C

FCS

D

DA
Sh


=  

 

Here AS is the adsorption mass transfer coefficient (m/s), DFC is the hydraulic diameter 

(characteristic dimension for forced convection), DC, is the diffusion coefficient in liquids.  

 

The mass transfer correlation has the following general form: 
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For example, in case of internal forced convection, Dittus-Boelter correlation is: 

 
4.08.0023.0 SceR  Sh =  

 

To apply this correlation, one needs to set BSh = 0.023, CSh = 0.8, DSh = 0.4, other coefficients 

being equal to zero. 

 

• If the diffusion coefficient DC (DCSRRT) and, additionally, the diffusion layer boundary 

thickness δBL (TBL2RT) and the constant CLB.(CLB2RT) in the Langmuir-Blodgett 

correlation for inertial impaction are defined, then the adsorption flux is computed using 

Brownian diffusion and inertial impaction. The model is available only if fission products 

are transported as particles (DPFPRT>0.0, RHFPRT>0.0) and transport on liquid-covered 

surfaces is active (ISRLRT=2). Aerosol particles represent gas bubbles in this case. 

 

o Brownian diffusion 

The Brownian diffusion velocity is obtained from: 

 

BL

C

Brown

D
v


=  

 

vBrown Brownian deposition velocity, (m/s) 

DC  diffusion coefficient, (m2/s) 

δBL  diffusion boundary layer thickness, (m) 

 

o Inertial impaction 
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The inertial impaction velocity is obtained from: 

 

4//,  ==  vAAvv bubbbubbhinertial
 

 

vinertial inertial impaction deposition velocity, (m/s) 

Ah,bubb horizontal cross section area of a “bubble”, (m2),  = π × Dbubb
2 / 4 

Abubb total surface area of a “bubble”, (m2),  = π × Dbubb
2  

v∞  fission product particle-to-“bubble” relative velocity (m/s) 

η collection efficiency, calculated from one of three correlations, described 

below. 

 

Langmuir and Blodgett (L-B) correlation 

 

The L-B correlation was developed for a single sphere. The correlation is: 
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CLB  constant (=0.25, see [206], eq. 3) 

ηmax  maximum value of collection efficiency (=1.0) 

Stk  Stokes number, (-), defined as: 

 

bubbf

pp

D

vd
Stk




=







9

2

 

 

ρp  fission product particle density, (kg/m3) = RHFPRT 

dp  fission product particle diameter, (m) = DPFPRT 

v∞  fission product particle-to-“bubble” relative velocity, (m/s) 

f  liquid viscosity, (kg/m/s) 

Dbubb “bubble” diameter, (m) (diameter of aerosol particle) 

 

Collection efficiency obtained from the correlation is shown in Figure 12-81. The effect 

of the constant CLB on the collection efficiency is shown. The value of ηmax determines 

the maximum value of collection efficiency (ηmax = 1.0 in Figure 12-81). The values are 

defined by the user in the input deck (CLB = CLB2RT, ηmax = ELB2RT, Volume 2). 

 

Modified Langmuir and Blodgett correlation 

 

The modified correlation is defined as follows: 
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As seen in Figure 12-81, for Stk = 0.25 the line η = Stk is tangential to the L-B correlation. 

In general, the line η = (0.25/CLB)×Stk is tangential for any value of CLB. In the modified 

correlation this line is used for Stk < CLB, which gives somewhat higher collection 
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efficiency in this region. Comparison of both correlations is shown in Figure 12-82. The 

modified L-B line is very similar to the L-B line; the difference is smaller than the scatter 

of the source data ([206], figure 1). The difference is important only for small values of 

the Stokes number. For example, for Stk=0.03, the L-B correlation gives η=0.01 and the 

modified correlation η=0.03, so the relative difference is quite large in this region. The 

modified correlation gives much better agreement with the experimental data for the 

Static Column experiments, as shown in Volume 3. 

 

 

Figure 12-81 Langmuir and Blodgett correlation 

 

 

Figure 12-82 Modified versus original Langmuir and Blodgett correlation 
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Correlation developed based on data of Yoon & Lutrell and Afruns & Kitchener 

The following correlation has been developed specifically for use in the SPECTRA 

code, based on data of Yoon & Lutrell [207] for coal particles and Afruns & Kitchener 

[208] for quartz particles. The data, (copied from [209], figure 9.5) is shown in Figure 

12-83. The correlation is: 
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Performed calculations showed that best agreement is obtained with A = 13,000. The lines 

obtained with A = 13,000 are shown in Figure 12-83 (red lines, yellow markers). It was 

found that due to scatter of data the that values between 9,000 ≤ A ≤ 17,000 can be 

justified. 

 

NOTE: The correlations described above are applied for migration of fission product isotopes to 

aerosol particles in a liquid. Exactly the same correlations are applied for migration to bubbles, as 

described in section 12.3.7.2. 

 

 

Figure 12-83 Data of Yoon & Lutrell and Afruns & Kitchener and correlation 
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12.3.5.5 Sorption Model 2 (PATRAS/SPATRA Model) 

 

The Sorption Model 2 is based on the PATRAS/SPATRA model (published by Kress & Neil model 

and Iniotakis [121] takes into account the following phenomena Figure 12-84: 

 

• Transport of the vapor from the bulk gas to the δ-sublayer (mean free path). 

• Adsorption of the vapor from the δ-sublayer to the wall material, where the part β remains 

on the surface as reversibly bound molecules, while the part (1–β) penetrates into the 

material. 

• Desorption of the molecules that are reversibly bound at the surface back to the δ-sublayer. 

• Eventual evaporation of the molecules that have penetrated into the material from the 

surface node into the δ-sublayer. 

 

The model is applicable for the gas-covered surfaces only. In case of liquid-covered surfaces, only 

desorption of the reversibly-bound particles is calculated. The transport rates for each of these 

phenomena are discussed subsequently below. 

 

• Transport to the δ-sublayer 

 

The transport to the δ-sublayer is given by: 

 

)(  CCh CV −  

 

 

Figure 12-84 Sorption/penetration model in SPECTRA. 
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hδ mass transfer coefficient, (m/s) 

CCV vapor concentration in the gas space of a Control Volume CV, (kg/m3) 

Cδ vapor concentration in the δ-sublayer, (kg/m3) 

 

The mass transfer coefficient, hδ, is obtained using the heat and mass transfer analogy from 

the same correlations as those used to calculate convective heat transfer coefficient at the 

wall surface - see sections 7.1.1 and 7.1.2. In the heat and mass transfer analogy; the Nusselt 

number is replaced by the Sherwood number, while the Prandtl number is replaced by the 

Schmidt number. For example, in case of internal flow, and turbulent forced convection the 

heat transfer coefficient obtained from the Dittus-Boelter correlation [22] (section 7.1.2): 

 
4.08.0023.0 rPeR  Nu =  

 

In such case the mass transfer coefficient is obtained from: 

 
4.08.0023.0 SceR  Sh =  

 

Sh Sherwood number, equal to: Sh = hδ · DFC / DC , (-) 

DFC characteristic dimension, (m), for forced convective heat transfer 

DC diffusion coefficient, (m2/s) 

Sc Schmidt number, equal to: Sc = ηg / (ρg · DC), (-) 

ηg gas viscosity, (kg/m-s) 

ρg gas density, (kg/m3) 

 

As an alternative a user-defined Sherwood number correlation may be used. In such case 

the Sherwood number is calculated from the following correlation: 

 

ShSh

ShSh

GF

Sh

DC

ShSh
SceRE

SceR
BASh

+
+=

1
 

 

ASh, BSh, CSh, DSh, ESh, FSh, GSh, are user-defined coefficients. In order to use the above 

formula either ASh or BSh must be defined as positive (see Volume 2). As a second alternative 

the Gnielinski correlation may be used. The Gnielinski correlation [122] is: 

 
11.03/2

3/2
1

)1(7.121

)1000(
































+

−+

−
=

wall

gas

Sc

Sc

x

d

Scr

SceRr
Sh  

where: 
2

10 )64.1)(log82.1()8/1( −−= eRr  

 

Scg and Scw are the Schmidt numbers at the gas temperature, Tgas, and the wall temperature, 

Twall , respectively, d is the hydraulic diameter, and x is the distance from tube entrance. For 

practical purposes half of the flow length can be used. In the implementation used in 

RADAX the ratio of Schmidt numbers is replaced by the temperature ratio [121]. The same 

approach is taken in SPECTRA: 
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In the RADAX code the value of y is taken as 0.45 [121]. Comparison of the results of 

(Scg/Scw)0.11 and (Tg/Tw)y obtained with the value of y = 0.45 is shown in Figure 12-85. It 

was found out (see Volume 3) that a better representation is obtained using y = 0.015 - 

Figure 12-86. Therefore this value is chosen as a default value in SPECTRA (see Volume 

2, Word 28, record 895YXX). 

 

 

Figure 12-85 Comparison of correction factors (Scg/Scw)0.11 and (Tg/Tw)0.45 

 

 

Figure 12-86 Comparison of correction factors (Scg/Scw)0.11 and (Tg/Tw)0.015 
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Once the Sherwood number is calculated, the mass transfer coefficient is obtained from the 

Sherwood number definition, as: 

FC

C

D

D
Shh =  

In the natural convection mode the DFC is of course replaced by DNC. The diffusion 

coefficient, DC, may be calculated from one of the two methods. 

 

 

Table 12-13 Molar weights [32] (page 1-7) and diffusion volumes, [31] (table 11-1). 

Element MW Σ Compound MW Σ 

C 

H 

O 

N 

F 

Cl 

Br 

I 

S 

He 

Ne 

Ar 

Kr 

Xe 

12.01 

1.01 

16.00 

14.00 

19.00 

35.45 

79.90 

126.90 

32.06 

4.00 

20.18 

39.95 

83.80 

131.30 

15.90 

2.31 

6.11 

5.43 

14.70 

21.00 

21.90 

29.80 

22.90 

2.67 

5.98 

16.20 

24.50 

32.70 

H2 

D2 

N2 

O2 

Air 

CO 

CO2 

N2O 

NH3 

H2O 

SF4 

Cl2 

Br4 

SO2 

2.02 

4.03 

28.00 

32.00 

28.01 

28.80 

44.01 

44.00 

16.02 

18.02 

108.06 

70.91 

159.80 

64.06 

6.12 

6.84 

18.50 

16.30 

19.70 

18.0 

26.90 

35.90 

20.70 

13.10 

71.30 

38.40 

69.00 

41.80 

 

 

 

Figure 12-87 Diffusion volumes - data and correlations: Σ = 1.3·Mw
0.66, Σ = 2.5·Mw

0.66. 
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o A general method, applicable for any gas mixture, using the Blanc’s law and the 

binary diffusion coefficients, as described in section 3.5.2.3. In such case the molar 

weight, MW, of the adsorbed vapor, as well as the molecular diffusion volume, Σ, 

must be specified by the user. The molecular diffusion volumes may be found in 

literature, some values are listed in the Table 12-13 and Figure 12-87. For elements 

a simple correlation has been developed that may be used in case of lack of more 

precise data: 
66.0

3.1~ wM  

 

In the above correlation A is the atomic number and Σ is the molecular diffusion 

volume. For the compounds, on the other hand, the correlation is: 

 
66.0

2.4~ wM  

 

Results obtained with the above correlations are indicated in Figure 12-87. 

 

The method described above is preferred for its generality, i.e. applicability to the 

eventually changing gas composition. The second method is: 

 

o Diffusion coefficients are calculated from a temperature-dependent Chapman-

Enskog correlation. The following form of the correlation is applied: 

 

p

T
AD

DB

g

DC =  

AD user-defined coefficient 

BD user-defined coefficient 

Tg gas temperature, (K) 

p gas pressure, (Pa) 

DC diffusion coefficient, (m2/s) 

 

For example, in case of helium gas carrier and the fission product vapors of I, Cs, 

and Ag, reference [119] gives the following relation for the diffusion coefficient: 

 









= −

p

p
TD gC

05.1810  

 

where Tg is in K p in Pa and p0 = 105 Pa. This correlation is defined in SPECTRA 

by choosing the following input parameters: 

 

AD = 1.0×10–8 × 1.0×105 = 1.0×10–3 

BD = 1.5 

 

Note that the results of the Chapman-Enskog type correlations have been compared with 

the results of the Fuller/Blanc’s law for the steam-air and steam-hydrogen mixtures in 

section 3.5.2.3. Below a similar comparison is presented for Iodine diffusion coefficient in 

helium. Calculations were performed for 1.0 bar and 10.0 bar pressure, using two methods: 

 

o The method of Fuller was applied Mw = 126.9 and Σ = 29.8, as the values 

appropriate for I - Table 12-13. (Note that for the CV gases the molar weights and 
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diffusion volumes are tabulated inside the SPECTRA code, therefore there is no 

need to specify these numbers for helium.) Additionally calculations were 

performed assuming that iodine forms I2 compound. For such compound the molar 

weight is equal to twice the value for the element, which means: Mw = 2×126.9 = 

253.8. The diffusion volume is roughly twice the value for the element, thus Σ 

=2×29.8 = 59.6. The proposed correlations give for I, atomic number of A = 53: 

Σ=2.4×530.66=33 and for I2: Σ=4.2×530.66=58, so quite similar values. 

 

o The Chapman-Enskog correlation, with A = 1.0×10–3 and B = 1.5, as the values 

appropriate for I, Cs, Ag in He, based on [119]. 

 

Results are shown in Figure 12-88 and Figure 12-89. Results of the Fuller method with Mw 

and Σ appropriate for I are compared to the Chapman-Enskog correlation in Figure 12-88. 

Results of the Fuller method with Mw and Σ appropriate for I2 are compared to the same 

Chapman-Enskog correlation in Figure 12-89. The Fuller method gives results within about 

±30% of the values obtained from the Chapman-Enskog correlation. The values obtained 

for I2 are closer to the correlation in the practically interesting, high temperature region. In 

the region of 600 - 1000 K the discrepancy is lower than 10%, which is considered as quite 

satisfactory. 

 

 

 

Figure 12-88 Comparison of diffusion coefficients for I in He. 
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Figure 12-89 Comparison of diffusion coefficients for I2 in He. 

 

 

• Adsorption and Penetration (Absorption) 

 

The molecules that are adsorbed from the gas partly remain on the surface and partly 

penetrate into the material. The term penetration is used here, but an alternative term - 

absorption is often used. The total adsorption and penetration (absorption) rate is given by: 

( )  − 1Cu  

 

α sticking factor, i.e. the probability that an atom hitting the free surface stays there 

u mean thermal velocity perpendicular to the surface, equal to: 

 

m

B

m

Tk
u


=





2
 

 

kB Boltzmann constant (= 1.38×10–23), (J/K) 

Tδ gas temperature in the δ-sublayer, (K) (assumed equal to the wall surface 

temperature, Tw, because of extremely small thickness of the δ-sublayer, ~10–8 m - 

see section 12.3.5.1) 

mm mass of a single molecule of the fission product, (kg), equal to: 

 

A

w

m
N

M
m =  
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NA Avogadro number (=6.022×1026 - [32]), Avogadro number, (kmole–1) 

Mw molar weight of the fission product vapor, (kg/kmole) 

Cδ vapor concentration in the δ-sublayer, (kg/m3) 

θ reversible surface coverage, fraction of the adsorption sites that are already filled 

up, equal to: 

( ) 







−=−

max

11
C

Crev  

 

Cmax is the maximum number of adsorption sites per unit surface area, (m–2), while Crev is 

the number of adsorption sites occupied by reversibly bound molecules, again per unit 

surface area, (m–2). This parameter is converted internally to the mass density using the 

conversion factor equal to (Mw/NA): Cmax (kg/m2) = Cmax (m–2) × (Mw/NA). The adsorption 

term is equal to: 

 Cu
C

Crev 









−

max

1  

where: 

ww

AB

M

T

M

NTk
u 


=


= 36.36

2
 

The concentration of molecules, expressed in the number of molecules per cubic meter, may 

be converted to the mass concentration (in kilograms per cubic meter) using the following 

relation: 

C
M

N

M

N

V

m
N

w

A

w

A ==  

 

N number density a given fission product vapor, (m–3) 

m mass of the fission product vapor, (kg) 

C concentration of the fission product vapor, (kg/m3) 

V volume of the gas space, (m3) 

NA Avogadro number (=6.022×1026 - [32]), Avogadro number, (kmole–1) 

Mw molar weight of the fission product vapor, (kg/kmole) 

 

The number concentration is proportional to the mass concentration in kg/m3, with the 

proportionality coefficient of (NA/Mw). Therefore the mass concentrations may be used 

instead of the number concentrations provided that they are used consistently in all terms 

of the equation. The adsorption term is written as: 

( )
wM

T
uwithCu 

 =− 36.36:1  

Fraction of adsorbed molecules that remains on the surface is denoted by β, (-). The 

difference (1–β) is called the penetration factor, since it gives the fraction of adsorbed 

material that penetrates into the wall (is absorbed by the wall). This parameter is calculated 

from a temperature-dependent correlation: 











−=−

wT

A
 exp)1(1 0  
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(1–β0), Aβ, are user-defined input coefficients. A constant value of the penetration factor is 

obtained in the model by setting Aβ = 0.0. For example, reference [120] gives for Cs on 

Incoloy-800: 
51011 −=−   

 

This is obtained by setting (1–β0) = 1.0×10–5. Therefore: 

 

0.01011 5

0 ==− −

 A  

 

Reference [117] fit empirical data from [118] to obtain for Cs a temperature-dependent 

formula, with the coefficients equal to: Aβ = 15121, (1–β0) = 4.1×10–11. Therefore: 

 











=− −

wT

15121
exp101.41 11  

 

Both relations are shown in Figure 12-90. They yield the same value for T = 1200 K, but 

very different values are obtained for different temperatures. The temperature-dependent 

formula gives better agreement with experimental data. 

 

In SPECTRA limits may be imposed on the value obtained from the correlation: 

(1–β)min  1–β  (1–β)max. 

(1–β)min and (1–β)min are user-defined values. For example, the correlation for Cs on 

Incoloy-800, shown above, has been applied with the limits of 10–6  (1–β)  0.1. The 

resulting line is shown in Figure 12-90. 

 

 

Figure 12-90 Penetration coefficient, (1–β), Cs on Incoloy-800. 
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• Desorption 

 

The desorption term is given by: 

revC  

  desorption coefficient, (s–1) (note that for water covered surface different desorption 

coefficients are used - see section 12.3.7.2) 

Crev surface concentration of particles reversibly bound at the surface, (kg/m2) 

 

The desorption coefficient is calculated from a temperature-dependent correlation: 

 











−=










−=

ww T

A

RT

E   expexp 00  

 

E is the activation energy, (J), Tw is the wall surface temperature (K), R is the universal gas 

constant. Limits may be imposed on the value obtained from the correlation: 

maxmin   . The values of ,,,, maxmin0  A  are user-defined input coefficients. For 

example, reference [120] gives for Cs on Incoloy-800: 

 
411

0 10815.2)314.8/234000()/(101 ==== REA   

Therefore: 










 
−=

wT

4
11 10815.2

exp100.1  

• Evaporation 

 

The evaporation term is given by: 

idC ,  

 

η evaporation coefficient, (s–1) 

Cd, i concentration of particles in the cell i (boundary cell of the structure), (kg/m3) (in 

order to simplify the notation the subscript i is skipped and the symbol Cd is used 

in the following discussion) 

 

The evaporation coefficient is calculated from a temperature-dependent correlation: 

 









−=








−=

ww T

A

RT

E   expexp 00  

 

Eη is the activation energy, (J), Tw is the wall surface temperature (K), R is the universal gas 

constant. Limits may be imposed on the value obtained from the correlation: ηminηηmax. 

The values of η0, Aη ηmin, ηmax, are user-defined input coefficients. Quite often calculations 

are performed neglecting evaporation, which means: 

0.00.00 ==  A  
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• Calculation Procedure Applied for the Sorption Model 2 

 

The total sorption mass transfer rate is obtained from: 

 

( ) drev

total

S CCCu
dt

dC
−−−=








 1  

 

In order to calculate the mass transfer rate the individual terms, such as Cδ, Crev, Cd, must 

be known. Calculation of the individual terms is described below. The concentration in the 

δ-sublayer is obtained using a mass balance for the layer (per unit surface area): 

 

( ) drevCV CCCuCCh
dt

dC
++−−−=  

 1)(  

 

The derivative is in the numerical representation given by: 

t

CC

dt

dC



−
=   

The value of 
C  is the value at the beginning of the time step. An implicit scheme is 

applied, which means that the end-of-time-step values are used for the concentrations on 

the right hand side of the equation. Therefore: 

 

( ) drevCV CCCuCCh
t

CC
++−−−=



−
 

 1)(  

 

After rearrangement: 

 

( ) uh
t

CCChC
tC

drevCV

−++


+++
=













1

 

 

SPECTRA uses a stationary (asymptotic) version of this equation, obtained for δ/Δt → 0 

and an explicit (beginning of time step) value of θ: 

 

( ) uh

CCCh
C drevCV

−+

++
=










1
 

where: 

( )













−=−

max

11
C

Crev  

 

Use of the stationary form is justified by an extremely small thickness of the δ-sublayer (of 

order of 10–8 m, see section 12.3.5.1). Therefore the inertia of the δ-sublayer is very small: 

0.0/)( − tCC  . 
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Recalling that: 

w

g

M

T
u = 36.36  

 

The above formula allows computing the new δ-sublayer concentration, if the values of Crev, 

CCV, and Cd, are known. The next parameter to be calculated is Crev. The mass balance for 

the first of these parameters, Crev, is (see Figure 12-84): 

 

( ) rev
rev CCu

dt

dC
−−=  1  

 

This equation is written using fully implicit numerical scheme, as: 

 

rev
revrevrev CCu

C

C

t

CC
−










−=



−
 

max

1  

After transformations: 

)/(1 max 







++

+
=

CCut

CutC
C rev

rev
 

 

With the above formula Crev will never become larger than Cmax. However, Crev may become 

slightly larger than Cmax due to round-off errors (~10–16). Therefore the following limit is 

imposed on the value obtained from the above formula: 

 

maxCCrev   

 

The Control Volume concentrations, CCV, are obtained from the mass balance in Control 

Volume and the implicit inter-volume flow solution scheme, described in section 12.3.8. 

The concentrations inside the material, Cd, are obtained from the diffusion equation, 

described in section 12.3.5.6. With these values known all parameters that are needed to 

calculate the mass transfer rate on the wall surface are known. 

 

The equations shown above are valid only for sorption of a single vapor. In case of multiple 

vapors one must take into account that some adsorption sites may be occupied by the 

molecules of the other vapors. Therefore the following method is adopted for general 

solution scheme. The value of (1–θ) for a given vapor, i, is given by: 

( )














 +

−=−




max

,,

11
C

CC
ij

jrevirev

  

The term: 


−
ij

jrevCC ,max gives the number of sites available for the vapor class i: Cavl,i. 

An option is available (see parameter ICSRRT, Volume 2) to use this equation or to use 

Cmax for each vapor independently. 
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For simplicity the subscript i is skipped in the following discussion, i.e.: 




−==
ij

jreviavlavl CCCC ,max,  The formula for C: 

( ) uh

CCCh
C drevCV

−+

++
=










1
 

is written using an explicit term: ( ) max/)(1 CCC revavl −=− . The formula for Crev is 

written using an implicit term for the current vapor and explicit for all other vapors. 

 

rev

irevavlrevrev CCu
C

C

C

C

t

CC
−














−=



−
 

max

,

max

 

After transformations: 

)/(1

/

max

max









++

+
=

CCut

CCCutC
C avlrev

rev
 

 

If there is only a single vapor that is being sorbed, then Cavl = Cmax and the above formula 

becomes identical to the formula for a single vapor sorption, shown above. 

 

Because the number of available sites is calculated for each vapor using explicit value for 

other vapors, there is some time-step sensitivity of the obtained results. Test calculations 

have shown that if sorption of one of the vapors is strong compared to the others, then use 

of large time steps may result in underestimation of sorption of the weakly adsorbed vapors, 

as the strongly sorbed vapor tends to fill-in all the adsorption sites during a single time step. 

In order to prevent this from happening a limit is imposed on each vapor preventing it from 

filling more than a certain fraction (default value of Xlim = 0.99 - see Volume 2) of the 

available sites during a single time step. With this limit the formula is: 

 

)/(1

/

max

maxlim









++

+
=

CCut

CXCCutC
C avlrev

rev
 

 

Test calculations showed that with the applied Xlim there is very little time step sensitivity 

of the sorption results. The error introduced on a given vapor by using Xlim is only 1%, 

which is still quite small compared to the general accuracy of the sorption models. 

 

Finally, the total mass transfer rate (kg/s-m2), used to calculate the masses of molecules in 

the CV atmosphere and in the SC, is obtained from: 

( ) drev

total

S CCCu
dt

dC
−−−=








 1  

The mass transfer rate that is used as a source for the diffusion equation is given by: 

( ) ( ) d

diff

S CCu
dt

dC
−−−=








  11  

In the above formulae ( ) max/)(1 CCC revavl −=− . 

 

A user-defined multiplier, X1SRRT (for 1-D structures) and X2SRRT (for 2-D structures) 

is applied for the values obtained from the above formulae (see Volume 2). 
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12.3.5.6 Diffusion Inside Solid Materials 

 

Diffusion results in transport of the penetrated molecules from the surface node to the nodes deeper 

in the material. Diffusion is calculated using the diffusion equation and the user supplied diffusion 

coefficient in solid structure materials, DCS. If the diffusion coefficients are not specified, or are 

specified as zeroes, the diffusion is not calculated. In such case all the penetrated molecules are 

assumed to stay in the surface node. Diffusion calculation may consume significant fraction of 

computing time, therefore it is recommended to activate diffusion only when it is necessary. 

 

The diffusion coefficients are specified in the material property data. The values must be specified 

in a consistent manner. This means if a positive diffusion coefficient is specified for one of the 

materials used by a given 1-D or 2-D Solid Heat Conductor, it must be specified as positive for all 

materials that are used to build this Solid Heat Conductor. 

 

For a given material the diffusion coefficients are defined separately for each vapor class. The 

consistency mentioned above is valid within a single class only. Different vapor classes do not need 

to have the consistent diffusion coefficient. Therefore the user may for example specify a positive 

diffusion coefficient for one vapor class and zero for all other classes. 

 

The diffusion coefficient is calculated from a temperature-dependent correlation: 
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E is the activation energy, (J), Ti is the temperature of node i (K), R is the universal gas constant. 

Limits may be imposed on the value obtained from the correlation: DminDCSDmax. The values of 

D0, AD, Dmin, Dmax, are user-defined input coefficients. For example, reference [121] gives for Cs in 

metals: 
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In order to calculate the concentrations the following diffusion equation is solved: 

 

VdCS
d SCD

t

C
+=




)(  

 

SV is an “external” source of molecules per unit volume, (kg/s-m3), which include: 

 

• Penetration: +αu(1–β)(1–θ)Ns, applicable for the surface node only 

• Evaporation: –ηCd, applicable for the surface node only 

• Source and removal by decay, applicable for all nodes, discussed later 
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The source term, Sd, is written explicitly, that is beginning of time step values are used. This is in 

practice sufficient because diffusion process is very slow. The decay is calculated using the general 

solution scheme applied for the decay chains, described in section 12.3.1. The calculated net source 

(or removal) of the diffusing isotope is then partitioned among all SC nodes proportional to the mass 

in each node. 

 

Solution of the above diffusion equation is discussed below for the case of 1-D Solid Heat 

Conductors and 2-D Solid Heat Conductors. 

 

• Diffusion in 1-D Solid Heat Conductors 

 

In a 1-D structure, with the material properties depending on temperature, and the external source 

being a function of time, the diffusion equation is: 
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Cd is the concentration of the diffusing isotope (kg/m3), DCS is the diffusion coefficient in solid material 

(m2/s), SV is the external source per unit volume (kg/s-m3). The external sources includes removal of 

the isotope due to its decay, source from decay of other isotopes present in the solid material, and 

sorption processes on the surface. 

 

To solve the diffusion equation, a finite difference version of the equation is constructed. In order to 

do that, the derivatives are approximated by the finite differences. For the node i the time derivative 

is approximated as: 

 

t

CC

t

C ididd
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Δt is the time step, and 
idC ,

 is the mass concentration in the cell i at the beginning of the time step. 

Similarly the space derivative between the nodes i–1 and i may be approximated by: 
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Note that in the above approximation the end of time step temperatures are used: Cd,i, Cd,i–1. That means 

an implicit solution scheme is applied, which gives stable solution, independently of the time step size 

[21]. If the diffusion coefficient was constant between the nodes i–1 and i, the diffusion flux would be 

given simply by multiplying the derivative by DCS: J = –DCS·(Cd,i – Cd,i–1)/(xi – xi–1). However, material 

properties (and therefore the diffusion coefficient) may be different in different cells. The node-to-

node diffusion flux sees two cell materials, which in general may have different properties. The 

diffusion flux, written from the node i–1 to the node i, is obtained by using a summed diffusion 

resistance: 
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di half-thickness of the cell i for interior cells, full thickness for boundary cells, (m) 

 

Similarly the flux is written for the diffusion between nodes i and i+1. After simple transformations 

the finite difference approximation of the diffusion equation takes the following form: 

 

• Interior node, 1 < i < N: 

 

( ) ( ) iidid
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AL, i heat transfer area at the left boundary of cell i, (m2) 

AR, i heat transfer area at the right boundary of cell i, (m2) 

Vi volume of cell i, (m3) 

Si external source for cell i, (kg/s) 

RL, i diffusion resistance between the node i–1 and i, (m) 

RR, i diffusion resistance between the node i and i+1, (m) 

 

The diffusion resistances, RL, i and RR, i, are defined as: 
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• Left boundary node, i = 1: 

 

( ) iidid
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• Right boundary node, i = N: 
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The above formulae present a set of N equations, with unknown concentrations, Cd,i. This 

equation set may be written shortly in a matrix form: 

 

BAC =  
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The matrix A is a tridiagonal matrix, because the equations for internal nodes contain three 

unknown variables: Cd,i–1, Cd,i, and Cd,i+1. Therefore the matrix equation may be written as: 

 

iidiiidiiidii bCaCaCa =++ ++−− 1,,1,,1,,1
 

 

The matrix coefficients, ai,j, and the right-hand side terms, bi, are equal to: 

 

• Interior node, 1 < i < N: 
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• Left boundary node, i = 1: 
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• Right boundary node, i = N: 
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The tridiagonal matrix is solved using the procedure specifically suitable for this type of matrices 

(section 17.4). 
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The diffusion model described above is quite general and accurate in practical applications. Below an 

example problem is shown, where the model results are compared to analytical solutions of the 

diffusion equation. 

 

• Example Problem: Transient Diffusion in a Semi-Infinite Slab 

 

Transient diffusion in a semi-infinite slab with a step change concentration of the diffusive 

molecules at the surface is considered. The initial concentrations are C0 = 0.0 kg/m3. At time 

equal to zero the surface concentration is set to 0.001 kg/m3. The theoretical solution of the 

diffusion equation is analogous to the heat conduction equation, with the thermal diffusivity 

replaced by the diffusion coefficient. This means: 

 

o a = k/(ρcp), thermal diffusivity, (m2/s) → D, diffusion coefficient, (m2/s) 

 

The result is based on the solution presented in [20], chapter 3, equation 55 (see section 5.2): 

 









=

Dt

x
erfcCtxC w

2
),(  

 

C(x,t) concentration at location x from the left boundary, at time t, (kg/m3) 

Cw concentration at the boundary surface, (=0.001 kg/m3) 

D diffusion coefficient, (=1×10–6 m2/s) 

 

Calculations were performed using a solid heat conductor with 0.01 m thickness. As shown 

below, this thickness is sufficient to represent a semi-infinite slab for the present, short term 

calculations. The heat conductor was nodalized using 21 nodes - internal nodes of 5.0×10–4 m 

(half millimeter) and boundary nodes of 2.5×10–4 m - Figure 5-4. At the left surface an 

adsorption flux is specified using a user-defined Control Function. The Control Function is 

defined in such a way as to keep a constant concentration of 0.001 kg/m3 at the surface node. 

 

Results are shown in Figure 12-91 through Figure 12-95. Figure 12-91 through Figure 12-94 

show visualization pictures of SPECTRA results at times 1.0, 5.0, 10.0, and 20.0 s. 

 

Figure 12-95 shows comparisons of SPECTRA results to analytical solution obtained for a 

semi-infinite slab. The calculated values are in good agreement with the theoretical values, 

except near the right boundary, at t = 20 s (Figure 12-95). At that time the diffusive isotope 

has penetrated into the right side of the conductor and the analytical solution, obtained for a 

semi-infinite slab, becomes a bad approximation of the real geometry in the region close to 

the right boundary. 
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Figure 12-91 Diffusion test, constant boundary concentration, SPECTRA, t=1.0 s. 

 

 

 
 

Figure 12-92 Diffusion test, constant boundary concentration, SPECTRA, t=5.0 s. 

 

 

 
 

Figure 12-93 Diffusion test, constant boundary concentration, SPECTRA, t=10.0 s. 
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Figure 12-94 Diffusion test, constant boundary concentration, SPECTRA, t=20.0 s. 

 

 

 

Figure 12-95 Diffusion test, constant boundary concentration, theory and SPECTRA. 
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• Diffusion in 2-D Solid Heat Conductors 

 

In case of a 2-D structure, the diffusion equation is: 
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The finite difference approximation of the diffusion equation in 2-D is analogous to the 1-D equation. 

The only difference is the presence of additional diffusion fluxes from the “up” and the “down” cells. 

The equation takes the following form: 
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Cd,L, i concentration in the cell left to the cell i, (kg/m3) 

Cd,R, i concentration in the cell right to the cell i, (kg/m3) 

Cd,U, i concentration in the cell up of the cell i, (kg/m3) 

Cd,D, i concentration in the cell down of the cell i, (kg/m3) 

Si external source for the cell i, (kg/s), (due to decay or sorption processes) 

 

Analogically to the 1-D case, the resistances are written: 

 

iCS

i

RCS

R
iR

iCS

i

LCS

L
iL

D

d

D

d
Rnceresistaright

D

d

D

d
Rnceresistaleft

,,

,

,,

,

+=

+=

 

iCS

i

DCS

D
iD

iCS

i

UCS

U
iU

D

d

D

d
Rnceresistadown

D

d

D

d
Rnceresistaup

,,

,

,,

,

+=

+=

 

 

The subscripts L, R, U, D, stand for the cell left of the cell i, right of the cell i, up of the cell i, and 

down of the cell i. The numbers of these cells depend on the internal cell numbering scheme. 

SPECTRA numbers the nodes either horizontally or vertically, in order to minimize the number of 

operations required to solve the matrix, i.e. to obtain small band width. 
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The above formulae present a set of N equations, with unknown concentrations, Cd,i. This equation set 

may be written shortly in a matrix form: 

 

BAC =  

 

In contrast to the 1-D case the matrix A is not a tridiagonal but a band-diagonal matrix. The matrix 

coefficients, ai,j, and the right-hand side terms, bi, are equal to: 
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The above terms are written separately for each quarter-cell and then summed up over all quarter-cells 

existing in a given cell. Types of cells are shown in Figure 12-96 (left). Examples of 2-D structures 

are shown in Figure 12-96 (right). 

 

 

Figure 12-96 Types of 2-D cells (left) and examples of 2-D structures (right). 
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The band-diagonal matrix is solved using the procedure specifically suitable for this type of matrices 

(section 17.4). 

 

• Source and Removal due to Radioactive Decay 

 

Ideally diffusion of each isotope inside the solid structures should be considered separately. With 

this treatment one would in general need to reserve memory for all isotopes diffusing through all 

nodes of the 1-D and 2-D Solid Heat Conductors. This would result in enormous memory 

requirement. Therefore in SPECTRA diffusion is calculated for the vapor classes rather than isotopes. 

This allows considerable reduction of memory requirement, since the code has to keep track of up to 

20 vapor classes rather than up to 220 isotopes, in each node of a 1-D or a 2-D structure. 

 

Since the vapor classes group similar isotopes, this treatment is physically correct, but it introduces 

certain difficulty in calculating the sources and removal rates due to radioactive decay. This is 

explained below. 

 

o The vapor classes are tracked for each node, therefore the available parameter is: 

Concentration of the diffusing molecules of the vapor class VK, in the cell number i 

of a 1-D or a 2-D Solid Heat Conductor, Cd,i,VK, (kg/m3). 

 

o The isotopes are tracked per structure, therefore the available parameter is: 

Total number, NK (-), or total mass, mK (kg), of the isotope number K, in all cells of a 

1-D or a 2-D Solid Heat Conductor. 

 

As a consequence, when isotope K decays, the code “does not know” in which node the decay 

process occurred. This is a straightforward consequence of the decision of saving computer memory 

and writing the diffusion equation for vapor classes rather than isotopes. In order to solve the 

diffusion equation the code needs to “guess” where the decay process occurred. Probability that the 

decay occurred in the cell i is of course equal to the mass fraction of the isotope K in the cell i (mass 

of the isotope K in the cell i divided by the total mass of the isotope K in all cells). Since the vapor 

classes group similar isotopes (for example I-131, I-133, I-135, etc.), they do behave (diffuse) in a 

similar way. Therefore it is reasonable to assume that the fraction of the isotope K in the cell i is 

proportional to the fraction of the vapor class VK in the same node. With this assumption it may be 

written: 
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Ni, K number of molecules of the isotope number K in the cell number i, (-) 

NK number of molecules of the isotope number K in all cells, (-) 

mi, VK mass of the fission product vapor class VK in the cell number i, (kg) 

mV total mass of the fission product vapor class VK in all cells, (kg) 

Cd, i. VK concentration of the fission product vapor class VK in the cell number i, (kg/m3) 

Vcell, i volume of the cell number i, (m3) 
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The summation is performed over all nodes of the 1-D or 2-D Solid Heat Conductor. This provides 

a recipe for the guessed value of the amount of isotope K concentration in the node i, Ni, K : 
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Mass source of the vapor class VK due to radioactive decay is written by summing up the isotopes 

that are being removed from the class VK due to the radioactive decay on one hand (negative source), 

and summing up the isotopes that are coming into the class VK due to the radioactive decay of 

isotopes that are not members of this class (positive source). The source needs to be expressed in 

kg/m3, therefore the molecule numbers, N, are converted to the mass concentrations using the 

multiplier of (Mw/NA). Therefore the source of the vapor class VK for node i due to radioactive decay 

is given by: 
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Si, VK source of the fission product vapor class number VK, in the cell number i of a 1-D or a 2-D 

Solid Heat Conductor, (kg/s) 

KVK isotope number K, a member of the fission product vapor class number VK 

LVL isotope number L, a member of the fission product vapor class number VL, other than the 

class VK, VLVK 

λK decay constant of the isotope number K, (s–1) 

Ni, K number of molecules of the isotope number K in the cell number i, (-) 

γK→L yield fraction, probability of isotope L being created from decay of the isotope K, (-) 

Mw, K molar weight of the isotope number K, (kg/kmol) 

NA Avogadro number 

 

The guessed values of Ni, K and Ni, L are substituted to the above formula, the final result is: 
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The first term represents removal of the vapor class VK from the node i due to decay of all radioactive 

isotopes K that are members of the class VK, into isotopes L that are members of any class VL other 

than VK. Similarly, the second term represents the source of the vapor class VK in the node i due to 

decay of all radioactive isotopes L that are members of any class VL other than VK, into isotopes K 

that are members of VK. 
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An example problem shown below, illustrates the calculation procedure. The test case consists of 

the same 1-D Solid Heat Conductor as that used for the previous example (see Figure 12-91 through 

Figure 12-95 and the corresponding text). In the present case there are two isotopes: 

 

o Isotope A, a non-diffusive, long life isotope decaying into B 

o Isotope B, a diffusive, non-radioactive isotope 

 

The isotope A is present in the left surface node. Here it provides a continuous source of the isotope 

B, due to radioactive decay. Since the isotope A is a long life (half-life of 1 month was assumed, λA 

= ln(2)/(1×31×24×3600) = 2.59×10–7 s–1) the source of isotope B is practically constant, and equal 

to NAλA, where NA is the concentration of the isotope A. 

 

The initial mass of isotope A was set to mA = 0.01 kg. Both isotopes A and B are assumed to have 

the same molar weight. Therefore the source for the diffusion equation of the isotope B may be 

written as mAλA (in general the mass source for the isotope B is equal to: mA×Mw,B/Mw,A, where Mw,B, 

Mw,A are the molar weights of B and A respectively). The diffusion coefficients were assumed in the 

calculations as: DA = 10–20 (m2/s) for the non-diffusive isotope A (zero could be used as well to 

eliminate completely diffusion of the isotope A) and DB = 10–6 (m2/s) for the diffusive isotope B. 

 

From the point of view of the diffusive isotope B, this case represents a constant source in the surface 

node. Solution of analogous heat transfer case, with constant heat flux at the surface is presented in 

[21] (section 3.4.2, equation 3.60). 

 

Using an analogy between the heat conduction and diffusion, the solution is written here by replacing 

the thermal diffusivity by the the diffusion coefficient and the surface heat flux by the source due to 

decay of the isotope A: 

 

o a = k/(ρcp), thermal diffusivity, (m2/s) → DB, diffusion coefficient, (m2/s) 

o q, boundary heat flux, (W/m2)  → mAλA mass source, (kg/s) 

 

Furthermore, in order to obtain the diffusion equation of exactly the same form as the conduction 

equation, the volumetric heat capacity (ρcp) in the conduction equation must be equal to 1.0. 

Consequently the thermal conductivity is equal to DB: 

 

o (ρcp) = 1.0 

o k = DB 

 

The analytical solution is (see [21], section 3.4.2, equation 3.60): 
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Results are shown in Figure 12-97 through Figure 12-102. Figure 12-97 through Figure 12-101 show 

visualization pictures of SPECTRA results at times 0.0 s (starting time), 1.0, 5.0, 10.0, and 20.0 s. 

Figure 12-102 shows comparisons of SPECTRA results to analytical solution obtained for a semi-

infinite slab. 
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Figure 12-97 Decay of a non-diffusive into a diffusive isotope, SPECTRA, t=0.0 s. 

 

 

 

Figure 12-98 Decay of a non-diffusive into a diffusive isotope, SPECTRA, t=1.0 s. 
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Figure 12-99 Decay of a non-diffusive into a diffusive isotope, SPECTRA, t=5.0 s. 

 

 

 

Figure 12-100 Decay of a non-diffusive into a diffusive isotope, SPECTRA, t=10.0 s. 
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Figure 12-101 Decay of a non-diffusive into a diffusive isotope, SPECTRA, t=20.0 s. 

 

 

Figure 12-102 Decay of a non-diffusive into a diffusive isotope, theory and SPECTRA. 
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• Source and Removal due to Sorption 

 

Sorption provides a source for boundary cells (left and right boundary cells in case of 1-D Solid 

Heat Conductors, and all boundary cells of 2-D Solid Heat Conductors). The source for the boundary 

cells is equal to the sorption flux multiplied by the heat transfer area: 

 

)1( pool

diff

S

i XA
dt

dC
S −








=  

 

Si  source due to sorption for the cell i (boundary cell), (kg/s) 

(dCS/dt)diff sorption flux for diffusion calculation, (kg/s-m2) 

A  total heat transfer area of the Solid Heat Conductor boundary cell, (m2) 

Xpool  fraction of the boundary cell surface covered by water, (-) 

 

If the user-defined Control Function (section 12.3.5.3) or the simple sorption model (section 

12.3.5.4) is used, then the sorption flux for diffusion calculation is equal to the total sorption flux. 

In case of full adsorption model these fluxes are in general different, as described in section 12.3.5.5: 

 

total

S

diff

S

dt

dC
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dC
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 user-defined CF or sorption model 1 

total
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S
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dC
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 sorption model 2 
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12.3.5.7 Summary of Sorption Models 

 

Three models are available. The sorption rate, expressed as the mass of adsorbed material per 

second, per unit surface area, is calculated as follows. 

 

• User-defined model: 

 

CF
dt

dC

dt

dC

diff

S

total

S =







=








 

 

The model may be applied for either gas-covered or liquid-covered surfaces, depending on 

the user-defined selector (ISRLRT, see Volume 2). 

 

• Sorption model 1:  
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The model may be applied for either gas-covered or liquid-covered surfaces, depending on 

the user-defined selector (ISRLRT, see Volume 2). 

 

• Sorption model 2: 
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( ) ( ) d

diff

S

drev

total
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CCu
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The model is applicable for gas phase only. In case of liquid-covered surfaces, only 

desorption of the reversibly-bound particles is possible (APSRRT > 0.0, see Volume 2). 

 

A user-defined multiplier, X1SRRT (for 1-D structures) and X2SRRT (for 2-D structures), is 

applied for the values obtained from any of the three models (see Volume 2). 
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12.3.6 Leaching Mechanism and Modeling 

 

12.3.6.1 Introduction 

 

Leaching of chromium from alloys at high temperatures and in the presence of salt was observed in 

the Molten Salt Reactor Experiment (MSRE). Chromium was selectively removed from the 

Hastelloy N alloy in high-temperature regions and deposited in low-temperature regions [210]. 

Chromium depletion was expected to a depth of less than 0.13 mm/year in metal at 704°C. The 

mechanism and mathematical model of chromium leaching from Hastelloy N is described in [211]. 

 

Hastelloy N (UNS N10003), a Ni-based alloy that was originally developed during the MSRE 

program at the ORNL specifically for a combination of corrosion resistance in molten fluoride salts 

and air-side oxidation resistance. Hastelloy N is among the structural materials being considered for 

the Fluoride salt-cooled High-temperature Reactor (FHR). One experiment in the MSRE program 

was a flow loop made of UNS N10003, with a fuel-bearing molten fluoride salt (FLiBe) that 

operated successfully for 9.2 years in the temperature range of 560°C (cold section) to 700°C (hot 

section). Examination of the inner surface of the flow loop after this long-term test showed a Cr-

depleted attack depth of 100 μm in the hot section and the deposition of Cr on the colder section of 

the loop. 

 

Reference [211] presents experimental results and a mathematical model based on the assumption 

of diffusion-controlled corrosion for UNS N10003 in a nonfuel bearing FLiBe salt. The removal of 

Cr is through an outward diffusion in the alloy. The effective diffusion coefficient was calculated 

to be 8.72×10–19 m2/s at 700°C, which is lower than for UNS N10003 in fueled molten fluoride salt 

(containing 1%UF4), ~2.9×10–18 m2/s [211]. This indicated that the corrosion in nonfuel bearing 

FLiBe is significantly slower than in UF4 dissolved FLiBe. Cr concentration profiles obtained with 

this model for 1,000 hours and 365 days are shown in Figure 12-103. 

 

12.3.6.2 Leaching Model 

 

In order to use the leaching model in SPECTRA, the user must do the following: 

 

• Define an isotope that is being leached (using the fission product chains) 

• Activate the leaching option on the surface of a SC and define the initial concentration of 

the isotope. 

• Define the modeling parameters, discussed below. 

 

Leaching can be modeled in two ways. 

 

• A user-defined Control Function model, 

• Diffusion-controlled model, based on the model presented in [211]. 

 

Control Function (CF) model. The model may be applied to define the mass flux at the surface, 

using the general framework of the sorption models, described in section 12.3.5 (the CF is discussed 

in section 12.3.5.3). When the leaching model is applied (defined in records 385XXX - see Volume 

2), then the value obtained from the CF is restricted to negative values (only removal is possible) 

and the absolute value is restricted to a maximum of 10–6 kg/m2-s. 
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Figure 12-103 Cr concentration profiles, Hastelloy N (UNS N10003) in FLiBe at 700°C [211] 

 

 

Diffusion-controlled model. The model is basically the same as the one used in [211]. The user 

must supply the diffusion coefficient for the vapor class to which the leached isotope belongs. The 

diffusion coefficient may be a function of temperature. Two stages may be distinguished. 

 

• Stage I. During this stage the concentration on the surface (in the boundary surface node) 

decreases from the initial value to ~0.0. The following formula is used: 

 

0

00

T

xC
SI


=  

 

Here SI is the leaching mass flux (kg/m2s), C0 is the concentration of the leached isotope in 

the boundary surface node (kg/m3), Δx0 is the thickness of the boundary surface node (m), 

and T0 is the characteristic time (s) (input parameter T0LCRT, see Volume 2). The default 

value of T0 is 1000 s. The effect of T0 on the results is discussed below and in Volume 3. If 

the diffusion from the neighboring node is negligible, then the solution of the above 

equation gives: 

 











−

0

00 exp)0()(
T

t
CtC  

 

In such case the concentration in the boundary node would be ~0.0 at time equal to ~5T0. 

With simultaneous diffusion from the neighboring node it takes somewhat longer, in the 

considered example roughly 10T0 as seen in Figure 12-107. 
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• Stage II. During this stage, the concentration on the surface is approximately equal to zero. 

The mass flux is controlled by the diffusion from the internal nodes. The mass flux is 

approximately equal to: 

01

1

x

C
DS CII


−=  

Here C1 is the concentration of the leached isotope in the node next to the surface (kg/m3), 

Δx01 is the distance between the surface and the next node (m), and DC is the diffusion 

coefficient (m2/s). 

 

The diffusion-controlled leaching model was tested using the values calculated in [211]. The stable 

element Cr-52 was defined (isotope 191). The wall is represented by SC-006; the fluid volume by 

CV-006. The wall material is Hastelloy N. The diffusion coefficient was defined as: DC = 8.72×10–

19 m2/s. The wall temperature and the fluid temperature are set to 973 K (700°C). The base node size 

was 2 μm for the depth of about 50 μm, with a boundary surface node of 1.0 μm.  

 

Calculations were performed for 365 days (3.1536×107 s). The applied time step was Δt = 10.0 s. 

Lack of time step sensitivity was checked by applying time steps between 5 s and 100 s. Lack of 

nodalization sensitivity was checked by varying the size of the base node size between 1 μm and 10 

μm. Sensitivity calculations are discussed in more detail in Volume 3. 

 

12.3.6.3 Results 

 

Results are shown in Figure 12-104 through Figure 12-108. Figure 12-104 shows the visualization 

of the Cr-52 concentrations at the end of the calculation period (365 days). Figure 12-105 shows the 

calculated concentration profiles at the times of 1000 hours and 365 days. The values calculated by 

SPECTRA were superimposed on the graph obtained from [211]. A very good agreement is 

observed between the SPECTRA values and the source data. 

 

Effect of T0 

Figure 12-106 shows the concentration profiles in the two stages. The results were obtained using 

the default value of the Stage I characteristic time T0 = 1000 s and node size of 2 μm. During Stage 

I the concentrations on the surface decrease to zero. During Stage II the concentration at the surface 

remains as ≈0.0 and the mass transfer is limited by the diffusion from the inner nodes. 

 

 

Figure 12-104 Cr concentrations, Hastelloy N in FLiBe at 700°C, SPECTRA model, t = 365 days 
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Figure 12-105 Cr concentration profiles, Hastelloy N in FLiBe at 700°C 
SPECTRA versus model of [211] 

 

 

Figure 12-106 Cr concentration profiles, T0=1000 s, 
Stage I: t <~10,000 s, Stage II: t > ~10,000 s 
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Figure 12-107 Surface mass fluxes during Stage I (<~10,000 s) 

 

 

 

Figure 12-108 Surface mass fluxes during Stage II (> ~10,000 s) 
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The end of Stage I is at approximately 10,000 s. This is also seen in Figure 12-107, showing the 

comparison of two cases: 

 

• T0 = 1000 s (default), 

• T0 = 100 s (minimum). 

 

It is seen that with smaller value of T0 the initial mass transfer rate is larger and the diffusion-limited 

value of the surface mass flux (~2×10–10 kg/m2-s) is reached sooner. Figure 12-108 shows the long-

term (Stage II) values of the surface mass flux. The values are of order of 10–10 kg/m2-s and slowly 

decreasing. (The values shown in Figure 12-107 and Figure 12-108 are plotted with reversed sign, 

as the convention in SPECTRA is that the mass flux from the surface is negative.) 

 

A smaller value of T0 provides theoretically a better agreement with the model from [211], where 

the initial surface concentration is taken as zero (the corresponding T0 is infinitely short). Sensitivity 

calculations, discussed in Volume 3, showed that the concentration profiles at 1000 h and 365 days, 

shown in Figure 12-105, are practically identical with both T0 = 1000 s and T0 = 100 s. 

 

Temperature effect 

The reaction occurs at high temperatures. The effect of temperature can be to a certain extent taken 

into account in the diffusion coefficient which may be a function of temperature. Additionally, a 

lower temperature limit is introduced. The reaction does not proceed below the specified minimum 

temperature, Tmin (TMLCRT, see Volume 2). An interpolation range, ΔTint, is defined where a linear 

interpolation is performed. The temperature-dependent multiplier is: 

 

• =0.0   for T < Tmin  

• =(T – Tmin )/ΔTint  for Tmin < T < Tmin + ΔTint  

• =1.0   for T > Tmin + ΔTint  

 

This multiplier is defined for all leaching processes and for both the diffusion-limited and the CF 

model. 

 

Nodalization requirements 

 

Diffusion model. In case of the diffusion-controlled model (applied if a positive diffusion 

coefficient is defined for the wall material), the user must define small nodes close to the boundary 

surface. The requirement is that the nodes must not be larger than 10 μm for a depth of at least 50 

μm. An error message is printed in the diagnostics file and the execution is stopped if these 

conditions are not met. The recommended nodalization is 1 - 2 μm. 

 

CF model. In case of the CF model, the reverse is true; the boundary node size cannot be too small. 

This model is applied when the diffusion coefficient is zero. Consequently, there is no diffusion 

from the neighboring nodes into the boundary node. If the boundary node is very small, then the 

amount of material available for leaching may be exhausted and the process will stop due to lack if 

material. The requirement is that the boundary node cannot be smaller than 0.1 mm. The 

recommended node thickness is ≥ 1 mm. A warning message is printed in the diagnostics file if the 

node is smaller than the recommended value. An error message is printed and the execution is 

stopped if the node size is smaller than the required value. 
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12.3.7 Fission Product Vapor Behavior Within a Single Control Volume 

 

12.3.7.1 Atmosphere of a Control Volume 

 

For each Control Volume a mass balance equation is written separately for all isotopes that are 

members of a given vapor class. 

 

Isotope mass balance 

 

Within a single Control Volume atmosphere a mass balance equation is written for each isotope: 

 

gasSRE

ij

ijdjjii

i FCSSSNN
dt

dN
+−−+++−= 



→,  

 

 Ni number of molecules of the isotope i, (-) 

 λi decay constant of the isotope i, (s–1) 

 γd, j→i yield fraction of isotope i from the decay of isotope j, (-) 

 SE external source (user-defined tabular or control functions), (1/s) 

 SR source due to fission product release, (1/s) 

 SS removal due to all sorption mechanisms, (1/s) 

 C removal due to condensation of FP vapors, (1/s) 

 Fgas net source due to inter-volume flows (transport of FP vapors with the gas flow), 

(1/m3-s) 

 

The first and the second term on the right hand side of the above equation represent the source and 

the removal of isotopes due to radioactive decay (see decay chains - section 12.3.1). The release 

term, SR, is discussed in section 12.3.2. The sorption models are discussed in section 12.3.5, the 

inter-volume flow term, F, is discussed in section 12.3.8. The condensation term is shortly discussed 

below. 

 

Condensation of FP vapors occurs whenever the vapor pressure exceeds the saturation pressure, 

which is a function of temperature: 

 

)(0 CVsatKV TppifC   

 

 pKV partial pressure of FP vapor number KV, (Pa) 

 psat saturation pressure of FP vapor number KV, (Pa) 

 TCV gas temperature in a Control Volume, (K) 

 

The vapor pressure is related to the vapor mass by the following relation: 
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KVCV
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M

R

V

m
p =  
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 mKV mass of FP vapor class number KV, (kg) 

 VCV gas volume, (m3) 

 R universal gas constant (J/kg-K) 

 MKV molar weight of FP vapor class number KV, (kg/kmole) 

 TCV gas temperature, (K) 

 

Therefore the saturation mass corresponding to the saturation pressure is obtained from  

 

CV

CVKV

KVsatKVsat
TR

VM
pm




= ,,  

 

In order to calculate the condensation term for an isotope number K, a member of the vapor class 

KV, the saturation mass of isotope K is obtained from the following relation: 
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 msat,K saturation mass of the isotope number K, (kg) 

 mK mass of the isotope number K, (kg) 

 

The summation is performed over all isotopes K that are members of the vapor class KV. Finally, 

the condensation term is obtained from: 
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Alternatively the condensation term may be written as: 

 

)()( ,, isatiisati mmHmmC −−=  

H is the Heavyside step function: 
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The FP vapor balance equation is written in a finite difference form, by replacing the derivative by 

the difference: 

t

NN

dt

dN kkk



−
=

0

 

 

 Nk FP isotope molecules, new value (-) 

 N0
k FP isotope molecules, old time step value (1/m3) 

 Δt time step size, (s) 
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In order to solve the equation in an implicit way the right hand side terms need to be written using 

Nk, rather than the old (known) value, Nk
0. As a result one obtains a linear set of equations, which is 

then easily solved by one of the standard matrix solvers (see section 17.4). A large amount of test 

runs performed showed that this method provides a fast and stable solution even with very large 

time steps. 

gasSRE

ij

ijdjjii
kk FCSSSNN
t

N

t

N
+−−+++−=


−





→,

0

  

 

The above set of equations can be written shortly in a matrix form: 

 

BNA =  

 

where N is a vector of unknown particle concentrations, ni, A is a square matrix, and B is a vector of 

right hand side quantities. The elements of matrix A are equal to: 

 





−

=++
=

→ jiif

jiifHt
a

ijdj

ii

ji

,

,

/1




 

 

The elements of vector B are equal to: 
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FP vapor mass 

 

The FP vapor class consists of a number of isotopes. The total mass within each class is obtained as 

the sum of individual masses of isotopes belonging to the class: 

 




=
KVK

KKV mm  

 

 mKV mass of FP vapor class number KV, (kg) 

 mK mass of the isotope number K, member of the vapor class KV, (kg) 

 

 

12.3.7.2 Pool of a Control Volume 

 

Isotopes may reside in a pool of a Control Volume either as adsorbed vapors or as attached to aerosol 

particles that are deposited in the pool. The adsorbed vapor masses are calculated from the equation 

similar to the one used for the vapors present in the atmosphere (section 12.3.7.1): 
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Note that for water covered surfaces adsorption, penetration, and evaporation are neglected 

(uCδ=η=0), while desorption of the reversibly bound molecules is calculated using a constant value 

pool =  (different from the desorption coefficient in the gas space - see Volume 2): 

 

revpool
rev C

dt

dC
−=








  

 

Assuming large values for this coefficient a quick desorption of the reversibly bound molecules may 

be achieved, which is what typically occurs in reality. 

 

Fission products present in the pool may be transported to gas (Volume 2, option IPATRT). The 

mass transfer is calculated in a very similar way as the mass transfer on aerosol particles present in 

the pool - section 12.3.5.4.  

 

The mass transfer correlation has the following general form: 

 

ShSh

ShSh

GF
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ShSh
SceRE
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This model is used if a positive diffusion coefficient (DXPART) is defined. Alternatively the model 

based on Brownian diffusion and inertial impaction may be used, by defining additionally the 

diffusion layer boundary thickness δBL (TBL1RT) and the constant in Langmuir-Blodgett correlation 

for inertial impaction CLB.(CLB1RT). The model is available only if fission products are transported 

as particles (DPFPRT>0.0, RHFPRT>0.0) and transport on liquid-covered surfaces is active 

(ISRLRT=2).  

 

• Brownian diffusion 

The Brownian diffusion is obtained from: 

 

BL

C

Brown

D
v


=  

 

vBrown Brownian deposition velocity, (m/s) 

DC diffusion coefficient, (m2/s) 

δBL diffusion boundary layer thickness, (m) 

 

• Inertial impaction 

The inertial impaction is obtained from: 

 

4//,  ==  vAAvv bubbbubbhinertial  

 

vinertial inertial impaction deposition velocity, (m/s) 

Ah,bubb horizontal cross section area of a bubble, (m2),  = π × Dbubb
2 / 4 

Abubb total surface area of a bubble, (m2),  = π × Dbubb
2  

v∞ fission product particle-to-bubble relative velocity 

η collection efficiency, calculated from one of three correlations, described below. 

 

Langmuir and Blodgett (L-B) correlation 
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The L-B correlation was developed for a single sphere. The correlation is: 

 

2

2

max
)( LBCStk

Stk

+
=  

 

CLB  constant (=0.25, see [206], eq. 3) 

ηmax  maximum value of collection efficiency (=1.0) 

Stk  Stokes number, (-), defined as: 

 

bubbf
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ρp  fission product particle density, (kg/m3) = RHFPRT 

dp  fission product particle diameter, (m) = DPFPRT 

v∞  fission product particle-to-bubble relative velocity, (m/s) 

f  liquid viscosity, (kg/m/s) 

Dbubb bubble diameter, (m) 

 

Collection efficiency obtained from the correlation is shown in Figure 12-81. The effect 

of the constant CLB on the collection efficiency is shown. The value of ηmax determines 

the maximum value of collection efficiency (ηmax = 1.0 in Figure 12-81). The values are 

defined by the user in the input deck (CLB = CLB2RT, ηmax = ELB2RT, Volume 2). 

 

Modified Langmuir and Blodgett correlation 

 

The modified correlation is defined as follows: 

 













+
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25.0

  

 

As seen in Figure 12-109, for Stk = 0.25 the line η = Stk is tangential to the L-B 

correlation. In general, the line η = (0.25/CLB)×Stk is tangential for any value of CLB. In 

the modified correlation this line is used for Stk < CLB, which gives somewhat higher 

collection efficiency in this region. Comparison of both correlations is shown in Figure 

12-110. The modified L-B line is very similar to the L-B line; the difference is smaller 

than the scatter of the source data ([206], figure 1). The modified correlation gives much 

better agreement with the experimental data for the Static Column experiments, as shown 

in Volume 3. 
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Figure 12-109 Langmuir and Blodgett correlation 

 

 

Figure 12-110 Modified versus original Langmuir and Blodgett correlation 

 

 

Correlation developed based on data of Yoon & Lutrell and Afruns & Kitchener 

The following correlation has been developed specifically for use in the SPECTRA 

code, based on data of Yoon & Lutrell [207] for coal particles and Afruns & Kitchener 

[208] for quartz particles. The data, (copied from [209], figure 9.5) is shown in Figure 

12-111. The correlation is: 
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Performed calculations showed that best agreement is obtained with A = 13,000. The lines 

obtained with A = 13,000 are shown in Figure 12-111 (red lines, yellow markers). It was 

found that due to scatter of data the that values between 9,000 ≤ A ≤ 17,000 can be 

justified. 

 

NOTE: The correlations described above are applied for migration of fission product isotopes to 

bubbles. Exactly the same correlations are applied for migration to aerosol particles, as described in 

section 12.3.5.4. 

 

 

 

Figure 12-111 Data of Yoon & Lutrell and Afruns & Kitchener and correlation 
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12.3.8 Fission Product Vapor Transport (Inter-Volume Flows) 

 

In order to calculate the fission product (FP) vapor transport through Control Volumes an implicit 

formulation is needed, similar to the one adopted for the aerosol transport (see section 12.2.4). The 

same requirement was set for the FP vapor flow solution – the FP vapor flow solution must be able 

to find an accurate solution, independent and insensitive to the applied time step, for the time steps 

that exceed the Courant limit by several orders of magnitude. 

 

The derivation of the FP balance equation, shown below, concerns a single isotope. The same 

equation is solved for every isotope. In order to limit the amount of subscripts in the discussion that 

follows, the subscript indicating the isotope type has not been used. It should be clear to the reader 

that all parameters introduced below are specific to a single isotope. 

 

FP vapor velocities 

 

FP vapors are transported between Control Volumes with fluid flows, including both atmosphere 

gas flow and pool flows (FP vapors may reside in the pool as dissolved vapors - see section 12.3.7).  

 

Typically fission products are assumed to be transported in molecular form, at least until they are 

attached to aerosol particles (typical size of aerosol particles is >10–6 m). In such case the FP vapors 

are assumed to have velocities that are equal to the fluid velocities: 

 

glFP vv =,
 

 

 vFP,l velocity of FP vapor flowing with atmosphere gas through the junction l, (m/s) 

 vg gas velocity, (m/s) 

llFP vv =,
 

 

 vFP,l velocity of FP vapor flowing with liquid through the junction l, (m/s) 

 vl liquid (pool) velocity, (m/s) 

 

The user may select an option to transport fission product vapors as small particles, typical size <10–

6 m. In order to do this the user must specify the size of particles and the particle density, which is 

done separately for every fission product vapor class (records 8932XX - Volume 2). This modeling is 

affecting only fission products in the liquid phase (pool of CV). The FP isotopes will have the 

following velocities: 

+=

=

vJvv

vv

JNllFP

glFP

,

,

 

 

 JJN junction direction indicator, equal to 0 for horizontal junctions, +1 for vertical up, 

and –1 for vertical-down junctions (see Volume 2, record 200XXX, IVERJN): 

 v∞ vertical velocity (m/s) of a single particle in stagnant atmosphere or pool. 

 

Including the v∞ velocity allows the fission product particles to flow through vertical junctions when 

there is no liquid flow. 

 

In case of liquid, positive value of v∞ means that the flow will be upwards (particle density smaller 

than the density of the liquid). Negative value of v∞ means that the flow will be downwards (particle 
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density larger than the density of the liquid). The user may define a constant value of v∞ or use the 

following formula: 

 
5.0

)(3/4













 −
=

f

pfp

D

gD

C
v




 

 

g gravity constant, = 9.81 (m/s2) 

ρp particle density, (kg/m3) 

ρf fluid density, (kg/m3) 

D particle diameter, (m) 

CD drag coefficient, (-) 

 

On top of the drag coefficient correlation, a correlation specific for very small particles may be used, 

as follows.  

small

f

pfp
C

gD
v 

−
=



 )(

18

1
2

 

 

Here Csmall is the user-defined constant (CSMLCV). This correlation is applicable for very small 

particles, Dp < ~10–4 m. The best estimate value of Csmall is 1.0. 

 

FP vapor flow through a junction 

 

The mass of FP vapor transported through a junction per second is equal to: 

 

i

iFP

llFP
V

m
Av

,

,   

 

 vp,f velocity of FP vapor in the junction l (in atmosphere or pool), (m/s) 

 Al fluid flow area (gas or liquid) for the junction l, (m2) 

 Vi fluid volume (gas or liquid) of the source volume i, (m3) 

 mi mass of particles in the source control volume i (in atmosphere or pool), (kg). 

 

Loss of FP vapors due to flow out of a CV 

 

The mass removal rate for a Control Volume is written for those junctions for which the flow is out 

of the control volume i. For this purpose an outgoing flow indicator is used: 

 

Oli outgoing flow indicator 

= 1: flow through the junction l is out of the control volume i. 

 = 0: otherwise. 

 

Using this indicator, the mass removal rate for the volume i due to flow through junction l is written 

as: 

li

i

i

llFP O
V

m
Av − ,  
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The rate of change of particles due to flow out of the volume i is obtained by summing the junction 

flows for all junctions connected to the volume i: 
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Gain of FP vapors due to flow into a CV 

 

The mass source rate for a Control Volume is written for those junctions for which the flow is into 

the Control Volume i. For this purpose an incoming flow indicator is used: 

 

Ili incoming flow indicator 

= 1: flow through the junction l is into the volume i (from the volume j). 

 = 0: otherwise. 

 

The source rate is given by: 

)1(, lli

j

i

llFP I
V

m
Av −+  

 

Where the term (1 – εl) takes into account eventual aerosol removal in the junction l. This removal 

may occur in two cases: 

 

• A vapor filter exists in the junction l; in this case εl is the filter efficiency (= εF, section 

12.3.9) 

• The stream of gas enters the pool in the receiving volume; in this case εl is the pool 

adsorption efficiency for FP vapors (= εPA, section 12.3.10). This mass is removed from the 

atmosphere and added into the pool. 

 

The total source of particles for all flows into the control volume i is obtained by summing junction 

flows for all junctions connected to the volume i: 
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Using the above terms, the total mass balance for a given CV takes into account aerosol sources and 

sinks: 

CRSSSSmO
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vA
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dt
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SNSPRE
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 mi mass of particles in volume i, (kg) 

 SE external source (user-defined tabular or control functions), (kg/s) 

 SR source due to fission product release, (kg/s) 

 SSP removal due to positive sorption mechanisms, (kg/s) 

 SSN source due to negative sorption mechanisms, (kg/s) 

 R source or removal due to radioactive decay, (kg/s), equal to: –λiNi + Σ(λjNjγd,j-i) see 

section 12.3.7) 

 C removal due to condensation, (kg/s) 
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The sorption mechanisms are divided here into positive (when the vapors are transported from the 

gas to the wall or the aerosol particles) and negative (when the vapors are transported from the wall 

or the aerosol particles to the gas) because those two terms are treated differently in the solution 

scheme, as will described later in this section. The positive and negative terms are given below for 

the three sorption models available in the code (see section 12.3.5): 

 

• User-defined model:  
otherwisezeroCFifCFS

otherwisezeroCFifCFS

SN

SP

,0.0

,0.0

−=

=
 

 

• Sorption model 1:   
B

A

x

dwSSN

x

VwSSP

CTBS

CTAS

=

=

)(

)(
 

 

• Sorption model 2 (see Figure 12-84) 
( )

revdSN

SP

CCS

CuS

+=

−=



 1
 

 

The condensation term, C, is given treated separately in an internal iteration to solve the flow matrix, 

as will be shown below. For each Control Volume occurrence of condensation is identified by a 

separate function: 








=−

isati

isati

isati
mmif

mmif
mmH

,

,

,
0.1

0.0
)(  

H is the Heavyside step function.  

 

Note that the above equation is similar to the equation for the FP vapor dynamics within a single 

Control Volume, shown in section 12.3.7. Here the sum given by the first two terms on the right 

hand side of the equation determines the term F, for the equation in section 12.3.7. 

 

The mass balance is written here using the molecule numbers, rather than the particle densities, as 

in section 12.2.2. SPECTRA is using and printing both the concentrations (1/m3) and the total 

masses (kg) within a CV (in MELCOR for example only masses are available, which makes it 

sometimes difficult to analyze the results – see the Vent test case in Volume 3). The conversion 

from particle concentrations to particle masses is: 

 

ppCV VV

m
n


=  

 

 VCV fluid volume within a CV (atmosphere or pool), (m3) 

 ρp particle density, (kg/m3) 

 Vp volume of a single particle (see Table 12-1), (m3) 

 

In order to solve the equation implicitly it is assumed that the sorption removal term is proportional 

to the FP vapor concentrations, and consequently the FP mass. For a single deposition surface k, in 

the control volume i, the sorption rate (in kg/s) is given by: 
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 AS,k sorption area, (m2) 

 vSP,k sorption velocity, equal to SSP/ρi, (m/s) 

 mi mass of FP vapor in the Control Volume i, (kg) 

 Vi volume (gas or liquid) in the Control Volume i, (m3) 

 ρi density of FP vapor in the Control Volume i, (kg/m3), equal to mi/ρi, 

 

The total removal rate from volume i due to sorption is obtained by summing all the sorptions in the 

volume i, including sorptions on 1-D and 2-D Solid Heat Conductors, as well as sorptions on the 

pool surface (if present) and aerosol particles (if present). 
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Since the sorption must be calculated using the end-of-time-step value of FP vapor mass, mi, the 

positive sorption term must be included implicitly in the balance equation. The mass balance 

equation for a volume without condensation (C=0.0) becomes: 
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The above equation is written in a finite difference form, by replacing the derivative by the 

difference: 

t

mm

dt

dm iii



−
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0

 

 

 mi FP vapor mass in volume i, new value (kg) 

 mi
0 FP vapor mass in volume i, old time step value (kg) 

 Δt time step size, (s) 

 

The particle balance equation becomes: 
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The above set of equations can be written shortly in a matrix form: 

 

BMA =  
 

where M is a vector of unknown FP vapor masses, mi, A is a square matrix, and B is a vector of right 

hand side quantities. Elements of the matrix A are equal to: 
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• diagonal elements (i=j): 
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• other elements (ij): 
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 AS,k sorption area, sorption surface k, within Control Volume i, (m2), 

 vSP,k sorption velocity calculated for the deposition surface k, (m/s), 

 Vi fluid volume of the Control Volume i, (m3), 

 Al flow area, junction l, connected to Control Volume i and j, (m2), 

 vp,l velocity of fluid, junction l, (m/s), 

εl efficiency of filter (=εF, section 12.3.9) 

 

The first sum in the diagonal element is over all deposition surfaces k in the Control Volume i, the 

second sum is over all junctions l connected to or from the Control Volume i. 

 

The elements of vector B are equal to: 

 

( )RSSStmb SNREii ++++= 0  

 

If condensation is encountered in the volume i, H(mi – msat,i) = 1, then the matrix elements are re-

written for the row i, to give: 

isati mm ,=  

 

This means the elements of the row i become: 

 

• diagonal element (i=j): 

0.1=iia  

• other elements (ij): 

0.0=ija  

• right-hand side (element of vector B): 

isati mb ,=  

 

In this way it is ensured that the vapor mass in volume i, mi, will be exactly equal to the saturation 

mass, msat,i. 

 

The matrix equation is solved using one of the standard matrix solvers (see section 17.4). As a result 

the particle masses, mi, in all Control Volumes are calculated. 

 

The value of the Heaviside function, H, is not known before the matrix solution. Therefore the 

following procedure is applied: 
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• As a first step the values of H are guessed based on previous (beginning of time step) values, 

mi
0. This means if the condensation is in progress at the beginning of the time step, then 

H=1.0, otherwise H=0.0. 

• The inter-volume transport matrix is solved, resulting in the end-of time step values of all 

FP vapor masses. These masses are called the “projected masses”, since they represent the 

expected (projected) end-of time step masses, computed based on the estimated value of the 

condensation term. 

• The new values are checked for the condensation. If the condensation status changes in one 

or more Control Volume, then the appropriate value or values of H is changed in the flow 

matrix and the flow matrix is re-solved. This is an internal iteration in the flow solution. 

• The FP vapor mass balance within a single CV (section 12.3.7) is solved using the term Fgas 

based on the projected masses. Those masses are called the “true masses” of FP vapors, 

since they represent the exact (conservative) masses of vapors within each Control Volume, 

for the inter-volume transport of particles as calculated by the projected masses. 

 

Usually no iteration is needed because condensation status (the values of H) does not change 

frequently in time. Typically condensation of FP vapors occurs if a fluid from a relatively warm CV 

enters a relatively cold CV and such conditions, if arise, usually persist over many time steps. If the 

condensation status does change usually one or two iterations are needed to converge the solution. 

A maximum number of iteration is set (default of 10 - see Volume 2). If the solution does not 

converge in a maximum number of iterations, then the RT Package requests an “immediate time 

step cut”. In such case a warning message is written to the diagnostics file *.DIA. 

 

Because of the applied solution strategy the aerosol masses are conserved (within the accuracy of 

the double precision arithmetic – relative error ~10–15). The projected masses, mi, coming from the 

inter-volume transport equation are not conservative; their error (discrepancy between the 

conservative values, obtained from the single volume dynamics equation) is typically within 1%. 

Note that because of including the sorption terms in the implicit formulation, the sorption rates are 

calculated based on the projected masses and not the true masses. This is considered unimportant 

because the accuracy of the correlations used to compute the sorption rates (see section 12.3.5) is at 

best an order of magnitude worse (~10%) than the accuracy of the projected masses (~1%). 

 

The stability of the FP vapor flow solution, including the vapor transport with the atmosphere gas, 

and the transport of the vapors adsorbed in the pool, was verified by performing time step sensitivity 

studies for the test cases shown in Volume 3. In all tests shown in Volume 3 the results (FP vapor 

concentrations) were practically insensitive to the applied time step. The PBMR cases were run with 

Δt = 1000 s, 100 s, and 10 s, and no significant differences were observed. 

 

 

12.3.9 Fission Product Vapor Filters 

 

A simple vapor filter model is available in SPECTRA. The filter efficiency is a constant, user-defined 

value. The filter efficiency, εF, is defined as a fraction of the incoming vapor that is removed by the 

filter: 

in

rem

F
W

W
=  

 

Of course the filter efficiency must be within the range: 
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0.10.0  F  

Two options are available: 

 

• Vapor filter - filter efficiency is defined for each vapor class. All isotopes within a given vapor 

class are removed with the same efficiency. 

• Isotope filter - filter efficiency is defined for each isotope. 

 

Note that other codes (see for example [46]) often use the decontamination factor, DF, rather than the 

filter efficiency, as an input parameter. The decontamination factor is defined as a ratio of aerosols 

coming into the filter to the aerosols leaving the filter: 

 

out

in

F
W

W
DF =  

 

Taking into account that Wrem = Win – Wout, it can be easily shown that the relation between the filter 

efficiency and the decontamination factor is: 

 

F

F
F

F

F
DF

DF
DF

1

1

1 −
=

−
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The range of the decontamination factor is: 

 

 FDF0.1  

 

12.3.10 Pool Adsorption 

 

When a stream of gas enters a pool region of the receiving Control Volume, then it forms bubbles in 

the pool. The gas is assumed to quickly reach equilibrium at the entrance to the pool (the equilibrium 

conditions are calculated by the Bubble Collapse Model – see Chapter 2). At the end of the bubble 

collapse, the mass flow of gas entering the pool, WB, is divided into the mass flow of gas, WG, and 

condensed liquid, WL. The flow WG forms bubbles in the pool, while the condensed steam, WL, remains 

in the pool. The vapors entering the pool with the stream of gas are divided as follows: 

 

• The part WL /WB remains in the pool. 

• The part WG /WB is transported partly to the atmosphere and partly remains in the pool, 

depending on the pool scrubbing efficiency, EPV. 

 

The division of aerosol particles is: 

• Fraction remaining in the pool:   
B

L
PV

B

G

W

W
E

W

W
+  

• Fraction reaching the atmosphere:  )1( PV

B

G E
W

W
−  

 

The overall pool adsorption efficiency, εPV, is defined as the fraction of aerosols remaining in the pool: 
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When the pool adsorption efficiency is equal to 1.0, then all vapors remain in the pool and the overall 

pool adsorption efficiency is also 1.0: 

 

(max)0.10.1 PV

B
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PV
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When the pool adsorption efficiency is equal to 0.0, then the overall pool adsorption efficiency is equal 

to: 

(min)0.0 PV

B

L

B

L

B

G

PV
W

W

W

W

W

W
 ==+=  

 

The pool adsorption efficiency, EPV, is defined for each FP vapor class in the input data using either a 

Tabular or a Control Function. 

 

 

12.3.11 Inter-Volume Flows of Fission Products Attached to Aerosols 

 

12.3.11.1  Introduction 

 

This section describes the method applied to calculate inter-volume transport of fission products 

attached to aerosol particles. The matrix equation used here is similar to the one used to calculate 

the inter-volume aerosol transport, described in section 12.2.4, and the inter-volume transport of 

fission product vapors, described in section 12.3.8. These three matrix equations constitute the main 

solution procedures of the RT Package. As described in section 12.2.4, the formulation of the matrix 

equations allows the use of large time steps, violating the courant limits by many orders of 

magnitude. 

 

The present equation calculates the mass fraction of fission products that are attached to aerosols. 

Therefore the equation is similar to the aerosol equation, described in section 12.2.4. Before the full 

equation is presented, it is instructive to show the equation for an idealized, simple case. This simple 

case is shown in section 12.3.11.2. The full equation is presented in section 12.3.11.3. 

 

 

12.3.11.2  Simple Case Equation 

 

Let’s consider a simple case aerosol balance equation for a Control Volume number i, which has 

two sources only: 

 

• An external source of aerosols; the source is equal to S, kg/s. 

• Removal of aerosols; the removal rate is given by: R∙mi in kg/s, where R is the removal rate 

in 1/s and mi is the aerosol mass in Control Volume i, kg. 

 

The aerosol mass balance is given by: 

i
i mRS

dt

dm
−=  
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This is a simple version of the aerosol transport equation, described in section 12.2.4. Next, let’s 

write the isotope balance for the fission product isotope that is carried by the aerosol particles. The 

aerosols coming from the source S carry the fission product isotope, with the mass fraction of YS. 

The average mass fraction of the isotope on the aerosols in the Control Volume i, Yi, is calculated 

from the balance equation for the isotope: 

 

iiS
ii YmRYS

dt

Ymd
−=

 )(
 

 

An implicit solution of the aerosol and the isotope balances for the simple case are given below. 

 

• Aerosol balance: 

i
i mRS

dt

dm
−=  

 

In the numerical approximation the derivative dmi/dt is written as (mi – mi
0)/Δt. Here mi is 

the current (end-of-time step) value, mi
0 is the previous (beginning of time step) value, and 

Δt is the time step size. 

i
ii mRS

t
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− 0

 

Therefore: 

iii mRtStmm −+= 0  

and: 
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• Fission product balance: 

 

iiS
ii YmRYS

dt

Ymd
−=

 )(
 

 

In the numerical approximation the derivative d(miYi)/dt is written as (miYi – mi
0Yi

0)/Δt. Here 

miYi is the current (end-of-time step) value, mi
0Yi

0 is the previous (beginning of time step) 

value, and Δt is the time step size. 
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Therefore: 

)(00

iiSiiii YmRYStYmYm −+=  

which leads to: 
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The term mi + Δt R mi may be replaced using the mass balance by mi
0 + Δt S. Therefore: 
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The above equations for m and Yi are solved using excel with the following data: 

 

• Removal rate:   R = 0.80 (1/s) 

• Source:    S = 0.30 (kgaer/s) 

• Isotope fraction in the source: YS = 0.50 

 

The initial conditions were assumed as: 

 

• Initial mass of aerosols:  mi(t=0) = 1.0 

• Initial isotope fraction:  Yi(t=0) = 0.0 

 

Time steps of Δt = 1.0 s and 2.0 s were used. Results are shown in Figure 12-112 and Figure 12-113. 

The obtained results are stable and independent of the applied time step. 

 

 

Figure 12-112 Simple test case, Δt = 1.0 s 
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Figure 12-113 Simple test case, Δt = 2.0 s 

 

In a summary, the isotope balance equation is compared to the aerosol balance equation. 

 

• For the simple case the aerosol balance and the isotope balance are given by: 
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• There is a correspondence between these equations. 

 

o The source term is multiplied by isotope fraction in the source: 

 

S → S ∙YS 

 

o The aerosol masses are multiplied by the isotope fractions: 

 

mi → mi ∙Yi 

mi
0 → mi

0 ∙Yi
0 

 

The correspondence between the aerosol balance and the isotope balance is quite clear for this case. 

Understanding this correspondence is helpful to understand the equation described in the next 

section. There is similar correspondence between the full equation of aerosol balance, described in 

section 12.2.4 and the full equation for the isotopes attached to aerosol particles, described in the 

next section. 

 

12.3.11.3  Full Equation 

 

The individual terms of the aerosol balance equation are discussed in detail in section 12.2.4. Here 

the same terms are mentioned and transformed into the form suitable for the isotope balance. 
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Loss of particles due to flow out of a CV 

 

The rate of change of particles due to flow out of the volume i is obtained by summing the junction 

flows for all junctions connected to the volume i (see section 12.2.4): 

 

Flow of particles out of Control Volume i = 












−

il

ili

i

lpl
mO

V

vA ,
 

 

 vp,l velocity of particles in the junction l (in atmosphere or pool), (m/s) 

 Al fluid flow area (gas or liquid) for the junction l, (m2) 

 Vi fluid volume (gas or liquid) of the source volume i, (m3) 

 mi mass of particles in the source control volume i (in atmosphere or pool), (kg). 

Oli outgoing flow indicator 

= 1: particle flow through the junction l is out of the control volume i. 

 = 0: otherwise. 

 

If the particles in the control volume i carry the mass fraction Yi of the isotope being considered, the 

isotope balance term is given by: 

 

Flow of isotope out of Control Volume i = i
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Gain of particles due to flow into a CV 

 

The total source of particles for all flows into the control volume i is obtained by summing junction 

flows for all junctions connected to the volume i: 

 

Flow of particles into Control Volume i = 


−














jl

jlli

j

lpl
mI

V

vA
)1(

,
  

 

Ili incoming flow indicator 

= 1: particle flow through the junction l is into the volume i (from the volume j). 

 = 0: otherwise. 

 

Here the term (1 – εl) takes into account eventual aerosol removal in the junction l. This removal 

may occur in tree cases: 

 

• A filter exists in the junction l; in this case εl is the filter efficiency (= εF, section 12.2.10) 

• The stream of gas enters the pool in the receiving volume; in this case εl is the overall pool 

scrubbing efficiency (= εPS, section 12.2.9). This mass is removed from the atmosphere and 

added into the pool. 

• An inertial impaction model is associated with this junction. In this case  εl is the collection 

efficiency (= η, section 12.2.5.6). This mass is removed from the atmosphere and added into 

the pool. 

 

If the particles in the control volume j carry the mass fraction Yj of the isotope being considered, the 

isotope mass balance term is given by: 
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Flow of isotope into Control Volume i = j
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Using the above terms, the total mass balance for a given CV takes into account aerosol sources and 

sinks: 

CVVDaerSNCVSP

KSCiRREE

il

iili

i

lpl

j

il

jlli

j

lplii

xCRxSxS

YKYRYDYSYS

YmO
V

vA
YmI

V

vA

dt

Ymd

++−+

+++−++

+









−−














=





,,
)1(

)(


 

 

 mi mass of particles in volume i, (kg) 

 SE external source (user-defined tabular or control functions), (kg/s) 

 SR source due to fission product release, (kg/s) 

 D removal due to all deposition mechanisms, (kg/s) 

 R source due to resuspension of deposited aerosols, (kg/s) 

 K net source due to coagulation of all size sections, (kg/s) 

 SSP source due positive sorption flux of FP vapor on the aerosol surface, (kg/s) 

 SSN source due negative sorption flux of FP vapor on the aerosol surface, (kg/s) 

 RD source or removal due to radioactive decay, (kg/s), equal to: –λiNi + Σ(λjNjγd,j-i) see 

section 12.3.7) 

 CV condensation of FP vapor V containing the considered isotope, (kg/s) 

 Yi mass fraction of the isotope on particles in volume i, (-) 

 YE mass fraction of the isotope on particles coming from the external source, (-) 

 YR mass fraction of the isotope on particles coming from the release from fuel, (-) 

 YSC mass fraction of the isotope on particles deposited on Solid Conductors, (-) 

 YK mass fraction of the isotope in coagulating particles, (-) 

 xCV mass fraction of the isotope in the fission product vapor in volume CV, (-) 

 xaer mass fraction of the isotope in the fission product vapor on aerosol particles, (-) 

 

The total removal rate from volume i due to deposition is obtained by summing all the depositions 

in the volume i, including depositions on 1-D and 2-D Solid Heat Conductors, as well as depositions 

on the pool surface (if present). 

Removal of particles due to deposition in Control Volume i = i

ik i

kDkD
m

V

vA









 



,,
 

 AD,k deposition area, (m2) 

 vD,k deposition velocity, calculated as shown in section 12.2.5, (m/s) 

 

For the isotope: 

Removal of the isotope due to deposition in Control Volume i = ii

ik i

kDkD
Ym

V

vA










 



,,
 

 

Since the deposition must be calculated using the end-of-time-step value of particle mass, mi, the 

deposition term must be included implicitly in the balance equation. The mass balance equation 

becomes: 
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The above equation is written in a finite difference form, by replacing the derivative by the 

difference: 

t

YmYm

dt

Ymd iiiiii



−
=

 00)(
 

 

 mi particle mass in volume i, new value (kg) 

 mi
0 particle mass in volume i, old time step value (kg) 

 Δt time step size, (s) 

 

The particle balance equation becomes: 
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The above set of equations can be written shortly in a matrix form: 

 

BYA =  
 

where Y is a vector of unknown fractions Yn, A is a square matrix, and B is a vector of right hand side 

quantities. Elements of the matrix A are similar to the elements of matrix presented in section 12.2.4, 

and are equal to: 

 

- diagonal element (i=j): 
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- other elements (ij): 
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 AD,k deposition area, deposition surface k, within Control Volume i, (m2), 

 vD,k deposition velocity calculated for the deposition surface k, (m/s), 

 Vi fluid volume of the Control Volume i, (m3), 

 Al flow area, junction l, connected to Control Volume i and j, (m2), 
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 vp,l velocity of particle flowing with fluid, junction l, (m/s), 

εl efficiency of filter (= εF, section 12.2.10), or overall pool scrubbing efficiency 

(= εPS, section 12.2.9) if present in the junction l, or inertial impaction collection 

efficiency (= η, section 12.2.5.6) if present in the junction l. 

 

The first sum in the diagonal element is over all deposition surfaces k in the Control Volume i, the 

second sum is over all junctions l connected to or from the Control Volume i. 

 

The elements of vector B are equal to: 

 

( )aerSNCVSPCVVDKSCRREEiii xSxSxCRYKYRYSYStYmb ++++++++= 00  

 

The matrix equation is solved using one of the standard matrix solvers (see section 17.4). As a result 

the isotope fractions, Yi, on all aerosol particles are calculated for all Control Volumes. 
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12.3.12 Decay Heat Distribution 

 

This section describes how the decay heat of the isotopes that are released from the core is 

distributed among the gas and liquid spaces of a Control Volume and solid structures. The default 

modelling is based on the following assumptions: 

 

• β-radiation is absorbed by the gas in the atmosphere of a Control Volume. 

• γ-radiation passes through the gas and is absorbed by solid structures and water pool. 

 

Division of the decay heat is discussed below in the following parts. 

 

• Isotopes present in the atmosphere of a Control Volume are discussed in section 12.3.12.1. 

• Isotopes present in the pool of a Control Volume are discussed in section 12.3.12.2. 

• Isotopes present in the solid structures (1-D and 2-D Solid Heat Conductors) are discussed 

in section 12.3.12.3 and 12.3.12.4. 

 

Calculation of the decay heat is generation in Control Volumes and Heat Conductors is described 

in section 12.3.12.5. 

 

 

12.3.12.1 Isotopes Present in the Atmosphere of a Control Volume 

 

Radioactive isotopes may be present in the atmosphere of a Control Volume as vapors or being 

attached to the aerosol particles. If there are no structures in contact with the CV and no water pool 

in the CV, then the total heat is deposited in the CV atmosphere. Otherwise the decay heat produced 

by these isotopes is distributed as follows. 

 

• Fraction of the decay heat absorbed in the atmosphere of the CV: 

 

  ,, atmsatms xx +  

 

β fraction of energy carried by β-radiation 

γ fraction of energy carried by γ-radiation 

xatms, β fraction of β-radiation absorbed in the gas space of the CV (default value of 1.0) 

xatms, γ fraction of γ-radiation absorbed in the gas space of the CV (default value of 0.0) 

 

The range of β-radiation of energy of 2 - 3 MeV in air is about 10 m ([92], section 3.9, 

figure 3.25). Within this distance all energy of β-particles is absorbed. Therefore, if the 

radiation beam length in the Control Volume is smaller than that, then a value smaller than 

one may be more appropriate. For example, for the beam length of about 1 m the value 

should be xatms, β~0.1. The γ-radiation practically passes through the gas unabsorbed, 

therefore the default value, xatms, γ = 0.0, is appropriate for all calculations. 

 

• Fraction of the decay heat absorbed by the structures in contact with the CV: 

 

)1()1( ,,   atmsatms xx −+−  
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This fraction is distributed among all structures in contact with the same CV, proportional 

to the surface area of the structure. The proportions may be changed by the user-defined 

weighting factors, wSC. The fraction of heat absorbed by the structure SC, Fabs,SC is equal to: 

 


=

L

LL

SCSC

SCabs
wA

wA
F ,  

 

ASC surface area of the solid heat conductor in contact with the CV, (m2) 

wSC weighting factor of the surface SC (default value of –1.0, the meaning of a negative 

value is explained in section 12.3.12.3) 

 

The summation is performed over all structures (1-D as well as 2-D) that are in contact with 

the CV, including the one with the radioactive source. Therefore the index L stands for any 

SC as well as TC in contact with the Control Volume CV. The values of Fabs,SC are pre-

computed during the input processing and are printed next to the weighting factors for CV 

related data of the RT Package, as a “CV enclosure data for decay heat calculations”. 

 

If a structure is partly covered by the water pool, then only part of this energy is absorbed 

by the SC: 

)1( ,,, CVpoolSCpoolSCabs wXF −  

 

The remaining part is absorbed in the pool: 

 

CVpoolSCpoolSCabs wXF ,,,   

 

Xpool,SC fraction of the surface area covered by the pool, (-) 

wpool,CV weighting factor, (-), equal to: 
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Zpool water level in the CV, (m) 

 

The interpolation described above is applied in order to eliminate the pool heating when 

there is a very small amount of water in the CV. 

 

 

12.3.12.2 Isotopes Present in the Pool of a Control Volume 

 

Radioactive isotopes may be present in the pool of a Control Volume due to deposition of 

radioactive particles, adsorption on the pool surface, or desorption from solid surfaces that are 

covered by the water pool. The decay heat produced by these isotopes is distributed as follows. 
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• Fraction of the decay heat absorbed in the pool of the CV: 

 

CVpoolw ,
 

 

• Fraction of the decay heat absorbed by the atmosphere of the CV: 

 

CVpoolw ,1−  

 

wpool,CV is defined in section 12.3.12.1. 

 

 

12.3.12.3 Isotopes Present on the Surface of Solid Structures 

 

Radioactive isotopes may be present on the surface of solid structures (1-D or 2-D Solid Heat 

Conductors) due to deposition of radioactive dust particles or as reversibly bound particles that have 

been adsorbed from the atmosphere of a Control Volume. The decay heat produced by these isotopes 

is distributed as follows. 

 

• Fraction of the decay heat absorbed in the structure: 

 

( ) +
2

1
 

 

β fraction of energy carried by β-radiation 

γ fraction of energy carried by γ-radiation 

 

Half of the decay heat is absorbed by the structure itself at the point of emission. The rest 

may go to the atmosphere, pool, other structures, or the structure itself (absorbed in another 

place than emitted). 

 

• Fraction of the decay heat absorbed in the CV atmosphere: 

 

( ) ( )CVpoolSCpoolatmsatms wXxx ,,,, 1
2

1
−+    

 

xatms, β fraction of β-radiation absorbed in the gas space of the CV (default value of 1.0) 

xatms, γ fraction of γ-radiation absorbed in the gas space of the CV (default value of 0.0) 

Xpool,SC fraction of the surface area covered by the pool, (-) 

wpool,CV weighting factor, (-), described in section 12.3.12.1 

 

• Fraction of the decay heat absorbed in the CV pool: 

 

( ) ( )CVpoolSCpool wX ,,
2

1
+   
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• Fraction of the decay heat absorbed by other structures, SC’, in contact with the same CV 

as the generating structure SC: 

 

  ',,,,, )1()1()1(
2

1
SCabsCVpoolSCpoolatmsatms FwXxx −−+−    

 

This fraction is distributed among all structures in contact with the same CV, proportional 

to the surface area of the structure. The proportions may be changed by the user-defined 

weighting factors, wSC, described in section 12.3.12.1. 

 

If the weighting factor is specified as negative, wSC, < 0.0 (default), the generating surface is not 

included in the distribution of the radiation emitted from its surface. Physically it means that the 

structure cannot radiate to itself (Figure 12-114, left). In such case the structure absorbs only half 

of the radiation generated at its surface. The other half is distributed among other structures of the 

enclosure, gas or pool. This means the fraction of the generated decay heat that the source structure 

receives is equal to: 

( ) +
2

1
 

 

 
 

Figure 12-114 Left: wSC<0, no self-radiation, right: wSC>0, with self-radiation. 
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If the weighting factor is specified as positive, wSC > 0.0, the generating surface is included in the 

distribution of the radiation emitted from its surface. Physically it means that the structure can 

radiate to itself (Figure 12-114, right). The total fraction of the generated decay heat that the source 

structure receives is equal to: 

 

( )   SCabsCVpoolSCpoolatmsatms FwXxx ,,,,, )1()1()1(
2

1

2

1
−−+−++    

 

For example, if there is no absorption in the atmosphere and in the pool (xatms, β = xatms, γ =  Xpool,SC= 

0.0) the fraction of radiated energy that is absorbed by the generating structure is equal to: 

 

( )

( ) ( ) 0.0
2

1

2

1

0.0
2

1

, +++

+

SCSCabs

SC

wifF

wif




 

 

Another example is shown in Figure 12-115. In the example presented in this figure there is 

absorption in the atmosphere, with the default values of xatms, β = 1.0 (full absorption of β-radiation 

in the gas) and xatms, γ = 0.0 (no absorption of γ-radiation in the gas). The fractions of energy carried 

by β- and γ-radiation are assumed to be equal, β = 0.5, γ = 0.5. 

 

 

Figure 12-115 Example case with no pool, left: wSC<0, right: wSC>0. 
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The surface areas of the structures are the same, and equal to 1.0 m2. Radioactive particles are 

presented on the surface of the structure SC, in the form of adsorbed, reversibly bound molecules. 

The energy generated by these particles is 100 W. No other radioactive sources are present (this is 

a test case described in more detail in Volume 3). Two cases are considered: 

 

• Case 1: weighting factor of the SC surface equal to wSC = –1.0 (no self radiation) 

• Case 2: weighting factor of the SC surface equal to wSC = +1.0 (with self radiation) 

 

• Case 1 

The case 1 is shown in the left part of Figure 12-115. Half of the energy, namely 50 W, is 

absorbed by the SC, (radiation is uniform in all directions). The remaining half is entering 

the atmosphere, where the β-radiation is fully absorbed. Since β = 0.5, the amount of energy 

absorbed in the atmospheric gas (and thus generated in the CV atmosphere) is equal to 25 

W. The γ-radiation passes through the atmosphere to be absorbed by other structures. The 

only other structure present is the structure L. Since the structure SC cannot radiate to itself 

in this case (wSC = –1.0), all this γ-radiation is absorbed by the structure L. Therefore the 

energy generated in L is 25 W. If there were no other structures present in the CV except 

for the SC, then this energy would be generated in the atmosphere of CV. Therefore the 

energy division in this case is: 

 

• Structure SC: 50 W 

• Structure L:  25 W 

• Atmosphere of CV: 25 W 

 

• Case 2 

The case 2 is shown in the right part of Figure 12-115. Again, half of the energy, namely 

50 W, is absorbed by the SC, (uniform radiation in all directions). The remaining half is 

entering the atmosphere, where the β-radiation is fully absorbed. Since β = 0.5, the amount 

of energy absorbed in the atmospheric gas (and thus generated in the CV atmosphere) is 

equal to 25 W. The γ-radiation passes through the atmosphere to be absorbed by other 

structures. This energy is now distributed between the two structures (SC and L) present 

because the structure SC can radiate to itself in this case (wSC = +1.0). Since the surface 

areas are equal and the absolute values of the weighting factors are equal, the energy is 

equally distributed in both structures. This means 12.5 W in the structure L and 12.5 W in 

the structure SC. Therefore the energy division in this case is: 

 

• Structure SC: 50 + 12.5 = 62.5 W 

• Structure L:  12.5 W 

• Atmosphere of CV: 25 W 

 

Another example is shown in Figure 12-116. This example is identical to the previous one, but now 

a water pool is present in the CV. This water pool is assumed to cover half of the structure SC and 

half of the structure L. Again two cases are considered 

 

• Case 1: weighting factor of the SC surface equal to wSC = –1.0 (no self radiation) 

• Case 2: weighting factor of the SC surface equal to wSC = +1.0 (with self radiation) 
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• Case 1 

The case 1 is shown in the left part of Figure 12-116. Half of the energy, namely 50 W, is 

absorbed by the SC, (uniform radiation in all directions). The remaining half is entering the 

atmosphere and pool, with equal fractions, since the pool covers half of the surface. This 

means 25 W enters the pool and 25 W enters the atmosphere. In the atmosphere β-radiation 

is fully absorbed. Since β = 0.5, the amount of energy absorbed in the atmospheric gas (and 

thus generated in the CV atmosphere) is equal to 12.5 W. The γ-radiation passes through 

the atmosphere to be absorbed by other structures. The only other structure present is the 

structure L. Since the structure SC cannot radiate to itself in this case (wSC = –1.0), all this 

γ-radiation is directed to the structure L. However, half of the surface of the structure L is 

covered with water. Therefore, half of this energy, namely 6.25 W, is absorbed in the water, 

while the other half is absorbed by the structure L, where it generates 6.25 W. The energy 

division in this case is: 

 

• Structure SC: 50 W 

• Structure L:  6.25 W 

• Atmosphere of CV: 12.5 W 

• Pool of CV:  25 + 6.25 = 31.25 W 

 

• Case 2 

The case 2 is shown in the right part of Figure 12-116. Again, half of the energy, namely 

50 W, is absorbed by the SC, (uniform radiation in all directions). The remaining half is 

entering the atmosphere and pool, with equal fractions, since the pool covers half of the 

surface. This means 25 W enters the pool and 25 W enters the atmosphere. In the 

atmosphere β-radiation is fully absorbed. Since β = 0.5, the amount of energy absorbed in 

the atmospheric gas (and thus generated in the CV atmosphere) is equal to 12.5 W. The γ-

radiation passes through the atmosphere to be absorbed by other structures. This energy is 

now distributed between the two structures (SC and L) present because the structure SC can 

radiate to itself in this case (wSC = +1.0). Since the surface areas are equal and the absolute 

values of the weighting factors are equal, the energy is equally distributed in both structures. 

This means 12.5 W in the structure L and 12.5 W in the structure SC. However, half of the 

surface of the structure L is covered with water. Therefore, both of these structures are partly 

(half) covered by the water pool. Therefore half of the energy that is directed to SC (6.25 

W) and to L (6.25 W) is absorbed by the water pool, while the other half is absorbed by the 

structures SC and L themselves. The energy division in this case is: 

 

• Structure SC: 50 + 3.125 = 53.125 W 

• Structure L:  3.125 W 

• Atmosphere of CV: 12.5 W 

• Pool of CV:  25 + 3.125 + 3.125 = 31.25 W 

 

 

Note that in both cases 1 and 2 the energy generated in the water pool is the same (31.25 W). The 

radiation absorbed by the pool does not depend on the surface weighting factors. 
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Figure 12-116 Example case with pool, left: wSC<0, right: wSC>0. 

 

 

12.3.12.4 Isotopes Present inside Solid Structures 

 

Radioactive isotopes may be present inside solid structures due to penetration of the adsorbed vapors 

into the material of the 1-D or 2-D Solid Heat Conductors (diffusion part of the adsorption flux in 

section 12.3.5.5). The decay heat produced by these isotopes is distributed as follows. 

 

• Fraction of the decay heat absorbed in the structure: 

 

  +=+ ,, solidsolid xx  

 

β fraction of energy carried by β-radiation 

γ fraction of energy carried by γ-radiation 

xsolid, β fraction of β-radiation absorbed in the solid material of SC (default value of 1.0) 

xsolid, γ fraction of γ-radiation absorbed in the solid material of SC (default value of 1.0) 

 

Currently only the default values may be used. Implementation of other values may be done 

in the future if necessary. With the default values of xsolid, β, xsolid, γ the above formula gives 

the value of one (full absorption within the solid material). Therefore there is no heat 

generation in other materials than the generating SC/TC. 
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• Fraction of the decay heat absorbed in the CV atmosphere: 0.0. With the current modelling 

there is no heat generation due to decay of the isotopes that have penetrated inside the 

SC/TC material. 

 

• Fraction of the decay heat absorbed in the CV pool: 0.0. With the current modelling there 

is no heat generation due to decay of the isotopes that have penetrated inside the SC/TC 

material. 

 

 

12.3.12.5 Calculation of the Decay Heat Generation in CV, SC, and TC 

 

Formulae used to calculate the decay heat generated within the Control Volumes (CV), 1-D Solid 

Heat Conductors (SC), and 2-D Solid Heat Conductors (TC), are described below. The formulae 

are based on the divisions of decay heat, discussed in sections 12.3.12.1 through 12.3.12.4. 

 

• Atmosphere of a Control Volume 

 

The heat generated within the atmosphere of a Control Volume is equal to (compare sections 

12.3.12.1 through 12.3.12.4): 
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QCV total decay heat generated within the CV atmosphere, (W) 

λi decay constant of the isotope i, (s–1) 

qi heat generated per decay of the isotope i, (W) 

βi fraction of energy carried by β-radiation in case of decay of the isotope i, (-) 

γi fraction of energy carried by γ-radiation in case of decay of the isotope i, (-) 

xatms, β fraction of β-radiation absorbed in the gas space of the CV (default value of 1.0) 

xatms, γ fraction of γ-radiation absorbed in the gas space of the CV (default value of 0.0) 

Ni,CV number of molecules of the isotope i, in the CV atmosphere 

Ni,pool number of molecules of the isotope i, in the CV pool 

Ni,SC-IBC number of molecules of the isotope i, on the boundary surface IBC (left or right) of 

the structure SC (reversibly bound molecules or deposited aerosols) 

Ni,TC number of molecules of the isotope i on the boundary surface IBC of the structure 

TC (reversibly bound molecules or deposited aerosols) 

 

The first summation is performed over all isotopes from all isotope chains that are present 

in the CV atmosphere. The second summation is performed over all isotopes from all 

isotope chains that are present in the CV pool. 
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The next summation is performed over all SC surfaces in contact with the CV. Within this 

sum a summation over all isotopes from all isotope chains that are present on the surface of 

the SC, is performed. 

 

Finally, the last summation is performed over all TC surfaces in contact with the CV. Within 

this sum again a summation over all isotopes from all isotope chains that are present on the 

surface of the TC. 

 

• Pool of a Control Volume 

 

The heat generated within the pool of a Control Volume is equal to (compare sections 

12.3.12.1 and 12.3.12.2): 
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All symbols are explained above in the atmospheric heat calculation and in the sections 

12.3.12.1 through 12.3.12.4. The first summation is performed over all isotopes from all 

isotope chains that are present in the CV pool. The second summation is performed over all 

isotopes from all isotope chains that are present in the CV atmosphere. 

 

• 1-D Solid Heat Conductors 

 

The heat generated within the 1-D Solid Heat Conductors is equal to (compare sections 

12.3.12.3 and 12.3.12.4): 
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Ni,SC-left number of molecules of the isotope i on the left surface of the SC (reversibly bound 

molecules or deposited as aerosols) 

Ni,SC-right number of molecules of the isotope i on the right surface of the SC 

Ni,SC total number of molecules of the isotope i inside and on both surfaces of the SC 

Ni,SC’-IBC number of molecules of the isotope i on the boundary surface (left or right) IBC of 

a SC (reversibly bound molecules or deposited as aerosols), (-) 

Ni,TC-IBC number of molecules of the isotope i on the surface of the boundary cell IBC of a 

TC (reversibly bound molecules or deposited as aerosols), (-) 

 

All symbols are explained above in the atmospheric heat calculation and in the sections 

12.3.12.1 through 12.3.12.4.The first two summations are performed over all isotopes from 

all isotope chains that are present on the surface or inside the SC. The next summation is 

performed over all isotopes from all isotope chains that are present in the CV atmosphere. 

 

The next summation is performed over all 1-D surfaces, SC’ in contact with the same CV 

as the generating surface SC, SC’  SC. Within this sum a summation over all isotopes from 

all isotope chains that are present on the surface of the SC’, is performed. 

 

Finally, the last summation is performed over all TC’ surfaces in contact with the same CV 

as the generating surface SC. Within this sum again a summation over all isotopes from all 

isotope chains that are present on the surface of the TC’ is performed. 

 

• 2-D Solid Heat Conductors 

 

The heat generated within the 2-D Solid Heat Conductors is equal to (compare sections 

12.3.12.3 and 12.3.12.4): 
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Ni,TC-IBC number of molecules of the isotope i on the surface of the boundary cell IBC of a 

TC (reversibly bound molecules or deposited as aerosols), (-) 

Ni,TC total number of molecules of the isotope i inside the TC and on all surfaces of the 

TC, (-) 
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All symbols are explained above in the atmospheric heat calculation and in the sections 

12.3.12.1 through 12.3.12.4. The first two summations are performed over all isotopes from 

all isotope chains that are present on the surface or inside the TC. The next summation is 

performed over all isotopes from all isotope chains that are present in the CV atmosphere. 

 

The next summation is performed over all 1-D surfaces SC’ in contact with the same CV as 

the generating surface TC. Within this sum a summation over all isotopes from all isotope 

chains that are present on the surface of the SC’, is performed. 

 

Finally, the last summation is performed over all 2-D surfaces TC’ in contact with the same 

CV as the generating surface TC, TC’  TC. Within this sum again a summation over all 

isotopes from all isotope chains that are present on the surface of the TC’ is performed. 
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12.3.13 Radiation Exposure and Doses 

 

12.3.13.1 Radiation Exposure and Dose from γ-radiation 

 

In SPECTRA an external exposure and dose from γ-rays is estimated if the Radioactive Particle 

Transport Package is used. The method of calculating those values is described below. 

 

• Radiation Exposure 

 

External exposure from γ-rays of energy Eγ is calculated for each Control Volume using the 

following formula ([92], section 9.9, equations 9.20, 9.29): 

 

air

a
EEX 










= −










,111083.1)(  

 X exposure rate, (R/s) 

 φγ γ-radiation flux, (m–2 s–1) 

 Eγ energy of photons, (MeV) (the energy of photons is equal to the total decay energy 

multiplied by the fraction of energy carried by photons. The data for each built-in 

isotope is shown in Figure 12-53 through Figure 12-62) 

 (μa,γ/ρ)air mass absorption coefficient in the air, (m2/kg) 

 

In SPECTRA the SI units are used, therefore the radiation flux is expressed in (m–2·s–1), 

rather than in (cm–2·s–1), and the mass absorption coefficient in (m2/kg), rather than (cm2/g), 

as in [92]. Consequently the constant multiplier in the above equation is equal to 1.83×10–

11, rather than 1.83×10–8. The mass absorption coefficient (μa/ρ)air, is tabulated versus 

energy Eγ, in [92], Table II.5. The values applied in SPECTRA (SI units) are shown in Table 

12-14. The radiation flux, φγ, represents the total flux from multi-directions, and is related 

to the mono-directional radiation intensity, I, by: 

 




= dI )(  

 

The integral is taken over all directions, Ω. 

 

• Dose 

 

The dose from γ-rays of energy Eγ is calculated for each Control Volume using the following 

formula ([92], section 9.9, equations 2.25, 2.30): 

 

tissue

a
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 Dγ  dose rate, (rad/s) 

 (μa,γ/ρ)tissue mass absorption coefficient in the tissue, (m2/kg) 
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Table 12-14 Mass absorption coefficients for air and tissue [92]. 

Energy, (MeV) (μa/ρ)air, (m2/kg) (μa/ρ)tissue, (m2/kg) 

0.10 

0.15 

0.20 

0.30 

0.40 

0.50 

0.60 

0.80 

1.00 

1.25 

1.50 

2.00 

3.00 

4.00 

5.00 

6.00 

8.00 

10.00 

0.00233 

0.00251 

0.00268 

0.00288 

0.00296 

0.00297 

0.00296 

0.00289 

0.00280 

0.00268 

0.00256 

0.00238 

0.00211 

0.00194 

0.00181 

0.00172 

0.00160 

0.00153 

0.00271 

0.00282 

0.00293 

0.00312 

0.00317 

0.00320 

0.00319 

0.00311 

0.00300 

0.00288 

0.00276 

0.00256 

0.00220 

0.00206 

0.00192 

0.00182 

0.00168 

0.00160 

 

 

The mass absorption coefficients are shown in Table 12-14. The total exposure and dose rates are 

calculated by summing the dose from all radioactive isotopes: 
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The above formulae give exposure and dose rates in the still commonly used units of R/s and rad/s 

respectively. In the SI units exposure is measured in C/kg rather than Roentgen, where 1 R = 

2.58×10–4 C/kg. The SI unit of dose is J/kg = Gy, equal to 1 Gy = 100.0 rad. Therefore in SI units 

the exposure rate and the dose rate are given by: 
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The summation is performed over all isotopes i from all isotope chains. In order to compute the 

above formulae, one needs to determine the radiation fluxes for all energies. The method of 

calculating the flux is described below. 
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The radiation can be coming from radioactive isotopes suspended in the atmosphere of a Control 

Volume (fission product vapors, aerosols), and from the isotopes deposited on various surfaces 

within the Control Volume. Before the fluxes from these sources are calculated it is useful to write 

a formula for a radiation flux at a distance r from an isotropic point source, emitting S (photons/s): 

 

rerB
r

S
r 


 −= )(

4
)(

2
 

 

S γ-radiation source, (s–1) 

r distance, (m) 

φ(r) γ-radiation flux at the distance r from the point source, (m–2 s–1) 

μ absorption coefficient in the air, (1/m) 

B(μr) build-up factor, (-) 

 

In the typical applications of SPECTRA the absorption of γ-rays in the air may be neglected, μ=0. 

In such case absorption and buildup terms disappear, B(μr)·exp(–μr) = 1.0, and: 

 

24
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r

S
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 =  

 

Calculation of the γ-radiation flux is described below. Two cases are considered: first the airborne 

sources and next the deposited sources. 

 

• Radiation flux from airborne sources. 

 

Consider an airborne source with the density of SV, (Bq/m3). In general the source may be 

non-uniform, so SV = SV(r). The total flux at a given location is obtained by the following 

integral: 
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The integration is performed over all volume of a CV. Calculation of this integral may be 

in general quite complicated, even when the source is uniform, SV = const (this is by 

definition the case in all SPECTRA Control Volumes). Moreover the information on 

Control Volume geometry, available in the Control Volume Package, is insufficient to 

calculate such integral. Therefore the flux is conservatively estimated using a simplified 

method. 

 

Control Volumes are assumed to be of spherical shapes, with the flux detector point at the 

sphere center (“equivalent CV” - Figure 12-117). This gives a conservative flux ([92], 

section 11.5) because in case sphere the average distance between the center and any 

radiating point of the atmosphere is the smallest compared to all other shapes. 

 

The elementary source at the distance r from the detection point is equal to: 

 

drrSrdS V

24)( =  
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The elementary flux from this source is, for the geometry shown in Figure 12-117, given by: 

 

drS
r

drrS
d V

V
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4
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Note that reference [92], section 11.5, equation 11.41 gives 

dφair = (SV/2)dr. This is because in [92] a hemi-sphere is 

considered, a geometry that is appropriate for large 

radioactive clouds in the atmosphere. For the same reason 

(large cloud) absorption in the air is not negligible and the 

term B(μr)·exp(–μr) is kept in the equation in [92]. 

 

Figure 12-117 “Equivalent CV”, airborne sources. 

 

The total flux is obtained by integrating over all volume: 

 

3/13
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where VCV is the volume of gas in the Control Volume CV. The volumetric source is 

available from the RT package. To be consistent with the rest of the RT package the total 

source, S, in (Bq), is used instead of the volumetric source SV, in (Bq/m3). The volumetric 

source is, of course, equal to: SV = S/V. Therefore. 
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• Radiation flux from deposited sources. 

 

Consider a deposited source with the density of SA, (Bq/m2). In general the source may be 

non-uniform, so SA = SA(r). The total flux at a given location is obtained by the following 

integral: 
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where the integration is performed over all radioactive surfaces. Again the calculations are 

performed assuming that the Control Volume is spherical and that all surfaces are located 

at the distance equal to the sphere radius, R, from the detection point (sphere center) – see 

Figure 12-118. 
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The elementary flux from this source is, for the geometry shown in Figure 12-118, given by: 

 

24 R
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The elementary flux from this source is therefore 

given by: 
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Figure 12-118 “Equivalent CV”, deposited 
sources. 

 

The radiation flux from a surface with a uniform source density is equal to: 
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where A is the total area of a given structure and S is the total source from the surface, in 

(Bq), equal to: SA·A. In SPECTRA a number of 1-D and 2-D structure surfaces can be facing 

the same Control Volume. 

 

If a water pool is present in the CV, it is treated as another radiating surface. If filters are 

present, radiation from the radioactive isotopes deposited on the filters is added in the same 

way. The radiation flux from deposited sources is obtained by calculating a sum over the 

pool, all filters, all 1-D structures (SC), and all 2-D structures (TC) present in a given 

Control Volume: 
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• Total radiation flux 

 

The total radiation flux for a given isotope i, is obtained by adding the flux from the airborne 

sources and the deposited sources: 
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VCV volume of gas in the Control Volume CV, (m3) 

Si,CV γ-radiation source from the isotope i in the atmosphere of the CV, (Bq) 

Si,CV-pool γ-radiation source from the isotope i in the pool of the CV, (Bq) 

Si,SC γ-radiation source from the isotope i present on the SC (in contact with the 

atmosphere of the CV), (Bq) 

Si,TC γ-radiation source from the isotope i present in the TC (in contact with the 

atmosphere of the CV), (Bq) 

 

Finally, in order to taken into account non-spherical shapes of the Control Volumes, two 

user-defined multipliers are introduced. These are the multiplier on the airborne source, Cγ,1, 

and the multiplier on the deposited source, Cγ,2. Default value of those multipliers is 1.0 (see 

Volume 2). The final formula for the γ-radiation flux calculation is: 
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• Source strength calculation 

 

The strengths of the radioactive sources are calculated from: 

 

TCiiTCi

SCiiSCi

filterJNiifilterJNi

poolCViipoolCVi

CViiCVi

NS

NS

NS

NS

NS

,,

,,

,,

,,

,,

=

=

=

=

=

−−

−−











 

 

λi decay constant of the isotope i, (s–1) 

Ni,CV number of molecules of the isotope i in the gas space of Control Volume CV, (-) 

Ni,CV-pool number of molecules of the isotope i present in the pool of CV, (-) 

Ni,JN-filter number of molecules of the isotope i deposited on a filter in the junction JN, (-) 

Ni,SC number of molecules of the isotope i deposited on the 1-D structure SC, (-) 

Ni,TC number of molecules of the isotope i deposited on the 2-D structure TC, (-) 

 

In the above formulae Ni,SC and Ni,TC are the total numbers of radioactive molecules on the 

1-D structure SC or the 2-D structure TC. This includes deposition on all surfaces as well 

as penetration into the material. This approach is taken because the γ-radiation is very 

weakly absorbed in structures. Most of the γ-radiation is passing through the structures 

unless those are heavy metal (for example lead), thick walls. Therefore the present approach 

is appropriate for most practical cases. Furthermore it gives the most conservative 

estimation of the radiation exposures and dose rates. 
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12.3.13.2 Radiation Dose from β-radiation 

 

Radiation dose from β-radiation in rad/s is calculated from the same formula as the γ-ray exposure 

(in R/s) with the multiplication factor of 0.875 ([92], section 11.5): 

 

),(875.0   EXD =  

 

Therefore: 
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Calculation of the β-radiation flux is described below. Two cases are considered: first the airborne 

sources and next the deposited sources. 

 

• Radiation flux from airborne sources. 

 

The geometry considered is shown in Figure 12-117. The elementary flux is given by: 
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Compared to the γ radiation (section 12.3.13.1) the absorption term is present since the 

absorption of β in the air is not negligible. The total flux is obtained by integrating over all 

volume: 
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The equivalent radius R, is equal to R = (3VCV/4π)1/3. In this formula the air density is used, 

equal to 1.3 kg/m3 ([92], section 11.5). Therefore ρR = 0.8065×VCV
(1/3). 

 

The mass absorption coefficient is obtained from the following correlation ([92], section 

3.9, equation 3.83): 
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In SPECTRA SI units are used and the mass absorption coefficient is expressed in m2/kg 

rather than in cm2/g as in [92]. Consequently the constant is 1.7 rather than 17. 
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• Radiation flux from deposited sources. 

 

The geometry considered is shown in Figure 12-118. The elementary flux is given by:  
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The total radiation flux from a surface with a uniform source density is equal to (see section 

12.3.13.1): 
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where A is the total area of a given structure and S is the total source from the surface, in 

(Bq), equal to: SA·A. In SPECTRA a number of 1-D and 2-D structure surfaces can be facing 

the same Control Volume.  

 

• Total radiation flux 

 

As in case of γ radiation, two user-defined multipliers are introduced. These are the 

multiplier on the airborne source, Cβ,1, and the multiplier on the deposited source, Cβ,2. 

Default value of those multipliers is 1.0 (see Volume 2). The final formula for the γ-

radiation flux calculation is: 
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12.3.13.3 Dose Equivalent Rate 

 

The dose equivalent rates are calculated from: 

 

 QDQDH +=  

 

H dose equivalent rate, (Sv/s) (or, if the dose rate is expressed in (rad/s), in (rem/s) ) 

Dγ dose rate from γ radiation, (Gy/s) (or in (rad/s) ) 

Qγ quality factor of the γ radiation, (-) 

Dβ dose rate from β radiation, (Gy/s) (or in (rad/s) ) 

Qβ quality factor of the β radiation, (-) 

 

The quality factors, Qγ and Qβ, are user-defined parameters, with default values of 1.0, based on 

[92], section 9.2, table 9.2). 
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13 MCCI 

 

13.1 Introduction 

 

Molten Core - Concrete Interactions (MCCI) is very complicated and involves a large number of 

different phenomena. The model implemented in the current version is preliminary and is based on 

a number of simplifications. The model is intended to obtain realistic estimation of the depth of 

concrete ablation and the amount of released gases. Currently the model is appropriate for LWR 

fuel. In the future it will be extended to be applicable to molten salt reactors. 

 

Numerically, MCCI is a part of the TC Package; the MCCI equations are solved on the 2-D network 

of the 2D Solid Heat Conductor. However, since MCCI is a separate subject, and quite broad in 

itself, it is described in a separate chapter. 

 

 

13.2 MCCI Phenomena 

 

A very good description of MCCI phenomena may be found, among others, in the master’s thesis 

of T. Sevón [226]. The short discussion of MCCI provided below is based on references [226] and 

[230].  

 

In case of a hypothetical severe accident large amounts of molten corium may enter the reactor 

cavity after the reactor pressure vessel has failed. As a consequence, MCCI situations will be 

established during which some major hazards for the environment may be encountered: 

 

• Because of the continuous release of decay heat in the corium there is a potential for a melt-

through of the concrete foundation of the containment by ablation of the concrete, thus 

opening a downward pathway for radioactive fission products into the soil and groundwater 

located underneath. 

• Concrete ablation generates gas release – especially the gases H2, H2O, CO, and CO2 – into 

the containment atmosphere. The gas production contributes to the pressure increase in the 

containment and may lead to the formation of explosive gas mixtures. Both effects have 

impact on the boundary conditions for long-term leakage processes and may even lead 

directly or indirectly to an over-pressurization failure of the containment. 

 

The core of a nuclear reactor consists of uranium dioxide in the fuel, zirconium in the fuel rod 

cladding and carbon steel and stainless steel in other structures. At high temperatures zirconium is 

oxidized by water vapor, so the main constituents of core melt, or corium, are UO2, ZrO2, Zr, Fe, Cr 

and Ni. The melting point of the pure oxides is around 2700 °C, while the metals melt at 1350 - 

1900°C. Mixtures of different species do not have single melting points. Instead, they change from 

solid to liquid over a range of temperatures, between so-called solidus and liquidus temperatures. 

The density of corium is around 6000-7000 kg/m3. 

 

Molten core - concrete interaction (MCCI) is illustrated in Figure 13-1. The solid concrete and the 

molten corium pool may be separated by a thin layer of corium crust and molten concrete. The 

concrete melt rises upwards as “streamers” because it is less dense than the overlying core melt. 

Also the gas bubbles, rising from the decomposing concrete, cause mixing of the liquids. A layer of 

solid corium crust may also exist at the core-concrete interface. The crust is probably porous and 

permeable to gases from the concrete. 
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Figure 13-1 Illustration of MCCI phenomena [226] 

 

 

The oxides in corium and concrete are miscible with each other, but the metallic species are 

immiscible with the oxides. Because the metals are lighter than the corium oxides, a metallic layer 

may be formed on the surface of the oxidic pool. When concrete oxides are added to the melt, its 

density decreases eventually below the density of the metals. After this, the metallic layer may 

relocate to the bottom of the pool. On the other hand, intense stirring of the pool by the rising gas 

bubbles may cause the metals and the oxides to be mixed with each other. 

 

The rate of concrete ablation is controlled by the heat transfer from the melt to concrete. The core 

melt pool is stirred by the rising gas bubbles, which enhances the heat transfer. On the other hand, 

the possible corium crust at the interface inhibits heat transfer. Because the heat conductivity of 

concrete is very poor, almost all of the heat goes to the heat-up and melting of the surface of the 

concrete wall. 

 

The viscosity of the melt pool also affects the heat transfer: Higher viscosity means lower heat 

transfer rate. Between the solidus and liquidus temperatures the viscosity of the mixture increases 

sharply with decreasing temperature. An additional complication comes from the fact that the melt 

composition and its physical properties change over time as more concrete is added to the melt. It 

is unknown whether the oxides with high melting points (UO2 and ZrO2) are segregated to the crust 

at the pool boundaries, or if they are dispersed as solid particles among the melt, which would 

increase the viscosity of the melt. 

 

Some of the heat is transferred away from the surface of the pool by thermal radiation and 

convection. Usually there is air above the pool surface, but the surface can also be cooled by water. 

The surface temperature of the pool is also affected by the presence of a crust cover and the passing 

of gas bubbles through the surface. 

 

The core melt is continuously heated by the radioactive decay of the fission products in the melt. 

Another heat source is the chemical reaction heat (section 13.6). 

 

The model is described in section 13.3. The material properties are discussed in section 13.4. 

Concrete decomposition reactions are discussed in section 13.5. Chemical reactions are discussed 

in section 13.6. 
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13.3 Model 

 

The MCCI model is built on the network of TC cells. If several TCs are defined in the input, MCCI 

is defined using TC with the lowest number (first on the list), which must be a vertical cylinder. 

Furthermore, the mesh must be uniform (i.e. all cells in given direction must have the same size), 

which is required by the numerical scheme of the Navier-Stokes equation. 

 

MCCI is very complicated and involves a large number of different phenomena. The model 

implemented in the current version is preliminary and is based on a number of simplifications. The 

model is intended to obtain a realistic estimation of the dept of concrete ablation and the amount of 

released gases. Currently the model is appropriate for LWR fuel. In the future it will be extended to 

be applicable to molten salt reactors. 

 

 

13.3.1 Model Versions 

 

• Model 1: liquid flow calculated from Navier-Stokes equation 

 

The governing equations are the continuity equation, the Navier-Stokes equation and energy 

conservation equation [232]: 

0=u  

gup
dt

ud



++−= 2  

QTk
t

T
cp +=



 2  

 

Here ρ, t, u, p, μ, F, cp, k, T, and Q are density, time, velocity vector, pressure, kinematic viscosity, 

external force (gravity), specific heat, thermal conductivity, temperature, and heat source (decay 

power), respectively. Currently the model based on Navier-Stokes equation is not yet available. 

 

• Model 2: simplified model 

 

Here no flow equation is solved, so the problem is becoming the same as the 2D conduction problem 

and a very similar equation is solved. In order to account for mixing of liquid material, an effective 

conductivity is defined; it is assumed that the effective conductivity in the two-phase region is 

inversely proportional to the effective viscosity in the two-phase region (section 13.4.4, Figure 

13-4). 

 

In both models, the specific heat in the phase change region is modified to account for the heat of 

phase change and concrete ablation, as: 

 

∫cp dT = ΔH  

 

Here ΔH is the phase change enthalpy (Table 13-1) or the ablation enthalpy (Table 13-2). The 

integral is between the solidus, Tsol, and the liquidus, Tliq, temperatures.  
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13.3.2 Mixing Model 

 

A simple model is adopted for the mixing of corium with concrete. Decomposition of concrete 

results in a loss of certain amount of gases (section 13.5). The amount of mass that is lost in that 

way depends on the concrete composition (section 13.4.3). We denote X = Vdeg/Vabl, where Vdeg = 

degassed volume and Vabl, is the ablated volume. When a cell is fully ablated, a fraction of X is 

disappearing and is assumed to be replaced by corium. The user may affect this process by the 

following parameters: 

 

• Radial ablation parameter (XRAPTC), default = Vdeg/Vabl,  

• Axial ablation parameter (XZAPTC), default = Vdeg/Vabl,  

• Maximum concrete dissolution in corium XDISTC, default = 1 – Vdeg/Vabl,  

 

The fraction of concrete that is removed from a cell and replaced by corium is at least equal to 

Vdeg/Vabl. It may be more if radial or axial parameters are defined as larger than this number. In such 

case, the additional concrete is assumed to be dissolved in the corium cells. If XRAPTC and 

XZAPTC are both equal to 0.0, there will be no dissolution of concrete in corium. The corium level 

will decrease as the corium sinks into the concrete cells. As the level decreases, the ablated concrete 

cells at the same level that are in liquid state are assumed to be removed and dissolved in corium. 

The user may speed up the ablation process by increasing the concrete decomposition in radial or 

axial direction. In such case there will be more concrete dissolved in the corium cells. Calculations 

will be stopped if the dissolved fraction exceeds XDISTC. 

 

The gas that is created from concrete decomposition is assumed to bubble trough the corium and 

oxidize metals that may be present there - the reactions are described in section 13.6. The reactions 

proceed in a sequence: Zr is oxidized first, and Si, Cr, and Fe follow [226]. 

 

As a result of the oxidation process, the volume of corium increases somewhat so the decrease of 

level is a result of concrete volume decrease due to degassing and the corium volume increase due 

to oxidation. The user may also select an option where the corium level decrease is not calculated 

(IDEPTC =1) but this option will not conserve the corium mass. 

 

In summary, the following main phenomena are occurring: 

 

• Degassing of concrete that results in removal of certain volume of concrete and generation 

of gases such as H2O (steam) and CO2. 

• The gas bubbles pass through the corium, oxidize metals that may be present there, to 

generate gases such as H2 and CO. 

• Due to volume change, the level of corium as well as the molten concrete decreases. 

 

 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  751 

 

13.4 Material Properties 

 

13.4.1 Corium Properties 

 

The properties of corium and concrete are defined as follows. 

 

• The material properties of solid state are defined in the usual way within the Material Property 

Package (Chapter 14). The user must define the material number for corium (ICMMTC) and 

concrete (ICCMTC) within the MCCI data. Only those materials may change phase. Any 

other material that may be present in the model will remain in solid state (and will not 

relocate). 

• Properties of the liquid phase (as well as those related to the phase change) are defined within 

the MCCI input data. Default values of the constant (temperature-independent) properties are 

shown in Table 13-1. The temperature-dependent properties are discussed below. 

 

 

Table 13-1 Property data for concrete and corium materials in liquid state 

 Concrete UO2 ZrO2 Reference 

ρ (kg/m3) 

 

2200 

2306 

8860 

10960 

5150 

5600 

[226], sec. 3.5, p.33 

[227], MP-RM 

Cp (J/kg-K) 837.3 503.0 544.3 [227], MP-RM 

k (W/m-K) 1.10 3.05 2.49 [226], sec. 3.5, p.35 

μ (kg/m-s) 

 

0.3 (LCS) 

1.5 (L) 

- - [226], sec. 3.5, p.33 

[226], sec. 3.5, p.33 

ΔH (J/kg) 

 

- 2.74E5 

2.18E5 

7.07E5 

2.60E5 

[227], MP-RM 

[228] 

Tm (K) 

 

- 3113 

3200 

2990 

3000 

[227], MP-RM 

[228] 

 

 

The temperature-dependent properties of corium and concrete are based on [228]. The functions are 

defined below. 

 

Density. The density is defined as follows: 

 

UO2: ρ = 11800 – 0.93 × T 

ZrO2: ρ = 8620 – 0.89 × T 

 

Here T is temperature (K). The resulting density is shown in Figure 13-2 (a). The user may put a 

multiplier on each of the above formulae. 

 

Specific heat. The specific heat is defined as follows: 

 

UO2: Cp = 390 – 0.90×10–4 × T  

ZrO2: Cp = 940 – 3.36×10–2 × T  

 



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

752  K6223/24.277594  MSt-2402 

The resulting specific heat is shown in Figure 13-2 (b). The user may put a multiplier on each of the 

above formulae. 

 

Thermal conductivity. The thermal conductivity is defined as follows: 

 

UO2: k = 1.64 + 4.74×10–2 × T × exp( –1.45×104/T )  

ZrO2: k = 2.11 + 4.46          × T × exp( –2.75×104/T )  

 

The resulting thermal conductivity is shown in Figure 13-2 (c). The user may put a multiplier on 

each of the above formulae. 

 

Dynamic viscosity. The dynamic viscosity is defined as follows: 

 

UO2: μ = 0.52 × exp( 8.26×103/T )  

ZrO2: μ = 0.32 × exp( 8.79×103/T )  

 

The resulting dynamic viscosity is shown in Figure 13-2 (d). The user may put a multiplier on each 

of the above formulae. 

 

 (a) 

 (b) 
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 (b) 

 

 (d) 

Figure 13-2 Properties of UO2/ZrO2 mixture 

 

 

13.4.2 Properties of UO2/ZrO2 Mixture  

 

The corium is assumed to be composed of UO2, ZrO2 and metals (Zr, Cr, Fe, Ni). The initial melt 

composition is defined by the user. The properties of corium are calculated based on [228]. The 

functions are defined below. 

 

Melting temperature of UO2/ZrO2 mixture. The melting temperature of the mixture is 

approximated from the phase diagram [231] (Figure 13-3): 

 

ZrO2 < 0.6: Tm = Tm(UO2) – 438.33 × XZrO2 = 3113 – 438.33 × XZrO2  

ZrO2 > 0.6: Tm = Tm(ZrO2) + 350 × (XZrO2–1) = 2990 + 350 × (XZrO2–1) 
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Figure 13-3 Phase diagram, UO2/ZrO2 system [231] 

 

 

Heat of fusion of UO2/ZrO2 mixture. The heat of fusion, H (J/kg), is obtained from [228]: 

 

H = ( XUO2 × MUO2 × HZrO2 + XZrO2 × MZrO2 × HZrO2 ) / ( MUO2 + MZrO2 )  

 

Density of UO2/ZrO2 mixture. The density, ρ (kg/m3), is obtained from [228]: 

 

ρ  = ( XUO2 × MUO2 + XZrO2 × MZrO2 ) / ( XUO2 × MUO2 / ρUO2 + XZrO2 × MZrO2 / ρZrO2 )  

 

Specific heat of UO2/ZrO2 mixture. The specific heat, Cp (J/kg-K). is obtained from [228]: 

 

Cp = ( XUO2 × MUO2 × CpUO2 + XZrO2 × MZrO2 × CpZrO2 ) / ( MUO2 + MZrO2 )  

 

Thermal conductivity of UO2/ZrO2 mixture. The thermal conductivity, k (W/m-K), is obtained from 

[228]: 

k = XUO2 × kUO2 + XZrO2 × kZrO2 – 0.72 × XUO2 × XZrO2 × | kUO2 – kZrO2 | 

 

Viscosity of UO2/ZrO2 mixture. The viscosity of mixture is obtained from [228]: 

 

ln(μ) = XUO2 × ln(μUO2) + XZrO2 × ln(μZrO2) 
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13.4.3 Concrete Properties 

 

The concrete composition is defined by the user (see Volume 2). The compositions of several common 

concrete types are built-in for user convenience. These are shown in Table 13-2 

 

 

Table 13-2 Built-in concrete composition and properties. 

 

N0. 

 

Substance 

Concrete composition, mass fractions (%) 

Basaltic 

aggregate 

Limestone 

c. sand 1 

Limestone 

c. sand 2 

Siliceous 1 Siliceous 2 

1 CO2  1.5 30.46 21.15 10.0 0 

2 H2O 5.68 4.46 4.7 3.78 4.0 

3 K2O 5.39 0.56 1.22 0.83 0 

4 Na2O 1.8 0.32 0.08 0.68 0 

5 TiO2  1.05 0.14 0.18 0.16 0 

6 SiO2  54.84 22.0 35.806 61.34 65.0 

7 CaO 8.82 26.4 31.3 17.2 0 

8 MgO 6.16 11.7 0.48 0.87 0 

9 Al2O3  6.32 2.54 3.6 3.61 20.0 

10 Fe2O3  6.26 1.42 1.44 1.53 0 

11 Cr2O3  0 0 0.014 0 0 

12 CaCO3  0 0 0 0 3.0 

13 Ca(OH)2  0 0 0 0 8.0 

14 MnO 0 0 0.03 0 0 

15 SO3  0 0 0 0 0 

 

T(solidus) (K) 1350 1392 1420 1403 1350 

T(liquidus) (K) 1650 1568 1670 1523 1650 

T(ablation) (K) 1450 1500 1500 1450 1450 

density ρ (kg/m3) 2340 2340 2340 2340 2400 

Abl. enth. ΔH (J/kg) 2.8×106  2.4×106  2.4×106  1.95×106  1.95×106  

X(ablation) 0.333 0.614 0.320 0.392 0.333 

Source [227] 

(CAV-UG) 

[225] [227] 

(CAV-UG) 

[225] [227] 

(CAV-UG) 

 

 

 

13.4.4 Properties of Corium/Concrete Mixture  

 

In cases when corium and concrete are present in the same cell, the properties of a mixture need to 

be known. The properties of corium/concrete mixture are calculated in a similar way as shown in 

section 13.4.2. The reference is [228]. The functions are defined below. 

 

Density of corium/concrete mixture. The density of mixture is obtained from the following formula. 

The subscripts “cor” and “con” are used for the corium and the concrete material, respectively. 

 

ρ = ( Xcor × Mcor + Xcon × Mcon ) / ( Xcor × Mcor / ρcor + Xcon × Mcon / ρcon )  
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Specific heat of corium/concrete mixture. The specific heat of the mixture is obtained from: 

 

Cp = ( Xcor × Mcor × Cpcor + Xcon × Mcon × Cpcon ) / ( Mcor + Mcon )  

 

Thermal conductivity of corium/concrete mixture. The thermal conductivity of the mixture is 

obtained from: 

k = Xcor × kcor + Xcon × kcon  

 

Viscosity of corium/concrete mixture. The viscosity of the mixture is obtained from: 

 

ln(μ) = Xcor × ln(μcor) + Xcon × ln(μcon) 

 

The viscosity obtained as shown above is valid for pure liquid phase. In the case of a solid/liquid 

mixture, the viscosity of such mixture is significantly larger. Two models are available to calculate 

the two-phase viscosity: Ramacciotti [229] and Kunitz (applied in CORCON and MELCOR [227]). 

 

• Ramacciotti correlation for two-phase viscosity 

 

μ2 = μ1 exp( 2.5×CRAMTC×φ) 

 

• Kunitz correlation for two-phase viscosity 

 

μ2 = μ1 (1+0.5×φ) / (1+φ)4  

 

Here μ1 is the liquid viscosity, μ2 is the two-phase viscosity and φ is the solid fraction in the mixture. 

CRAMTC is a user-defined coefficient with a value between 4 and 8 (see Volume 2).  

 

Both correlations are compared in Figure 13-4. Ramacciotti correlation is shown for CRAMTC=4. 

Since the Kunitz correlation gives an infinite value for φ = 1.0, a limit of is imposed on the solid 

fraction to prevent numerical overflow. 

 

 

Figure 13-4 Comparison of Ramacciotti and Kunitz correlations. 
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Heat of fusion of corium/concrete mixture. The heat of fusion of the mixture is obtained from: 

 

H = ( Xcor × Mcor × Hcor + Xcon × Mcon × Hcon ) / ( Mcor+ Mcon )  

 

Melting temperature of corium/concrete mixture. The melting temperature of mixture is defined 

using tabulated data of liquidus and solidus lines. Data for several concrete types, obtained from 

[226], is shown in Figure 13-5. The figure was digitized and the appropriate data files are available 

(see Volume 2). 

 

 

 

Figure 13-5 Solidus and liquidus temperature for corium/concrete mixtures [226] 

 

 

13.5 Decomposition of Concrete 

 

The model of concrete decomposition is based on [226] (section 3.2.2). The following reactions 

are assumed to take place during the concrete ablation. 

 

Reactions leading to generation of steam: 

 

• Loss of evaporable water: 

H2O(l) + 2.258×106 J/kg(H2O) → H2O(g) 

 

• Dehydration of hydrates: 

3CaO·2SiO2·3H2O + 0.375×106 J/kg(hydrate) → 2CaO·SiO2 + CaO·SiO2 + 3 H2O(g) 

 

• Dehydration of calcium hydroxide 

Ca(OH)2 + 1.340×106 J/kg(Ca(OH)2) → CaO + H2O(g) 
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Reactions leading to generation of CO2: 

 

• Loss of CO2 present in the concrete mixture 

CO2 → CO2(g) 

 

• Decomposition of calcium carbonate: 

CaCO3 + 1.637×106 J/kg(CaCO3) → CaO + CO2(g) 

 

Siliceous concrete releases mainly water vapor, while calcareous concrete releases also substantial 

amounts of carbon dioxide. 

 

It should be noted that the following assumptions/simplifications were made in the current model 

version: 

 

• The energy effect from dehydration of hydrates is given in [226] as 250 - 500 kJ/kg. Here, 

the average value is taken. 

• Other reactions listed in [226] (melting of quartz, decomposition of hematite into magnetite, 

melting of magnetite) do not result in producing gases and are currently not modeled. 

• It is assumed that the gases are released during ablation; the release of material present in a 

given cell is completed when the cell is fully ablated. 

 

These assumptions should be checked and, if needed, improved in the future. 

 

 

13.6 Chemical Reactions 

 

The chemical reactions are based on [226] (section 3.1). The following reactions are assumed to 

take place when the gas bubbles are passing through the corium. 

 

Reactions leading to generation of H2: 

 

• Zr + 2 H2O → ZrO2 + 2 H2 + 6.3×106 J/kgZr 

• 2 Cr + 3 H2O → Cr2O3 + 3 H2 + 3.6×106 J/kgCr 

• Fe + H2O + 3.0×103 J/kgFe → FeO + H2 

 

Reactions leading to generation of CO: 

 

• Zr + 2 CO2 → ZrO2 + 2 CO + 5.7×106 J/kgZr 

• 2 Cr + 3 CO2 → Cr2O3 + 3 CO + 2.8×106 J/kgCr 

• Fe + CO2 + 4.8×105 J/kgFe → FeO + CO 

 

Equilibrium constants for the reactions indicate that Zr is oxidized first, and Si, Cr, and Fe follow 

in this order [226]. 

 

In the current model, the equilibrium constants are not used. There is a simple model instead, with 

a user-defined coefficient IRSQTC (Volume 2). The ratio of speed of different reactions is equal to 

10(1–IRSQTC). If IRSQTC =1 all reactions proceed simultaneously. The default value is IRSQTC = 3, 

thus the Zr reactions proceed 100 faster than Cr reactions, which in turn proceed 100 times faster than 

the Fe reactions. 
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Furthermore, in the current model the reduction of SiO2 and Fe2O3 by Zr (see [226] section 3.1) is not 

taken into account. These reactions are not important if the content of Zr in the melt is low. This 

should be improved in the future.  
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14 Material Property Package 

 

14.1 Properties of Solid Materials 

 

The Material Property Package allows the user to define properties of solid materials. The properties 

are used by the 1-D and the 2-D Solid Heat Conduction Packages (chapters 5 and 6) for heat 

conduction calculations (sections 5.2 6.2) and by the Radioactive Particle Transport Package 

(chapter 12) to calculate diffusion of fission products inside solid materials (section 12.3.5.6). 

 

The following material properties are specified as functions of temperature for each material: 

 

• Thermal conductivity, k, W/m2-K 

• Specific heat, cp, J/kg-K 

• Density, ρ, kg/m3 

• Diffusion coefficient, DCS, m2/s 

 

The first three are used for heat conduction calculations and must be specified for each material 

being used. The last on is used for diffusion calculation and need not to be specified. If the diffusion 

coefficient is not specified, the fission products (if present) will not diffuse within this material. 

 

In SPECTRA density as other material properties may be a function of temperature, which is usually 

done by computer programs, for example RELAP, MELCOR, etc. If during calculations the material 

density changes, the total mass of material will change. This is because the volume of structures 

(SC or TC) remains constant during calculations. In reality a change of material density is 

accompanied by a change of volume, such that the total mass remains the same. Therefore it is 

recommended to ignore the the changes of density with temperature and use constant density. 

 

The diffusion coefficients are used only if sorption of fission products is calculated. In such case they 

are used to calculate diffusion of the sorbed fission products into the SC or TC materials. The diffusion 

coefficient is calculated from: 

 









−=

T

A
DD D

CS exp0  

 

Lower and upper limits, defined by the user, are applied to the value obtained from the above formula: 

maxmin DDD CS =  
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14.2 Materials Composed of Several Materials 

 

As described in [201], the overall thermal conductivity of a medium composed of several materials 

depends in a complex fashion on the geometry of the medium. If the heat conduction occurs in 

parallel (Figure 14-1, left), then the overall conductivity is the weighted arithmetic mean of the 

individual conductivities: 

 =
i

ii kxk  

 

On the other hand, if the structure and orientation of the medium is such that the heat conduction 

takes place in series, with all of the heat flux passing through all layers (Figure 14-1, middle), then 

the overall thermal resistance is the weighted average of individual resistances. 

 

=
i

ii kxk //1  

 

In general, the above two equations will provide upper and lower bounds, respectively, on the actual 

overall conductivity [201]. 

 

In SPECTRA the thermal conductivity of such material may be defined in one of the two ways 

described above. The heat capacity is obtained as a sum of volumetric heat capacities of all 

individual materials, which gives: 

 

ip

i

iiip

i

iip cxVcVcV ,,  ==   

which leads to: 

ip

i

iip cxc , =   

 

 

Figure 14-1 Examples of materials being a composition of different materials 
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Summarizing, the user may specify a material that is composed from several (up to 10) different 

materials. The average thermophysical properties of such material are obtained from: 

 

 ===
i

ii

i

iiip

i

iip kxkorkxkcxc //1,  

 

 xi = volumetric fraction of the material i in the mixture, (-) 

 ρi = density of the material i, (kg/m3) 

 cp,i = specific heat of the material i, (J/kg-K) 

 ki = conductivity of the material i, (W/m2-K) 

 

The user has to decide if the first or the second formulation should be used to compute average 

conductivity. The first formulation always gives higher values of k. The second formulation always 

gives lower values of k, therefore for conservatism it is selected as a default. Additionally, the user 

may an option that interpolates between the first and the second formula, which leads an 

intermediate value of thermal conductivity (see Volume 2). 

 

An example of the situation where the model is useful, is the fuel of high temperature reactor, 

consisting of graphite and TRISO particles, which in turn consist of fuel kernel and several coating 

layers. 
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15 Tabular Function Package 

 

15.1 Introduction 

 

The Tabular and Control Function Packages allow the user to define functions of variables in all 

SPECTRA data blocks, and make them available to various packages. Those packages can therefore 

be considered as utility packages for the user. The modelling approach is quite general, and allows 

a variety of applications. For example, a chemical reaction can be modelled (see hydrogen 

recombiner example, section 16.5), a differential equation set can be set up and solved (Solver “stiff” 

equation set test, section 16.5), etc. 

 

The principal difference between the Tabular and the Control Functions is that the former is a 

function of time, while the latter may be a function of any SPECTRA variable. Consequently the 

Tabular Functions need not to be included in the main iteration loop to achieve implicit solution. 

Their end-of-time step values are easily available by a straightforward interpolation. The Control 

Functions are meanwhile included in the iteration loop, since they depend on the variables from the 

program data blocks, whose values at the end of time step have to be determined iteratively. 

 

The Tabular and Control Functions may be used to define certain quantities in the other packages, 

which may be function of time (through Tabular Functions), or functions of the current conditions 

(through Control Functions) in the system being modeled. In particular, the Tabular or the Control 

Functions may be applied to define the following quantities in various SPECTRA Packages: 

 

• Control Volume Package 

o To define mass sources for Control Volumes (see Volume 2, record 13YXXX). 

o To define energy sources for Control Volumes (record 14YXXX). 

o To activate stratification models, and to define stratifications if the best estimate 

stratification model is not desired (record 100XXX). 

o To define conditions like temperature, pressure, etc. in those Control Volumes in 

which user-defined conditions are applied (record 125XXX). 

 

• Junction Package 

o To define flows in those Junctions for which user defined flows are applied (record 

230XXX). 

o To define pump/compressor/turbine speed, efficiency, power. To control 

synchronization of a turbo-generator (or an engine driving a pump/compressor) 

with the electrical grid (records 231XXX, 233XXX). 

o To define the fraction of a Junction area which is open in those Junctions for which 

the valve model is used (record 220XXX). 

o To define opening pressure difference for a check valve (record 220XXX). 

o To define flow composition parameters for those junctions in which uniform gas 

flow is not desired (record 240XXX). 
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• 1-D and 2-D Solid Heat Conductor Packages 

o To define an internal power source for 1-D and 2-D Solid Heat Conductors (records 

300XXX, 400XXX). 

o To define a convective boundary condition for those 1-D and 2-D Solid Heat 

Conductors for which the standard heat transfer model is not desired (records 

321XXX, 322XXX, 421XXX). 

o To define non-convective boundary heat fluxes for those 1-D and 2-D Solid Heat 

Conductors which do not use the thermal radiation model (records 321XXX, 

322XXX, 421XXX). 

 

• Thermal Radiation Package 

o To define wall surface emissivity for those surfaces of 1-D or 2-D Solid Heat 

Conductors which participate in radiative heat transfer (record 510XXX). If a 

tabular function is used to define the wall surface emissivity, then the argument for 

this function will be the wall surface temperature. The emissivity will therefore not 

be equal to the value of tabular function, as printed by the Tabular Function 

Package, since the Tabular Function Package calculates the values of Tabular 

Function as a function of time. 

 

• Reactor Kinetics Package 

o To define control rod reactivity (record 760000). 

o To define external neutron sources (record 755000). 

o To determine fuel addition or removal from the core (record 747000). 

o To define the temperature of thermal neutrons (record 750000). 

 

• Radioactive Particle Transport Package 

o To define external sources of aerosols (record 175XXX). 

o To define filter efficiency if a mechanistic filter model is not used (records 

275XXX, 295XXX). 

o To define pool scrubbing efficiency if a mechanistic model is not used (record 

276XXX, 296XXX). 

o To define external sources of isotopes for a Control Volume (record 192XXX). 

 

• Hydrogen Burn Package 

o To define igniter temperature (record 180XXX). 

 

• Control Function Package 

o As an argument for a Control Function. Any tabular or control function may be 

used as an argument for another Control Function (record 710XXX). 

 

• Solver Package 

o To deactivate the thermal hydraulic packages, CV, JN, SC, TC (record 900XXX). 

Some or all of these packages may be deactivated to speed up calculations after a 

stationary state has been reached. This may be done for example to perform a long 

term fuel burn-up calculation, a long term dust deposition calculation, etc.; in short 

when the calculated period is of order of years and a constant (for example nominal) 

conditions are used. In practice deactivation of all thermal-hydraulic packages may 

lead to a gain on CPU time as much as a factor of 1000 or more. 
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15.2 Types for Tabular Functions 

 

Tabular Functions are defined as pairs of variables: (time; value of TF). The time argument must be 

in ascending order. Each tabular function may consist of up to 10,000 data points. During 

calculations the actual value of a tabular function is obtained by interpolation of the tabulated data 

points. Two types of interpolation are available: 

 

• Linear interpolation (see section 17.1) 

• Third order (cubic) interpolation (see section 17.1) 

 

With linear interpolation the obtained function is continuous, but it has discontinuous derivative. In 

case of cubic interpolation both function and its first derivative are continuous (Figure 15-1). 

 

 

Figure 15-1 Types of Tabular Functions 

 

Beyond the range defined by the data points, the end point values are kept. This approach is consider 

as safer than extrapolation for general application. If the user wants to extrapolate his data points, 

he can always do so by including an additional data point, sufficiently far from the normal data 

range. 

 

The cubic interpolation ensures continuity of the first derivative in all range except for the boundary 

(first and last) data points. In those points the derivative "jumps" to zero, since flat lines are always 

used outside the tabulated data points. The discontinuity was programmed on purpose, because this 

formulation is considered safer for practical use. Furthermore the cubic interpolation subroutine is 

used in SPECTRA, among others, for the calculation of water properties. In this case the applied 

formulation allows to obtain correct behavior of the interpolated functions in the region close to the 

freezing point. The fact that the functions won't be smooth if the temperature drops below the freezing 

point has no practical meaning. 
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If the user wishes to avoid this discontinuity in his Tabular Function, he can do that by defining two 

points with the same value near the boundary. In the example shown in Figure 15-1 this was done 

near the right boundary. Two points with the same value (TF = 1.0) are specified at 35.0 and 45.0. 

This assures continuity of the TF derivative at the right boundary point 45.0. 

 

The values of Tabular Functions are calculated at every time step by the Tabular Function Package. 

The argument used by Tabular Function Package to calculate the values of Tabular Functions is 

always the problem time, although Tabular Functions may also be calculated with a different 

argument. This however may only be done using a Control Function. The Control Function Package 

offers a more general type of a Tabular Function (see section 16). 

 

 

15.3 Interactive Tabular Functions 

 

Interactive Tabular Functions are useful in the simulation mode. At any time during a calculation 

the TF value may be modified in the TF Data file, *.TFD. The value that needs to be specified in 

the *.TFD file is simply the TF number and the value that it should take. Therefore, to set the value 

of TF-120 to 521.0 one needs to type (or the simulation tool needs to send) the following line in the 

*.TFD file: 

 

120    521.0 

 

The data present in the *.TFD file may have two formats: 

 

• Arbitrary number of pairs, for example: 

120   1.0    200  1.5    250  –5.0 

The above record will set (immediately as it appears in the *.TFD file) the following 

values: TF-120=1.0, TF-200=1.5, TF-250=–5.0 

• Three input parameters, single TF definition with TIMEON. For example: 

120   1.0    1000.0 

The above record will set TF-120=1.0 at the time = TIMEOF =1000.0 s (or immediately if 

the current time is larger than 1000.0 s. 

Another example. The following records: 

120   1.0   1000.0 

120   2.0   2000.0 

120   5.0   3000.0 

will set the value of TF-120 to 1.0 at t = 1000.0 s, to 2.0 at t = 2000.0 s, and finally to 5.0 

at t = 5000.0 s. 

 

The interactive function may perform two actions: 

 

• Interactive action, when a prescribed value is present in the *.TFD file 

• Interpolating action, when there is no prescribed value present in the *.TFD file. 

 

The performance of such functions is shortly explained below. 

 

If there is no data for the TF in the *.TFD file, then the value of the function will be determined by 

the table present in the input deck. If the value is present in the *.TFD file, then the value of TF will 

change, the rate of change being limited by the appropriate limits for this TF (see section 15.4), until 

it reaches the value specified in the *.TFD file, provided that it is not outside the limits given by the 
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appropriate input limits (section 15.4) for this TF. The TF will stay at that value for as long as it is 

present in the *.TFD file. If the value in the *.TFD value should change, the TF will start changing 

to reach the new value, again respecting the limits. If the value disappears from the *.TFD file, then 

the TF will start changing to reach the value prescribed for it by the tabulated data pairs, again 

respecting the limits appropriate for this TF. 

 

Both interpolation types, linear and cubic (see section 15.2) may be used for an interactive function. 

Of course the interpolation type affects the results only when the TF is using the tabulated data 

(interpolating action), and not a value from the *.TFD file (interactive action). In other words, the 

interpolation type has an influence on the TF value only when the *.TFD file does not contain any 

value of this TF. 

 

 

15.4 Limits, Scaling Factors, and Additive Constants 

 

The user may impose limits on each Tabular Function, with respect to the value as well as the rate 

of change. The limits are: 

 

• Value: 

maxmin TFTFTF   

• Rate of change 

maxmin

)()()(

dt

TFd

dt

TFd

dt

TFd
−  

 

TFmin  Minimum value of TF (default value of –1099) 

TFmax  Maximum value of TF (default value of +1099) 

d(TF)/dtmin Maximum rate of change for a decreasing value of TF (default value of 1099) 

d(TF)/dtmax Maximum rate of change for an increasing value of TF (default value of 1099) 

 

The default values result in practically no limits on the TF. In order to apply the limits, the user must 

enter appropriate values in the input deck. 

 

Limits are particularly useful for interactive functions, i.e functions that receive their values from a 

simulation program, or through a TF Data file (*.TFD, see section 15.3) rather than from the 

tabulated data. 

 

In case of tabulated values the limits are not so important because the user may already tabulate the 

values according to all desired limits. Even then, it is sometimes more convenient to use the limits 

to make sure that the tabulated values will always stay within a desired range. 

 

For each Tabular Function a scaling factor and an additive constants are used. The value of a 

function is calculated from: 

AStftTF += )()(  

 

f(t) value obtained from the tabulated data by means of a linear or a cubic interpolation (as 

described in section 15.2), or read from the *.TFD file (as described in section 15.3). 

S scaling factor, with the default value of 1.0 

A additive constant, with the default value of 0.0 
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The scaling factor and additive constant are applied before the limits are applied. The limits are 

applied to the final TF value and not the tabulated data points. For example, assume the following 

definition of TF-101: 

 

The tabulated values are between –5.0 and –1.0; the scaling factor is –0.1; the limits are (0.0, 1.0). 

 

• Tabulated values: 





=−

=−
=

0.10.5

0.00.1
)(

tfor

tfor
tf  

• Scaling factor, additive constant: 

0.0

1.0

=

−=

A

S
 

• Limits: 

0.1

0.0

max

min

=

=

TF

TF
 

 

The SPECTRA input defining such function is shown below. 

 

 
605101   Tabular Function TF-101 

601001  -0.1   0.0    *  Scaling factor, Additive constant 

602101   0.0   1.0    *  Limits 

* 

*       Time   Value 

600101   0.0   -1.00  * 

600101   1.0   -5.00  * 

 

 

With the scaling factor applied to the tabulated values, the value of the function is between 0.1 and 

0.5. This is within the acceptable limits and therefore the limits are not applied. 
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16 Control Function Package 

 

16.1 Introduction 

 

The Tabular and Control Function Packages allow the user to define functions of SPECTRA 

variables, and make them available to various packages. The packages can therefore be considered 

as a utility packages for the user. The modelling approach is quite general, and allows a variety of 

applications. For example, a chemical reaction can be modelled (see hydrogen recombiner example, 

section 16.5), a differential equation set can be set up and solved (Solver “stiff” equation set test, 

16.5), etc. 

 

The principal difference between the Tabular and the Control Functions is that the former is a 

function of time, while the latter may be a function of any SPECTRA variable. Consequently the 

Tabular Functions need not to be included in the main iteration loop to achieve implicit solution. 

Their end-of-time step values are easily available by a straightforward interpolation. The Control 

Functions are meanwhile included in the iteration loop, since they depend on the variables from the 

program data blocks, whose values at the end of time step have to be determined iteratively. 

 

The Tabular and Control Functions may be used to define certain quantities in the other packages, 

which may be function of time (through Tabular Functions), or functions of the current conditions 

(through Control Functions) in the system being modeled. 

 

A list of quantities that may be defined by a Tabular or a Control Function is presented in section 

15.1. On top of the quantities listed in section 15.1, there are several quantities that may be defined 

using a Control Function but not a Tabular Function. Those are listed below. 

 

• Junction Package 

o Control Functions may be used to define local loss factors, K, for forward and 

reverse flows, in those Junctions for which the K factors are not constant (Volume 

2, input record 210XXX). 

 

• Radioactive Particle Transport Package 

o Control Functions may be used to define release of fission products, if none of the 

built-in release models is desired (record 885XXY). 

o Control Functions may be used to define adsorption rate for those fission product 

vapors for which none of the built-in adsorption models is desired (record 

895YXX). 
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16.2 Types for Control Functions 

 

The list of all CF is given in Table 16-1. The control functions are divided into three groups. The 

first group contains some general functions like addition, multiplication etc. The second group 

contains FORTRAN intrinsic functions. The last group contains extensions to intrinsic functions. 

Control functions from all three groups are shortly discussed below. 

 

16.2.1 CF Group 1 

 

• Add/Subtract Function (1, 01) 

 

The add/subtract function allows to calculate the sum of several arguments. The arguments may be 

taken with a plus sign (added) or minus sign (subtracted) to obtain the value of CF. 

 

The following example converts the atmosphere temperature in CV-123 into degrees Celsius, using 

the add/subtract function, CF-101. The first argument is the temperature in CV-123. The second 

argument is a constant value of –273.15. A constant value is achieved by using a dummy argument 

(in this case a Solver time step) which is multiplied by zero (a very small number is entered for the 

multiplicative factor; if zero was entered, the default multiplicator of 1.0 would be assumed by 

SPECTRA - see Volume 2) and an additive constant of –273.15. 

 
705101 Conversion of temperature into degree Celsius 

*      Group   Number        Fact.   Const. 

700101   1        1           1.0     0.0     *  Type    : Add/subtract 

*      Arguments 

* Pointers: (1) (2) (3) (4)  Fact.    Const. 

710101       1  123  14  1   1.0        0.0   *  CV-123-Temp-atms 

710101       9   0    1  0   1.0e-90 -273.15  *  -273.15 

 

• Multiply/Divide Function (1, 02) 

 

The multiply/divide function allows to calculate a product of several arguments. Each argument 

may be used as either a multiplier or a dividing argument to obtain the value of CF. For all dividing 

arguments the value of the argument must not be zero. If at any time during the calculations the 

value is zero, then an appropriate error message is written to the diagnostics file, and the calculations 

are stopped. 

 

The following example calculates the ratio of the steam partial pressure to the total pressure in CV-

123, using the multiply/divide function, CF-102. The first argument is the steam pressure in CV-

123. The second argument is the total pressure in CV-123. The first pointer of the second argument 

is negative, which indicates that this is a “divide” argument - see Volume 2. 

 
705102 Steam pressure / total pressure 

*      Group   Number        Fact.   Const. 

700102   1        2           1.0     0.0     *  Type    : Multiply/divide 

*      Arguments 

* Pointers: (1) (2) (3) (4)  Fact.    Const. 

710102       1  123  36  3   1.0        0.0   *  CV-123-PPag-H2O_ 

710102      -1  123  13  1   1.0        0.0   *  CV-123-Pres-atms 
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Table 16-1 Types of Control Functions. 

Group and No.  

Function type 

Number 

of 

arguments 

 

FORTRAN definition 

IGRPCF INUMCF    

1 01 Add / subtract  100 f = a1 +(-) a2 +(-)...+(-) an 

 02 Multiply / divide  100 f = a1 (/) a2 (/)...(/) an 

 03 Power function 2 f =   a1  ** a2   if a1 > 0 

f = -|a1| ** a2   if a1 < 0 

 04 Selected argument 4 IF ( a1 .LT. a2 ) THEN 

 f = a3 

ELSE 

 f = a4 

ENDIF 

 05 General tabular 

function 

 100 (see example in section 16.2.1) 

 06 Hysteresis 3 (see example in section 16.2.1) 

 07 Derivative 1 f = ( a1 - a01 ) / Δt 

 08 Integral 1 f = f0 + a1Δt 

 09 Random number 0 f = rnd()  S(a1) + A(a1) 

2 01 Absolute value 1 f = DABS(a1) 

 02 Minimum value  100 f = DMIN1(a1, a2,... an) 

 03 Maximum value  100 f = DMAX1(a1, a2,... an) 

 04 Square root 1 f = DSQRT(a1) 

 05 Exponent 1 f = DEXP(a1) 

 06 Natural logarithm 1 f = DLOG(a1) 

 07 Decimal logarithm 1 f = DLOG10(a1) 

 08 Sine 1 f = DSIN(a1) 

 09 Cosine 1 f = DCOS(a1) 

 10 Tangent 1 f = DTAN(a1) 

 11 Arc sine 1 f = DASIN(a1) 

 12 Arc cosine 1 f = DACOS(a1) 

 13 Arc tangent 1 f = DATAN(a1) 

 14 Hyperbolic sine 1 f = DSINH(a1) 

 15 Hyperbolic cosine 1 f = DCOSH(a1) 

 16 Hyperbolic tangent 1 f = DTANH(a1) 

3 01 Error function 1 f = DERF(a1) 

 02 Complementary error f. 1 f = DERFC(a1) 

 03 Gamma function 1 f = DGAMMA(a1) 

 04 Log gamma function 1 f = DLGAMA(a1) 

 05 Reactor Kinetics 1 see description below 
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• Power Function (1, 03) 

 

The power function calculates the value of the first argument raised to the power equal to the second 

argument: 
2

121 ),(
x

xxxf =  

 

If x1 is equal to zero then: f=1.0 when x2=0.0, and f=0.0 when x2>0.0. The following restrictions are 

imposed on the arguments of this control function: The first argument must not be negative. If the 

first argument is equal to zero then the second argument must not be negative. Additionally the 

following limit is imposed on the second argument: –99.0 < x2 < 99.0. 

 

The following example calculates the square root of the gas velocity in JN-234. The first argument 

is the gas velocity in JN-234. The second argument is a constant value of 0.5. This is achieved using 

a dummy argument and an additive constant of 0.5, similarly as shown in case of the add/subtract 

function, above. 

 
705103 Square root of gas velocity 

*      Group   Number        Fact.   Const. 

700103   1        3           1.0     0.0     *  Type    : Power 

*      Arguments 

* Pointers: (1) (2) (3) (4)  Fact.    Const. 

710103       2  234  1   1   1.0        0.0   *  JN-234-Velo-atms 

710103       9   0   1   0   1.0e-90    0.5   *  = 0.5 

 

 

• Selected Argument (1, 04) 

 

This is the FORTRAN IF-THEN-ELSE function. When the value of the first argument, x1, is smaller 

than the value of the second argument, x2, then CF value is set to the value of the third argument, 

x3, otherwise it is set to the value of fourth argument, x4. 

 








=

214

213

4321 ),,,(
xxifx

xxifx
xxxxf  

 

The following example calculates a scram signal based on the reactor fission power. It compares 

the reactor fission power with the maximum power (assumed equal 1000 MW = 109 W). If the 

power is below the maximum power, the value of function is zero. If the reactor power is equal to 

or larger than the maximum power, the value of function is set to 1.0 (scram signal is activated). 

The first argument is the reactor fission power. The second argument a constant value of 1000 

(maximum power). The third and fourth arguments are zero and one respectively. 

 

 
705104 Scram signal based on the reactor fission power 

*      Group   Number        Fact.   Const. 

700104   1        4           1.0     0.0     *  Type    : IF-THEN-ELSE 

*      Arguments 

* Pointers: (1) (2) (3) (4)  Fact.    Const. 

710104      7    0  18   0    1.0     0.0     *  IF ( RK-000-Qfis-000 

710104      9    0   2   0    1.0E-90 1.0E+9  *                       < 1.0E9 ) 

710104      9    0   2   0    1.0E-90 0.0     *  THEN signal = 0.0 

710104      9    0   2   0    1.0E-90 1.0     *  ELSE signal = 1.0 
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The next example illustrates one special case, when a Tabular Function is one of the arguments of 

the IF-THEN-ELSE function. In case when a TF is used within an IF-THEN-ELSE function and the 

TF is not an interactive type, then the argument for the TF is always the current time minus the time 

when the corresponding IF-THEN-ELSE was last becoming true. 

 

The example below defines the control rod reactivity after scram. The scram signal is given by the 

function CF-104. When the scram signal is received, the control rods start moving down with a delay 

of 0.1 s. The control rod reactivity is tabulated as a function of time after scram as TF-900. 

 

 
705900 Control rod reactivity 

*      Group   Number     Fact.      Const. 

700900   1        4        1.0        0.0     *  Type : IF-THEN-ELSE 

709900   2                                    *  Arg. : Explicit 

*      Arguments 

* Pointers: (1) (2) (3) (4)  Fact.  Const. 

710900      7   104  1   0    1.0     0.0     *  IF ( CF-104 (scram signal) < 

710900      9   0    2   0    1.0E-90 1.0     *                             < 1.0 ) 

710900      9   0    2   0    1.0E-90 0.0     *  THEN rod reactivity is zero 

710900      6   900  1   0    1.0     0.0     *  ELSE use TF-900 to define rod reactivity 

* 

* 

605900  Control rod reactivity after scram 

*       Fact.      Const. 

601900   1.0        0.0        *  Scaling 

602900   -30.0  0.0  0.0  0.0  *  Limits: Min, Max, dTF/dt 

610900   1                     *  Type:   NON-INTERACTIVE !! otherwise the program will 

*                              *          use the actual value of TF and not TF(t-t0) 

* 

*       Time after scram    Reactivity ($) 

600900       0.0              0.0 

600900       0.1              0.0 

600900       0.2             -1.0 

600900       0.3            -30.0 

 

 

• General Tabular Function (1, 05) 

 

A General Tabular Function is foreseen for more complicated applications than the simple Tabular 

Functions offered by the TF Package (Chapter 15). The main difference between a Tabular Function 

from the TF Package and a General Tabular Function from the CF Package is the argument type. In 

case of a TF the argument is always time. This allows excluding all TF from the main iteration loop 

to obtain implicit solution (the implicit values of all TF is known; they are tabulated versus time, so 

the value at any given time point is readily available). On the other hand the General Tabular Function 

type of a CF may use any SPECTRA variable as an argument. Since the implicit value of its argument 

may not be available at the start of the time step, this CF, like all other CF, is included in the main 

iteration loop to obtain implicit solution (the implicit treatment of CF may be altered by setting 

argument calculation on explicit or by the implicit solution indicator - see Volume 2). 

 

There are two kinds of a General Tabular Function: 

 

• A simple, one-dimensional General Tabular Function. This function has two arguments. The 

first argument defines an independent variable for this function. The second argument is a 

reference number of a Tabular Function from the TF Package. An example is shown below. 
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605105 Tabular Function 

*        x      f(x) 

600105 300.0    0.0 

600105 400.0    1.0 

* 

705105 1-D General Tabular Function  

*      Group   Number        Fact.   Const. 

700105   1        5           1.0     0.0     *  Type    : General TF 

*      Arguments 

* Pointers: (1) (2) (3) (4)  Fact.    Const. 

710105      1   123 14   1    1.0     0.0  *  Use CV-123-Temp-atms as argument 

710105      6   105  1   0    1.0     0.0  *  Use table TF-105 

 

In the above example a Tabular Function, TF-105, and a General Tabular Function, CF-105, 

are defined. The value of TF-105 will be equal to zero for times t<300.0 s, increase linearly 

to 1.0 during 300.0 < t <400.0 s, and remain equal to 1.0 afterwards. The value of CF-105 will 

be equal to zero when the atmosphere temperature in CV-123 is below T < 300.0 K, increase 

linearly to 1.0 with the temperature increasing between 300.0 < T < 400.0 K, and remain equal 

to 1.0 for higher temperatures. 

 

• A two-dimensional Tabular Function, F(x,y), may be created, where x is the first argument 

and y is the second argument. In this case the General Tabular Function should be defined by 

a number of TFs, each TF defining the value of function versus the argument x for one value 

of the argument y. An example of a 2-D function is shown below. 

 
605101 Efficiency versus flow, pump speed of 20 rev/s 

*        x      f(x) 

600101  0.05    0.30 

600101  0.2     0.60 

600101  0.5     0.72 

600101  0.8     0.80 

600101  1.0     0.75 

600101  1.1     0.70 

* 

605102 Efficiency versus flow, pump speed of 40 rev/s 

*        x      f(x) 

600102  0.05    0.40 

600102  0.1     0.60 

600102  0.2     0.70 

600102  0.5     0.82 

600102  1.0     0.85 

600102  1.1     0.81 

* 

605103 Efficiency versus flow, pump speed of 50 rev/s 

*        x      f(x) 

600103  0.05    0.50 

600103  0.1     0.70 

600103  0.2     0.80 

600103  0.35    0.90 

600103  1.0     0.92 

600103  1.1     0.88 

* 

705100 2-D General Tabular Function  

*      Group   Number        Fact.   Const. 

700100   1        5           1.0     0.0     *  Type    : General TF 

*       y1    y2    y3 

708100 20.0  40.0  50.0 * y-coordinate data points (pump speeds) 

*      Arguments 

* Pointers: (1) (2) (3) (4) Fact. Const. 

710100       2  500 37   2  1.0   0.0  * x-argument: JN-500, pump flow (pool) 

710100       6  101  1   0  1.0   0.0  * uses TF-101 for y = y1 

710100       6  102  1   0  1.0   0.0  * uses TF-102 for y = y2 

710100       6  103  1   0  1.0   0.0  * uses TF-103 for y = y3 

710100       2  500 36   2  1.0   0.0  * y-argument: JN-500, pump speed (pool) 
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Figure 16-1 Example of a 2-D General Tabular Function 

 

 

The above example defines the pump efficiency, as a function of pump volumetric flow and pump 

speed. During the calculations a 2-D interpolation is performed to find the value of a function. For 

example, suppose that during the execution the CF-100 (pump efficiency) should be calculated for the 

Volumetric flow of V = 0.15 m3/s and speed of 45 rev/s. First the x-coordinate interpolations are 

performed; the calculated values are (see the data values above): 

 

o ω = 40.0 rev/s  TF-102 (x=0.15) = 0.65 

o ω = 50.0 rev/s  TF-103 (x=0.15) = 0.75 

 

Now the linear interpolations between the two points shown above is performed, to give: 

 

o ω = 45.0 rev/s  CF-100 (x=0.15, y=45.0) = 0.70 

 

 

• Hysteresis (1, 06) 

 

The hysteresis function has three arguments. The first argument, x1, is the independent variable, for 

which the function is calculated. The next two arguments point to tabular function numbers that 

define the hysteresis function. Two types of hysteresis are available: 

 

Hysteresis Type 1 

 

The type 1 hysteresis is shown Figure 16-2. There are two hysteresis points: xH, 1 and xH, 2 , defined 

by the second and the third argument. When x1 increases above xH, 2, then the function f is equal to 

1.0. When it decreases below xH, 1, then f=0.0. 

 

 



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

776  K6223/24.277594  MSt-2402 

 

Figure 16-2 Hysteresis function type 1 

 

Both tabular functions defining the hysteresis points should be constant (only one pair of data 

points). The value of the first hysteresis point, xH, 1, must be smaller than the value of the second 

hysteresis point xH, 2. Input defining a hysteresis function type 1 is shown below. 

 
705200 Example of a Hysteresis Function Type 1 

*      Group   Number        Fact.   Const. 

700200   1        6           1.0     0.0     *  Type    : Hysteresis 

*      Arguments 

* Pointers: (1) (2) (3) (4) Fact.  Const. 

710200       1  333 13   1  1.0E-6 0.0  * uses CV-333 pressure (in MPa) as an argument 

710200       6  201  1   0  1.0    0.0  * uses TF-201 as a definition of the first point 

710200       6  202  1   0  1.0    0.0  * uses TF-202 as a definition of the second point 

* 

605201 Hysteresis point 1 

*        x      f(x) 

600201   0.0    2.5   *  single data pair means hysteresis type 1 

* 

605202 Hysteresis point 2 

*        x      f(x) 

600202   0.0    3.7   *  single data pair means hysteresis type 1 

 

Hysteresis Type 2 

 

The type 1 hysteresis is shown Figure 16-3. There are two Tabular Functions, the “forward” and the 

“reverse” function, defined by the second and the third argument. When x1 is increasing, the value 

of the hysteresis function is the maximum of its past value and that defined by the forward function. 

When x1 is decreasing, the function takes the minimum of its past value and that given by the reverse 

function. That is: 
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Here f n and f n–1 are the hysteresis function values at the current time step and the previous time step, 

x1
n and x1

n–1 are the argument values at the current time step and the previous time step, TFfor and 

TFrev are the Tabular Functions defining the function value at the increasing argument and the 

decreasing argument. 

 

Input defining a hysteresis function type 1 is shown below. 
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705300 Example of a Hysteresis Function Type 2 

*      Group   Number        Fact.   Const. 

700300   1        6           1.0     0.0     *  Type    : Hysteresis 

*      Arguments 

* Pointers: (1) (2) (3) (4) Fact. Const. 

710300       1  333 13   1  1.0E-6 0.0  * uses CV-333 pressure (in MPa) as an argument 

710300       6  301  1   0  1.0    0.0  * uses TF-301 as the Forward function 

710300       6  302  1   0  1.0    0.0  * uses TF-302 as the Reverse function 

* 

605301 Forward function 

*        x      f(x) 

600301   2.0    0.0   *  multiple data pair means hysteresis type 2 

600301   3.0    0.0 

600301   4.0    1.0 

* 

605302 Reverse function 

*        x      f(x) 

600302   2.0    0.0   *  multiple data pair means hysteresis type 2 

600302   3.0    1.0 

600302   4.0    1.0 

 

 

Resulting value for the case when the first argument (pressure in CV-333) is increasing to 4.5 MPa 

and then decreasing to 0.1, is shown in Figure 16-3. 

 

 

Figure 16-3 Hysteresis function type 2, P(CV-333) increases to 4.5 MPa and then decreases 

 

 

Figure 16-4 Hysteresis function type 2, P(CV-333) increases to 3.5 MPa and then decreases 
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In contrast to the type 1 function, which has only two values zero and one, the type 2 hysteresis can 

have a number of different values. For example, suppose that in the example case discussed above, 

the first argument (pressure in CV-333) is increasing to only to 3.5 MPa. The resulting hysteresis 

function is shown in Figure 16-4. 

 

Selection of hysteresis type 

• If both Tabular Functions have only one data point, then the program interprets it as the 

hysteresis function Type 1. The (constant) value of the first function must be smaller than 

the (constant) value of the second function. 

• If both Tabular Functions have more than one data point, then the program interprets it as 

the hysteresis function Type 2. The first data points in both Tabular Functions must be the 

same. Similarly, the last data points in both Tabular Functions must be the same. 

• If one of the Tabular Functions has only one data point and the other Tabular Function has 

more than one data point, then error message is issued and the program stops. 

 

 

• Derivative (1, 07) 

 

This Control Function evaluates the time derivative of an argument. The time derivative is 

calculated using the two time levels in the form: 

 

t

xx

dt

dx
xf



−
== 111

1)(  

 

x1 current value of the argument 1 

1x  previous time step value of the argument 1 

t time step, (s) 

 

The following example calculates the rate of change of the water mass in CV-123 in tons per hour, 

using the derivative function, CF-107. The argument is the water mass in CV-123. The multiplier 

of 3.6 is used to convert the value in (kg/s) into tons per hour. 

 

CF-107 = 









=

dt

dM
xf

pool
6.3)(6.3 1  

 
705107 Rate of change of water mass in (t/hr) 

*      Group   Number        Fact.   Const. 

700107   1        7           3.6     0.0     *  Type    : Derivative 

*      Arguments 

* Pointers: (1) (2) (3) (4)  Fact.   Const. 

710107       1  123 20   3    1.0     0.0     *  CV-123-Mass-pool 

 

• Integral (1, 08) 

 

This CF evaluates the time integral of an argument. The integral is calculated using an implicit 

formulation: 

txxfdtxxf

tt

t

+== 
+

1111 )()(
0

0
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x1 - current (end-of-time step, t = t0+t) value of the argument 1 

1x  - beginning of time step (t = t0) value of the argument 1 

 

An explicit formulation is also possible, with the old time step rather than the new time step value 

of x1, if explicit argument calculation is requested by the user (see Volume 2). In such case: 

 

txxfdtxxf

tt

t

+== 
+

1111 )()(
0

0

 

 

A scaling factor, S, and additive constant, A, may be applied to any Control Function, as shown in 

section 16.3. In case of an integral, the use of these parameters is somewhat more difficult than for 

other types of CF, because for this function uses “itself” (i.e. it’s own previous time step value) to 

calculate the new value. The user must remember that the scaling factor and the additive constant 

are applied after the integration is performed, in other words the integration process is not affected 

by S and A: 

ASdtxAStxxftCF

tt

t

+













=+= 

+0

0

121 ),...,,()(  

 

The following example integrates the function: 

 

ttx −= 0.1)(1  

The integration gives: 

 

2
')(

2

0

11

t
tdtxxf

t

−==   

 

If a scaling factor of S = –2.0 and an additive constant of A = 1.0 are applied, then the final value of 

CF becomes: 

2

0

1 21')( ttASdtxtCF

t

+−=+=   

 

The input defining such function is shown below. The integral is defined by CF-108. The integrated 

function is defined by TF-108. The initial value of this kind of function is by default equal to zero. 

However, because one needs to obtain the function shown above, the initial value must be equal to 

1.0. Therefore the user must define the initial value of CF-108, as shown in the example below. 

 
705108 Example of an integral 

*      Group   Number        Fact.   Const. 

700108   1        8          -2.0     1.0     *  Type    : Integral 

701108   2       1.0                          *  INITIAL VALUE 

*      Arguments 

* Pointers: (1) (2) (3) (4)  Fact.   Const. 

710108       6  108  1   0    1.0     0.0     *  TF-108-Valu-0000 

* 

605108 Integrated function x = 1 - t 

*        x      f(x) 

600108   0.0    1.0 

600108 100.0  -99.0 
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Results are shown in Figure 16-5. It may easily be checked that the values are in agreement with the 

equation above. 

 

 

 

Figure 16-5 Results of the integrated function 

 

 

• Random number (1, 09) 

 

This Control Function returns a rundom number from the range determined by CF limits. The value 

is calculated as: 

 

)()(() 11 ArgAArgSrndf +=  

 

rnd() random function, returning a random number between 0.0 and 1.0 

S(Arg1) scaling factor of argument 1 

A(Arg1) additive constant of argument 1 

 

Arg1 is a dummy argument and may be anything, for example the value of Control Function itself. 

 

16.2.2 CF Group 2 

 

• Absolute Value (2, 01) 

 

This function calculates absolute value of an argument: 

 

11)( xxf =  

 

For example, in order to calculate an absolute value of gas velocity in JN-234, the following function 

is used: 

 

Control Function Test

CF-108-Valu-0000

Time, [s]

32.521.510.50

V
a
lu

e
 o

f 
C

F

4

3

2

1

0
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705201 Absolute value of gas velocity in JN-234 

*      Group   Number        Fact.   Const. 

700201   2        1           1.0     0.0     *  Type    : Absolute value 

*      Arguments 

* Pointers: (1) (2) (3) (4)  Fact.   Const. 

710201       2  234  1   1    1.0     0.0     *  JN-234-Velo-atms 

 

 

• Minimum Value (2, 02) 

 

This function calculates the minimum value of several arguments. 

 

),...,(),...,( 2121 nn xxxMinxxxf =  

 

For example, in order to calculate a minimum temperature of SC-345, the following function is 

used: 

 
705202 Minimum temperature of SC-345 

*      Group   Number        Fact.   Const. 

700202   2        2           1.0     0.0     *  Type    : Minimum 

*      Arguments 

* Pointers: (1) (2) (3) (4)  Fact.   Const. 

710202       3  345 16   1    1.0     0.0     *  SC-345-Tcel-0001 

710202       3  345 16   2    1.0     0.0     *  SC-345-Tcel-0002 

710202       3  345 16   3    1.0     0.0     *  SC-345-Tcel-0003 

710202       3  345 16   4    1.0     0.0     *  SC-345-Tcel-0004 

710202       3  345 16   5    1.0     0.0     *  SC-345-Tcel-0005 

 

In this example it is assumed that there are 5 nodes in SC-345. 

 

• Maximum Value (2, 03) 

 

This function calculates the maximum value of several arguments. 

 

),...,(),...,( 2121 nn xxxMaxxxxf =  

 

• Square Root (2, 04) 

 

This function calculates the square root of an argument. The argument must be greater than, or equal 

to zero. If it is not, then an appropriate error message is written to the diagnostics file, and the 

calculations are stopped. 

11)( xxf =  

0.01 x  

 

• Exponent (2, 05) 

 

This function calculates the e to the power equal to the argument: 

 

)exp()( 11 xxf =  

 

The argument must be within the limits: 

0.990.99 1 +− x  
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• Natural Logarithm (2, 06) 

 

This function calculates the natural logarithm of an argument. 

)ln()( 11 xxf =  

0.01 x  

 

• Decimal Logarithm (2, 07) 

 

This function calculates the decimal logarithm of an argument. 

 

)(log)( 1101 xxf =  

0.01 x  

 

• Sine Function (2, 08) 

 

This function calculates the sine of an argument expressed in radians: 

 

)sin()( 11 xxf =  

 

• Cosine Function (2, 09) 

 

This function calculates the cosine of an argument expressed in radians. 

 

)cos()( 11 xxf =  

 

• Tangent Function (2, 10) 

 

This function calculates the tangent of an argument expressed in radians. 

 

)tan()( 11 xxf =  

 

• Arc Sine Function (2, 11) 

 

This function calculates the arc sine of an argument expressed in radians. 

 

)arcsin()( 11 xxf =  

The argument must be within the limits: 

0.10.0 1  x  

 

• Arc Cosine Function (2, 12) 

 

This function calculates the arc cosine of an argument expressed in radians. 

 

)arccos()( 11 xxf =  

The argument must be within the limits: 

0.10.0 1  x  
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• Arc Tangent Function (2, 13) 

 

This function calculates the arc tangent of an argument expressed in radians. 

 

)arctan()( 11 xxf =  

 

• Hyperbolic Sine Function (2, 14) 

 

This function calculates the hyperbolic sine of an argument. 

 

)sinh()( 11 xxf =  

The argument must be within the limits: 

0.990.99 1 +− x  

 

• Hyperbolic Cosine Function (2, 15) 

 

This function calculates the hyperbolic cosine of an argument. 

 

)cosh()( 11 xxf =  

The argument must be within the limits: 

0.990.99 1 +− x  

 

• Hyperbolic Tangent Function (2, 16) 

 

This function calculates the hyperbolic tangent of an argument. 

)cosh()( 11 xxf =  

 

16.2.3 CF Group 3 

 

• Error Function (3, 01) 

 

The error function is defined as: 


−==

1

0

11

2
)()(

x

uduexerfxf


 

The argument must be within the limits: 
99

1 100.0  x  

 

• Complementary Error Function (3, 02) 

 

The complementary error function is defined as: 

)(0.1
2

)()( 111

1

xerfduexerfcxf
x

u −=== 


−


 

The argument must be within the limits: 
99

1 100.0  x  
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• Gamma Function (3, 03) 

 

The gamma function is defined as: 




−−
==

0

1

11
1)()( dueuxxf ux

 

The argument must be within the limits: 

9910 1

10 − x  

 

• Log Gamma Function (3, 04) 

 

The log gamma function is defined as: 




−−
==

0

1

11
1ln)(ln)( dueuxxf ux

 

The argument must be within the limits: 

9910 1

10 − x  

 

• Reactor Kinetics Function (3, 05) 

 

This function gives total reactor power obtained from the reactor kinetics model. The argument must 

be time. The definition depends on the reactor type: 

 

• In case of solid fuel (IFTORK=1):  CF = fission power + decay power 

• In case of circulating fuel (IFTORK>1):  CF = fission power 

(the decay power is obtained in such case from the RT Package) 

 

The user may apply scaling factor for convenience. For example, to obtain the relative power of a 

1000 MW reactor, the scaling factor of SCLFCF=10–9 should be applied. 
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16.3 Limits, Scaling Factors and Additive Constants 

 

The user may impose limits on each Control Function, with respect to the value as well as the rate 

of change. The limits are: 

 

• Value: 

maxmin CFCFCF   

• Rate of change 

maxmin

)()()(

dt

CFd

dt

CFd

dt

CFd
−  

 

CFmin  Minimum value of CF (default value of –1099) 

CFmax  Maximum value of CF (default value of +1099) 

d(CF)/dtmin Maximum rate of change for a decreasing value of CF (default value of 1099) 

d(CF)/dtmax Maximum rate of change for an increasing value of CF (default value of 1099) 

 

The default values result in practically no limits on the CF. In order to apply the limits, the user 

must enter appropriate values in the input deck. 

 

For each Control Function a scaling factor and an additive constant are used. The value of a function 

is calculated from: 

AStxxftCF += ),...,,()( 21  

 

f(x1, x2, ..., t) value of function, calculated for the current values of arguments, x1, x2, ..., t 

S  scaling factor, with the default value of 1.0 

A  additive constant, with the default value of 0.0 

 

The scaling factor and additive constant are applied before the limits are applied (see the discussion 

in section 15.4). 

 

Apart from the scaling factor and additive constant applied for the CF itself, the user may apply 

scaling factors and additive constants for each argument individually. In the example shown below 

the ratio (p/ρ) is calculated for CV-123, where p is pressure in bar and ρ is gas density in g/cm3. 

 
705999 CF-999 = p (bar) / rho (g/cm3) 

*      Group   Number        Fact.   Const. 

700999   1        2           1.0     0.0     *  Type    : Multiply/divide 

*      Arguments 

* Pointers: (1) (2) (3) (4)  Fact.   Const. 

710999       1  123 13   1    1.0E-5  0.0     *  CV-123-Pres-atms (bar) 

710999      -1  123 24   1    1.0E-1  0.0     *  CV-123-Dens-atms (g/cm3) 

 

This is more clear and easier for verification than applying the overall scaling factor of 10–4: 

 
705999 CF-999 = p (bar) / rho (g/cm3) 

*      Group   Number        Fact.   Const. 

700999   1        2         1.0E-4    0.0     *  Type    : Multiply/divide 

*      Arguments 

* Pointers: (1) (2) (3) (4)  Fact.   Const. 

710999       1  123 13   1    1.0     0.0     *  CV-123-Pres-atms (Pa) 

710999      -1  123 24   1    1.0     0.0     *  CV-123-Dens-atms (kg/m3) 
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16.4 Limits for CF Arguments 

 

SPRCTRA checks if the argument values are within acceptable limits for a given function. Those 

limits are given for each CF type in sections 16.2.1, 16.2.2, and 16.2.3. The limits imposed in 

SPECTRA on control function arguments are more restrictive than the limits imposed by the 

FORTRAN compiler. For example, in SPECTRA an argument of the hyperbolic sine function may 

be within the range x1 < 99.0. FORTRAN will accept values of x1 up to a little more than 200 

(for different compilers the number may be somewhat different), above which an arithmetic 

overflow will occur. In SPECTRA the range was narrowed to make sure that there are no 

FORTRAN overflow errors during the code execution and thus have a diagnostics message from 

the SPECTRA level, which is much more informative (SPECTRA will inform the user in which 

Control Function the problem occurred, what is the current argument value and the acceptable 

range), rather than from the FORTRAN level (resulting in a message like “arithmetic overflow”, or 

“floating exception”). 

 

In order to avoid termination of calculation on CF arguments are out of range, the user should use 

limits in his CF definition. For example, if the user wishes to calculate hyperbolic sine of a pump 

speed, Np, in rev/s: 

)sinh()( 1 pNxf =  

 

Assuming that the pump is located in JN-234, the function may be defined as follows: 

 

 
705901 Sinh(N-pump) 

*      Group   Number        Fact.   Const. 

700901   2       14           1.0     0.0     *  Type    : Sinh 

*      Arguments 

* Pointers: (1) (2) (3) (4)  Fact.   Const. 

710901       2  234 36   3    1.0     0.0     *  JN-234-PSpd-pool 

 

 

With the above definition there is a risk that calculation will be terminated, which will occur if at 

any time of the transient the pump speed becomes larger than 99.0 revolutions per second. An easy 

way to avoid such termination is to define an intermediate Control Function, which will put the 

appropriate limits on the desired argument. In the example shown below, the limits of –98 and +98 

are applied: 

 
705902 (N-pump) with limits acceptable by the Sinh function 

*      Group   Number        Fact.   Const. 

700902   1        1           1.0     0.0     *  Type    : Add/subtract 

702902    -98.0   98.0                        *  Limits 

*      Arguments 

* Pointers: (1) (2) (3) (4)  Fact.   Const. 

710902       2  234 36   3    1.0     0.0     *  JN-234-PSpd-pool 

* 

* 

705901 Sinh(N-pump) 

*      Group   Number        Fact.   Const. 

700901   2       14           1.0     0.0     *  Type    : Sinh 

*      Arguments 

* Pointers: (1) (2) (3) (4)  Fact.   Const. 

710901       7  902  1   0    1.0     0.0     *  CF-902-Valu-0000 =  

*                                             *  = JN-234-PSpd-pool with limits 
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16.5 Examples of Control Functions 

 

Several simple examples of Control Functions are provided in previous section. Here some more 

complicated examples are shown to illustrate the possible applications of tabular and control 

functions. 

 

16.5.1 Hydrogen Recombiner 

 

16.5.1.1 Theoretical Basis of the Recombiner Performance 

 

As the example problem, the model of a hydrogen recombiner, similar to the one presented in [123] 

is discussed. The aim was to model a hydrogen recombiner unit, in which reaction would proceed 

according to the experimentally determined reaction kinetics, expressed as: 

 

),()( max,10 22 HH xxMinpCCm +=  

 

m hydrogen consumption rate, (kg/s) 

C0, C1 model constants 

p pressure, (Pa) 

xH2 hydrogen volumetric fraction in the vicinity of the recombiner, (-) 

xH2, max saturation hydrogen concentration, above which the recombination rate is constant 

 

The recombination proceeds as long as the hydrogen concentration in the vicinity of the recombiner 

is above the minimum value of xH2, min, and if the oxygen fraction is above the minimum value of 

xO2, min. The example shown here uses the set of constants for the recombiner type FR-90/1-360: 

 

C0 = (0.012100) (g/s) = 1.2010–3 kg/s 

C1 = (0.010100) (g/s-bar) = 1.0010–8 kg/(s-Pa) 

xH2, min = 0.02 

xH2, max = 0.08 

xO2, min = 0.02 

 

16.5.1.2 SPECTRA Model 

 

The recombiner function is to combine some hydrogen and oxygen to produce steam. Therefore, 

from calculational standpoint it represents a certain negative mass source of hydrogen and oxygen, 

and a positive mass source of steam. The mass sources may be defined for a Control Volume using 

Tabular or Control Functions (see section 15.1). In the present example a set of Control and Tabular 

Functions was applied to determine the mass sinks and source. This set of functions is described 

below. 

 

Mass transfer rate in a recombiner unit, described in the section 16.5.1.1, was modelled using three 

Tabular Functions and six Control Functions, as follows. 
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• Pressure multiplier, TF-121 = C0 + C1p 

 

The pressure dependent multiplier is defined using 2 data points covering the expected pressure 

range during the analysis. The values of TF-121 are: 

 

No. Argument = p  TF value 

1  0.0  C0 = 1.2010–3 

2  106  C0 + 106C1 = 1.1210–2 

 

The function TF-121 is shown in Figure 16-6. SPECTRA input for TF-001 is provided below. In 

order to calculate the pressure multiplier one needs to create a Control Function (type: General 

Tabular Function). The Control Function specifies the argument that needs to be used with the 

tabulated data and the table number. Of course for recombiners located in different parts of the 

system, different CF must be used, because the argument is always the pressure in the CV where 

the recombiner is located. TF-121 on the other hand is a general definition of the pressure multiplier, 

and is applicable for all recombiners. In the example below, CF-003 is used to define the pressure 

multiplier for the recombiner unit 1 (“Reco-1”), located in CV-003. 

 
605121  P  multiplier, recombiner type FR-90/1-360 

*        x      y       *  TF-121:  P  multiplier, type 360 

600121  0.000  1.200e-3 *  (1) (0.012)            * (100/1000) 

600121  1.0E6  1.120E-2 *  (2) (0.012 + 10*0.010) * (100/1000) 

* 

705003 Reco-1,  P  multiplier 

*       (General TF)      Scale     Additive 

*      Group   Number     Fact.      Const. 

700003   1        5        1.0        0.0  * 

*      Arguments 

* Pointers: (1) (2) (3) (4) * 

710003       1 003  13   1  *  CV-003-Pres-atms   Argument 

710003       6 121   1   0  *  TF-121-Valu-0000   Tabulated data points 

 

 

Figure 16-6 Pressure multiplier - function TF-121 
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• Hydrogen concentration multiplier, TF-019 

 

The hydrogen concentration multiplier is expressing the fact that the reaction rate starts at minimum 

hydrogen fraction, is proportional to hydrogen concentration up to xH2, max, and then is constant. TF-

019 is defined by three data points, the values are: 

 

No. Argument = xH2  TF Value 

1 xH2, min = 0.02  0.0 

2 xH2, min+δx=0.021 xH2, min = 0.021 

3 xH2, max = 0.080  xH2, max = 0.080 

 

Here δx is a small number that needs to be added because TF argument values must be tabulated in 

ascending order (section 15.2). There is no need to include more points, since the end point values 

are kept beyond the range of data (section 15.2). 

 

The function TF-019 is shown in Figure 16-7. The SPECTRA input for TF-019 is provided below. 

In order to calculate the hydrogen one needs to create a Control Function that specifies the argument 

that needs to be used with the tabulated data and the table number. In the example below, CF-001 

is used to define the hydrogen multiplier for the recombiner Reco-1 

 

It should be remembered that if a stratification model is used in the analysis, the local H2 

concentration at the structure representing the recombiner must be used. Therefore local 

concentration at SC-081 is used. If the stratification model is not used, the concentration in CV-003 

could be used as well. 

 

 

Figure 16-7 Hydrogen concentration multiplier - function TF-019 
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*        x      y       *  TF-019:  H2 multiplier 

600019  0.020  0.000    *  (1) 

600019  0.021  0.021    *  (2) 

600019  0.080  0.080    *  (3) 

* 

705001 Reco-1,  H2  multiplier 

*       (General TF)      Scale     Additive 

*      Group   Number     Fact.      Const. 

700001   1        5        1.0        0.0  * 

*      Arguments 

* Pointers: (1) (2) (3) (4) * 

710001       3 081  10   1  *  SC-081-Vfrc-H2_r   Argument 

710001       6 019   1   0  *  TF-019-Valu-0000   Tabulated data points 

 

 

• Oxygen concentration multiplier, TF-020 

 

The reaction starts when the oxygen fraction exceeds the minimum value of xO2, min. TF-003 is 

defined by: 

 

No. Argument = xO2  TF Value 

1 xO2, min   0.0 

2 2xO2, min   1.0 

 

A transition zone is defined, in which the reaction rate increases from zero to the maximum value. 

This zone is necessary since the independent argument must be in ascending order (section 15.2). 

Furthermore, step functions must be avoided for control function arguments since they may lead to 

numerical convergence problems. 

 

The SPECTRA input for TF-020 is provided below. The function TF-020 is shown in Figure 16-8. 

 

 

 

Figure 16-8 Oxygen concentration multiplier - function TF-020 
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In order to calculate the oxygen multiplier one needs to create a Control Function that specifies the 

argument that needs to be used data and the table number. In the example below, CF-002 is used to 

define the oxygen multiplier for the recombiner Reco-1, using local oxygen concentration at SC-

089 (structure representing the recombiner). If the stratification model was not used the 

concentration in CV-003 could be used as well. 

 
*        x      y       *  TF-020:  O2 multiplier 

600020  0.010  0.000    *  (1) 

600020  0.020  1.000    *  (2) 

* 

705002 Reco-1,  O2  multiplier 

*       (General TF)      Scale     Additive 

*      Group   Number     Fact.      Const. 

700002   1        5        1.0        0.0  *  

*      Arguments 

* Pointers: (1) (2) (3) (4) * 

710002       3 081  10   5  *  SC-081-Vfrc-O2_r   Argument 

710002       6 020   1   0  *  TF-020-Valu-0000   Tabulated data points 

 

 

• H2 + O2 recombination mass transfer rate, CF-004 

 

The total mass transfer rate due to hydrogen recombination is calculated as the product of the three 

multipliers, described above. The multiply/divide control function is used (see section 16.2.1), and 

it uses the Control Functions CF-001, CF-002, CF-003, as arguments. Additionally the scaling factor 

of –9.0 is used for the following reason. Consumption of one mole (2 kg) of hydrogen is 

accompanied by consumption of a half mole (16 kg) of oxygen. Thus the total consumption of H2 

and O2 is 9 kg per 1 kg of hydrogen, hence the scaling factor of 9.0. Since this is a mass sink, the 

negative sign is used: 

 

CF-004 = –9.0  ( CF-001  CF-002  CF-003 ) 

 
705004 Reco-1,  H2+02 consumption rate = -9 * ( 1 Recombiner type R1 ) 

*        (Multiply)       Scale     Additive 

*      Group   Number     Fact.      Const. 

700004   1        2       -9.0        0.0  * 

*      Arguments 

* Pointers: (1) (2) (3) (4) * 

710004       7 001   1   0  *  CF-001-Valu-0000 

710004       7 002   1   0  *  CF-002-Valu-0000 

710004       7 003   1   0  *  CF-003-Valu-0000 

 

 

• H2O source due to recombiner operation, CF-005 

 

The mass source of steam is the same as the total consumption rate but with the plus sign, thus the 

multiplier –1.0 is used. The control function type is add/subtract type (see section 16.2.1), and it 

uses the control function CF-004 as an argument. 

 
705005 Reco-1,  H20 generation rate = -1 * ( H2+02 consumption rate ) 

*      (Add/subtract)     Scale     Additive 

*      Group   Number     Fact.      Const. 

700005   1        1       -1.0        0.0  * 

*      Arguments 

* Pointers: (1) (2) (3) (4) * 

710005       7 004   1   0  *  CF-004-Valu-0000 
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• Heat of reaction, CF-006 

 

According to [32] the heat of reaction is 241.8 kJ per mole of created steam. That means 2.418108 

J/kmol, which equals to 1.34107 J per kilogram of created steam. The control function CF-006 

calculates the heat generation due to reaction for the recombiner Reco-1. The function uses CF-005 

as an argument, and the scaling factor of 1.34107. 

 
705006 Reco-1 - Mass & Energy Sources for CV-003 

*      (Add/subtract)     Scale     Additive 

*      Group   Number     Fact.      Const. 

700006   1        1       1.34E7      0.0  * 

*      Arguments 

* Pointers: (1) (2) (3) (4) * 

710006       7 005   1   0  *  CF-005-Valu-0000 

 

 

• Mass and energy sources for CV-003 

 

The last three control functions represent the mass and energy effects of the recombiners. The mass 

and energy sources for the Control Volume where recombiners are present, are defined by: 

 

Mass source 1: Mass sink of hydrogen and oxygen 

  Mass source rate given by: CF-004 

  Gas composition:  H2 = 0.11111 (=2/18) 

      O2 = 0.88889 (=16/18) 

 

Mass source 2: Mass source of steam 

  Mass source rate given by: CF-005. 

  Gas composition:  H2O=1.0 

 

Energy source: Reaction energy 

  Energy source rate given by: CF-006 

 

The elevation of the source is 2.5 m above the floor of CV-003 (location of the recombiner in the 

real plant). The area and diameter of the mass sources are not very important for the present 

application and were arbitrarily chosen as 0.1 m2 and 0.01 m respectively. The temperature and 

pressure of the source gas (needed only for positive sources) were defined using TF-022 and TF-

009 respectively. The values were not very important for the analysis, therefore the pressure was 

simply set to 2 bar and temperature to 400 K (approximately saturation temperature at about 2 bar).A 

more exact way would be to define these parameters using Control Functions, equal to the pressure 

and the saturation temperature in CV-003. The SPECTRA input is shown below. 

 

 
*       Reco-1 - Mass & Energy Sources for CV-003 

*        Z      A     D   IM/ET ITT  IPT    Gas Mass   Gas Mass 

*       (m)   (m2)   (m)   (-)  (-)  (-)    No. Frac.  No. Frac. 

131003  2.5   0.1    0.01   -4   22    9     1 0.1111   5 0.8889  * m: H2, O2 

132003  2.5   0.1    0.01   -5   22    9     3 1.0000             * m: H2O 

141003  2.5                 -6                                    * E 
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16.6 2-D Control Functions 

 

16.6.1 2-D Tabular Function 

 

A two-dimensional Tabular Function, F(x,y), may be created, where x is the first argument and y is 

the second argument. All other arguments are pointers to Tabular Functions. A double interpolation is 

performed, as follows: 

 

• First, an interpolation in the x-direction is performed. The values of TF-s are calculated for 

the argument x. The values are stored as a temporary vector. 

• Second, an interpolation in the y-direction is performed. Here the argument is y, the 

independent argument is the user-defined y-coordinates (ARG2CF) while the dependent 

argument is the temporary vector. 

 

The general Tabular Function should be defined by a number of TFs, each TF defining the value of 

function versus the argument x for one value of the argument y. The y-arguments are defined in this 

record. An example of a 2-D function is shown below. 

 
605101 Efficiency versus flow, pump speed of 20 rev/s 

*        x      f(x) 

600101  0.05    0.30 

600101  0.2     0.60 

600101  0.5     0.72 

600101  0.8     0.80 

600101  1.0     0.75 

600101  1.1     0.70 

* 

605102 Efficiency versus flow, pump speed of 40 rev/s 

*        x      f(x) 

600102  0.05    0.40 

600102  0.1     0.60 

600102  0.2     0.70 

600102  0.5     0.82 

600102  1.0     0.85 

600102  1.1     0.81 

* 

605103 Efficiency versus flow, pump speed of 50 rev/s 

*        x      f(x) 

600103  0.05    0.50 

600103  0.1     0.70 

600103  0.2     0.80 

600103  0.35    0.90 

600103  1.0     0.92 

600103  1.1     0.88 

* 

* 

705100 2-D General Tabular Function  

*      Group   Number        Fact.   Const. 

700100   1        5           1.0     0.0     *  Type    : General TF 

*       y1    y2    y3 

708100 20.0  40.0  50.0 * y-coordinate data points (pump speeds) 

*      Arguments 

* Pointers: (1) (2) (3) (4) Fact. Const. 

710100       2  500 37   2  1.0   0.0  * x-argument: JN-500, pump flow (pool) 

* 

710100       6  101  1   0  1.0   0.0  * uses TF-101 for y = y1 

710100       6  102  1   0  1.0   0.0  * uses TF-102 for y = y2 

710100       6  103  1   0  1.0   0.0  * uses TF-103 for y = y3 

* 

710100       2  500 36   2  1.0   0.0  * y-argument: JN-500, pump speed (pool) 
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The values of CF-100, defined as shown above, are shown in Figure 16-9. Results of the pump test 

case, defined in (\Z-INPUTS\CF\TF-2D) are shown in Figure 16-10. 

 

 

Figure 16-9 Pump efficiency, defined using a 2-D General Tabular Function 

 

 

Figure 16-10 Pump flow test with efficiency defined using a 2D function 

 



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  795 

16.6.2 Time-Dependent 2-D Function 

 

In the previous example any parameter could be used as the x argument, however, the next arguments 

had to be Tabular Functions. In the present example, the first argument is time. In such case, the 

following arguments may be any time-dependent parameter in the SPECTRA database.  

An example of such function is shown below. 

 
* 

705200 2-D General Tabular Function - INTERPOLATION AMONG SELECTED ARGUMENTS 

*      Group   Number        Fact.   Const. 

700200   1        5           1.0     0.0     *  Type    : General TF 

*       y1    y2    y3 

708200  1.0   2.0   3.0 * y-coordinate data points (SELECTOR VALUES) 

*      Arguments 

* Pointers: (1) (2) (3) (4) Fact. Const. 

710200       9   0   1   0  1.0   0.0  * x-argument: TIME (MUST BE TIME FOR THIS TYPE OF CF) 

* 

710200       1  001  8   0  1.0   0.0  * uses liquid level in CV-001 versus time 

710200       1  002  8   0  1.0   0.0  * uses liquid level in CV-002 versus time 

710200       1  001  8   0  1.0   0.0  * uses liquid level in CV-001 versus time 

* 

710200       6  201  1   0  1.0   0.0  * y-argument: SELECTOR 

* 

* 

605201 SELECTOR 

600201      0.0      1. 

600201   1000.0      1. 

600201   1100.0      2. 

600201   2000.0      2. 

600201   2100.0      3. 

 

The input above, defines the following function: 

 
 SELECTOR CF Value 

 1.0  Zpool(CV-001) 

 2.0  Zpool(CV-002) 

 3.0  Zpool(CV-001) 

 

Linear interpolation is performed for the intermediate values of the selector function. The function 

was defined within the pump test case, defined in (\Z-INPUTS\CF\TF-2D). The values of CF-200, 

defined as shown above, are shown in Figure 16-11. Figure 16-10 shows the state of the case for t 

= 2175 s. At this time, the value of the selector function (TF-201) is 3.0. Therefore the value of CF-

200 is equal to the liquid level in CV-001 at this time: 9.98 m. 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

796  K6223/24.277594  MSt-2402 

 

Figure 16-11 Values of a 2D function, CF-200 in the example case 

 

 

16.6.3 Stiff Set of Ordinary Differential Equations (ODE) 

 

16.6.3.1 Theoretical Basis 

 

As an example of the applicability of Control Functions in SPECTRA, a set of differential equations 

is solved. A “stiff” set of differential equation was selected, taken from [1]. Stiff equation sets are 

particularly difficult to solve. The equation set is: 
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The exact solution was obtained using a solver specifically useful for stiff equation system, taken 

from [1]. These results are presented in the next section, as the “theoretical” solution, to distinguish 

them from SPECTRA results, although this is also a numerical solution but obtained using a 

different tool than SPECTRA. 
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16.6.3.2 SPECTRA Model and Results 

 

The equation set was modeled using Control Functions. Nine Control Functions were used to define 

the analyzed equation set. The definitions of the Control Function are shown in Table 16-2. A listing 

of the SPECTRA input for these functions is shown below. For the first three functions the initial 

values are specified. Note that these are the integral-type functions, and for such functions 

SPECTRA requires the user to enter the initial values (see Volume 2). For other Control Functions 

the initial values were left to be calculated by the code. The input deck is quite self-explanatory and 

no more comments are needed. 

 

Calculations were performed using the time step of 1.0 (s). The run was completed in 10 

advancements, without any time step reductions, with a small number of iterations per time step (10 

- 20). Results are shown in Figure 16-12. It is seen that the results are very accurate. Further 

discussion of this test run is provided in Volume 3. 

 

Table 16-2 Definition of Control Functions for the Stiff ODE test. 

CF No. and type  

Value 

 

Definition of CF 

Initial 

Value CF Type 

CF-001 

CF-002 

CF-003 

 

CF-004 

CF-005 

CF-006 

 

CF-007 

CF-008 

CF-009 

Integral 

Integral 

Integral 

 

Multiply 

Multiply 

Multiply 

 

Add 

Add 

Add 

y1 

y2 

y3 

 

0.013y1 

1000y1y3 

2500y2y3 

 

dy1/dt 

dy2/dt 

dy3/dt 

 (CF-007) dt 

 (CF-008) dt 

 (CF-009) dt 

 

0.013CF-001 

1000CF-001CF-003 

2500CF-002CF-003 

 

– CF-004 – CF-005 

– CF-006 

– CF-004 – CF-005 – CF-006 

1.0 

1.0 

0.0 

 

Figure 16-12 Stiff equation system - SPECTRA with t=1.0 s and “theoretical” solution. 
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* 

*                    

705001   CF-001 = y1 

701001   2   1.0              *  Initial value 

700001   1    8     1.0  0.0  *  Type, Scale, Add 

*      Arguments 

* Pointers: (1) (2) (3) (4)   * 

710001       7  007  1   0    *  CF-007-Valu-0000 

* 

*                    

705002   CF-002 = y2 

701002   2   1.0              *  Initial value 

700002   1    8     1.0  0.0  *  Type, Scale, Add 

*      Arguments 

* Pointers: (1) (2) (3) (4)   * 

710002       7  008  1   0    *  CF-008-Valu-0000 

* 

*                    

705003   CF-003 = y3 

701003   2   0.0              *  Initial value 

700003   1    8     1.0  0.0  *  Type, Scale, Add 

*      Arguments 

* Pointers: (1) (2) (3) (4)   * 

710003       7  009  1   0    *  CF-009-Valu-0000 

* 

* --------------------------------------------------- 

* 

*                          

705004   CF-004 = 0.013*y1 

700004   1    2   0.013  0.0  *  Type, Scale, Add 

*      Arguments 

* Pointers: (1) (2) (3) (4)   * 

710004       7  001  1   0    *  CF-001-Valu-0000 

* 

*                            

705005   CF-005 = 1000*y1*y3 

700005   1    2   1000.0 0.0  *  Type, Scale, Add 

*      Arguments 

* Pointers: (1) (2) (3) (4)   * 

710005       7  001  1   0    *  CF-001-Valu-0000 

710005       7  003  1   0    *  CF-003-Valu-0000 

* 

*                            

705006   CF-006 = 2500*y2*y3 

700006   1    2   2500.0 0.0  *  Type, Scale, Add 

*      Arguments 

* Pointers: (1) (2) (3) (4)   * 

710006       7  002  1   0    *  CF-002-Valu-0000 

710006       7  003  1   0    *  CF-003-Valu-0000 

* 

* ---------------------------------------------------- 

* 

*                     

705007   CF-007 = y1' 

700007   1    1     1.0  0.0  *  Type, Scale, Add 

*      Arguments 

* Pointers: (1) (2) (3) (4)   *  

710007      -7  004  1   0    *  CF-004-Valu-0000 

710007      -7  005  1   0    *  CF-005-Valu-0000 

* 

*                     

705008   CF-008 = y2' 

700008   1    1     1.0  0.0  *  Type, Scale, Add 

*      Arguments 

* Pointers: (1) (2) (3) (4)   *  

710008      -7  006  1   0    *  CF-006-Valu-0000 

* 

*         

705009   CF-009 = y3' 

700009   1    1     1.0  0.0  *  Type, Scale, Add 
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*      Arguments 

* Pointers: (1) (2) (3) (4)   *  

710009      -7  004  1   0    *  CF-004-Valu-0000 

710009      -7  005  1   0    *  CF-005-Valu-0000 

710009      -7  006  1   0    *  CF-006-Valu-0000 
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17 Mathematical Library 

 

While the Tabular and Control Function Packages can be considered as a utility packages for the 

user, Mathematical Library (ML) is a utility package for the program. The ML Package provides a 

set of general procedures, used by the physics packages. Most of the procedures present in Math 

Library were adapted from the "Numerical Recipes in FORTRAN" [1]. The ML Package contains 

subroutines and functions for the following purposes: 

 

• Interpolation, including linear and cubic (third order) interpolation of functions given by 

tabular data with either constant or variable spacing of the independent variable. The 

interpolation routines are widely used by nearly all packages of the program, most 

extensively by the Fluid Property Package (chapter 3). The interpolating subroutines are 

described in section 17.1. 

 

• Differentiation and integration of functions given by tabular data, with either constant, or 

variable spacing of independent variable. Those procedures are being used by the Control 

Volume Package (chapter 2), to perform overall mass and energy balance check. To perform 

this check it is necessary to integrate masses and energies from all mass sources and energy 

sources present in the system, as well as heat fluxes entering CV from the surface of all 

Solid Heat Conductors. The procedures from this group are described in section 17.2. 

 

• Calculation of real roots of quadratic and cubic equations. The procedures are used by the 

Control Volume Package (chapter 2), to calculate atmosphere-bubble pressure difference, 

and the Heat Transfer Package (chapter 7), to calculate shear enhancement in the KSP 

correlation. The procedures from this group are described in section 17.3. 

 

• Solution of linear equations. The linear equation solvers are used by the Junction Package 

(chapter 4), the Solid Heat Conductor Packages (chapters 5 and 6), the Thermal Radiation 

Package (chapter 8), and the Radioactive Particle Transport Package (chapter 12). The 

procedures from this group are described in section 17.4. 

 

• Bessel functions. Bessel functions are used by the Solid Heat Conductor Package, to model 

the extended surfaces (chapter 5). The procedures from this group are described in section 

17.5. 

 

 

17.1 Interpolation 

 

Two types of interpolation are available: 

 

• Linear interpolation 

• Third order (cubic) interpolation. 
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With linear interpolation the obtained function is continuous, but it has discontinuous derivative. In 

case of cubic interpolation both function and its first derivative are continuous (Figure 15-1). 

Beyond the range defined by the data points, the end point values are kept. This approach is consider 

as safer than performing extrapolations. 

 

Different interpolating functions are available, applicable for: 

 

• Equal spacing of independent variable data points 

• Unequal spacing of independent variable data points. 

  

In case of equal spacing of the data points, such as for example: (1.0, 2.0, 3.0, 4.0, etc.), there is no 

need to search for the nearest data points, and the interpolation is relatively fast. 

 

In case of unequal spacing, like (1.0, 2.0 2.5, 2.9, 3.0, 11.0, etc.), the nearest data points have to be 

found before the interpolation can be performed. The search is performed using the bisection 

method, adapted from [1]. To increase efficiency of calculations, an option is provided to tell the 

interpolating subroutine the numbers of the nearest data points. In such case the search part is 

bypassed and calculations are faster. This of course can be done only if the nearest points numbers 

are known before calling. In the program this occurs quite frequently. For example, when several 

different properties at the saturation line need to be found for the same temperature argument. All 

saturation properties are tabulated for the same temperature points. When several properties are 

calculated for the same temperature then the search is only needed during the first call to 

interpolating procedures. The calls to interpolating subroutine made to find other parameters are 

executed with the option to bypass the searching. Tests performed with different interpolating 

subroutines (Volume 3) show that the relative CPU requirements are: 

 

• Unequal argument spacing, search for nearest points included: 100% 

• Unequal argument spacing, search for nearest points bypassed: 20% 

• Equal argument spacing, no need to search for nearest points: 40% 

 

 

17.2 Differentiation and Integration 

 

This section gives a description of the procedures performing differentiation and integration of 

tabulated functions. 

 

• Differentiation 

 

Derivative of a tabular function is calculated for any argument x, as: 
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Here xi, xi–1, are the values of the nearest arguments, such that xi < x < xi–1, and yi, yi–1, are 

the function values for those arguments. Outside the tabulated range the end-point values 

are kept, therefore the derivative is equal to zero: y’ = 0.0. 

 

• Integration 

 

Integrating procedures calculate an integral of a tabular function: 

 

=
b

a

dxxyI )(  

 

where y(x) is a function defined through data pairs (x, y). The integration boundaries, a, b, 

may be any real numbers. Depending on the relative values of the integration boundaries, 

three cases are considered: 
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Before the integral is calculated the nearest data points must be found for both the lower 

and the upper integration bounds. For the lower integration boundary the nearest data points 

are denoted by xa', xa'–1. In case of the upper boundary the nearest data points are xb', xb'–1. 

The integral is then calculated as a sum of three parts: 
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The values of the integrals I1, I2, I3 are given below: 
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In case when the integration boundaries are within a single data interval, i.e. when xa' = xb', 

the integral is calculated as: 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

K6223/24.277594  MSt-2402  803 











−+

−

−
+

−
= −

−

−

− )2''(2
2

''
1'

1''

1''

1' a

aa

aa
a xba

xx

yy
y

ab
I  

 

Similarly as in case of interpolating procedures, the procedures performing differentiation and 

integration of tabulated functions may be divided into two groups, applicable for: 

 

• Equal spacing of independent variable data points 

• Unequal spacing of independent variable data points. 

 

The differentiating procedures for unequal independent argument spacing are again provided with 

an option to bypass a search for the nearest data points, which allows to speed up calculations when 

several calls are made for the same argument and the same independent variable array, but different 

dependent variable arrays. 

 

Tests performed with different integrating and differentiating subroutines (see Volume 3) show that 

the relative CPU requirements are: 

 

• Differentiation 

o Unequal argument spacing, search for nearest points included: 100% 

o Unequal argument spacing, search for nearest points bypassed: 15% 

o Equal argument spacing, no need to search for nearest points: 40% 

 

• Integration 

o Unequal argument spacing: 100% 

o Equal argument spacing: 90% 

 

The integrating subroutines perform a relatively large amount of floating point operations, therefore 

the gain from avoiding the nearest points searching is minor. 

 

An example of differentiation and integration is presented in Figure 17-1. Figure shows a tabulated 

function, y(x), its derivative, y'(x), and two integrals: 
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The difference between the values of the first and the second integral is equal to 3.5, which is equal 

to the value of the integral taken from –1.0 to 2.0. 
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Figure 17-1 Derivative and integral of a tabulated function 

 

 

 

17.3 Real Roots of Quadratic and Cubic Equations 

 

The subroutines calculating real roots of quadratic and cubic equations are described below. 

 

• Quadratic equation 

A quadratic equation has the following general form: 

 

02 =++ baxx  

 

The discriminant, Δ, is calculated from the formula: 

 

ba 42 +=  

 

Depending on the value of Δ two cases are possible: 

 

Δ < 0.0 - no real roots 

If the value of the discriminant is negative, then the equation has no real roots. The values 

of roots x1, x2 are in this case set to: 
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Δ  0.0 - two real roots. If the value of the discriminant is non-negative then the equation 

has two real roots. The values of the two roots become identical when Δ = 0.0. If the absolute 

value of Δ is smaller than 10–15 it is interpreted as zero. The real roots are equal to: 
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With the above formulation the following condition is always fulfilled: x1 < x2. This fact is 

sometimes helpful in selecting this one out of the two roots which has a physical meaning. 

 

• Cubic equation 

A cubic equation has the following general form: 

 

023 =+++ cbxaxx  

 

Calculation is performed using the Viète's formulae: 
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Depending on the value of Q two cases are possible: 

 

Q < 0.0 - three real roots 

If the value of the p is negative, then: 
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Such case is shown in Figure 17-2. (a). In case when p1/3 = –q, the expression under arccos 

is equal to 1.0, which means that α = 0.0 and x1 = x2 (which follows from parity of the cosine 

function). This case is shown in Figure 17-2 (d). Similarly when α = π/3, then again a double 

root is obtained; this time the second and the third roots are equal: x2 = x3. 

  



 

 

SPECTRA Code Manuals - Volume 1: Program Description 

806  K6223/24.277594  MSt-2402 

 

Figure 17-2 Examples of cubic function, real roots calculation. 
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If the value of Q is equal to zero (when the absolute value of Q smaller than 10–15 it is 

interpreted by the procedure as zero), then the equation has a triple real root: 
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This case is shown in Figure 17-2 (e). Note that with Q  0.0, p3 can never be positive, thus 

the cases described above exhaust all possibilities. 

 

Q > 0.0 - one real root 

00

3/1

0

3/1

0

)(

)(

BAY

QqQqsignB

QqQqsignA

+=

−−+−=

+−+−=

 

 

Two cases are distinguished. If the value of Y is positive then there is a single real root, 

placed on the right arm of the parabola, as shown in Figure 17-2 (c). In that case the 

following values are returned by the cubic root subroutine: 
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In case of negative Y the root is placed on the left arm of the parabola, as shown in the 

Figure 17-2 (b). The returned values are: 
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With the above formulation the following condition is always fulfilled: x1 < x2 < x3. This 

fact is sometimes helpful in selecting this one out of the three roots which has a physical 

meaning. 
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17.4 Solution of Linear Equation Sets (Matrix Solvers) 

 

The basic methods of solving linear algebraic equations include the Gauss-Jordan elimination 

method, and the LU (lower-upper) decomposition method. For extremely large equation sets 

iterative methods may be used [1]. According to reference [1], the most efficient method for solving 

linear equation sets is the LU decomposition. However, it was observed that this method failed to 

find proper solution in solving some decay chains(*). 

 

The following matrix solvers are available: 

 

• Gauss-Jordan method 

The method is generally applicable for all kind of matrices. The subroutine performing that 

task was adapted from [1]. The modifications made to the original subroutines include: 

o declaring all real numbers as double precision (to be consistent with the rest of the 

SPECTRA code, which has been written totally in double precision); 

o adding a failure indicator to allow failure handling by a method generally applied 

in the code (failure indicator allows to avoid immediate termination on failure, and 

therefore allows the program to provide the user with extensive diagnostics on 

where and why the error has occurred). 

 

• The LU decomposition method 

The method is generally applicable for all kind of matrices. The subroutines performing that 

task were adapted from [1]. The modifications made to the original subroutines include: 

o declaring all real numbers as double precision (to be consistent with the rest of the 

SPECTRA code, which has been written totally in double precision); 

o adding a failure indicator to allow failure handling by a method generally applied 

in the code (failure indicator allows to avoid immediate termination on failure, and 

therefore allows the program to provide the user with extensive diagnostics on 

where and why the error has occurred); 

o extending the maximum array dimension (maximum number of equations being 

solved simultaneously) from 500 to 1000. 

 

• Tridiagonal matrix solver 

Tridiagonal matrices are obtained from a 1-dimensional conduction equation (section 5.2). 

Such matrices are relatively easy to solve, and a special procedure exists which allows to 

solve them efficiently. The procedure was adapted from [1]. The modifications made to the 

original subroutines include declaring all real numbers as double precision. 

 

 

_______________ 

(*) The LU decomposition subroutine was returning non-zero values for isotopes that were not present. Since the values were relatively 

small, this effect is believed to be caused by round-off errors. Nevertheless the non-zero values caused numerical problems, specifically 

when the values were negative. When Gauss-Jordan was applied the values were exactly zero. 
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• Band-diagonal matrix solvers 

Procedures specifically designed for band diagonal matrices, such as for example obtained 

from multi-dimensional conduction equation (section 6.2). The solution procedure was 

adapted from [1]. The modifications made to the original subroutines include: 

 

o declaring all real numbers as double precision; 

o adding a failure indicator. 

 

Since multidimensional heat conduction is currently not available, the procedures are not 

used by the code. They were included into the Math Library for eventual future use. 

 

• Sparse matrix solver 

Bi-conjugate gradient method is an iterative solution procedure, specifically designed for 

large sparse matrices, such as for example obtained in a large flow networks (see section 

4.2). The solution procedure was adapted from [1]. The modifications made to the original 

subroutines include adding a failure indicator. 

 

In addition to the matrix solvers described above, this part of the Math Library contains procedures 

to calculate the norm of a vector, multiply sparse matrix, or its transpose by a vector, etc. 
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17.5 Bessel Functions 

 

The procedures calculating Bessel functions: Jn(x), Yn(x), and modified Bessel functions: In(x), 

Kn(x), where n = 0, 1, ..., is the order of a given function, were adapted from "Numerical Recipes in 

FORTRAN" [1]. The modifications made to the original subroutines include converting them into 

double precision and adding a failure indicator. Those modifications were needed for the reasons 

explained in the previous section. The values of Bessel functions of the low orders, as calculated by 

the Mathematical Library Package, are shown in Figure 17-3 and Figure 17-4. 

 

 

 

Figure 17-3 Bessel functions 

 

Figure 17-4 Modified Bessel functions 
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17.6 Utility Functions 

 

The function DNLEXP calculates exp(x) using the FORTRAN double precision function DEXP(X). 

A separate function was built to calculate the exponent for the reason of computational efficiency, 

as explained below. 

 

For very large negative arguments the value of function is very close to zero: 

 

−→→ xforx :0.0)exp(  

 

The function DEXP(X) takes quite some time to calculate the value for x → –∞. In SPECTRA 

calculations exp(–∞) are quite frequent, for example in case of particle resuspension the 

characteristic exponent for weakly-bound particles are very large (resulting in immediate 

resuspension). In such case FORTRAN takes quite some time in order to obtain the value which is 

equal to zero with a very good accuracy. A similar problem arises for a very small absolute 

arguments: 

0.0:0.1)exp( →→ xforx  

 

Again, the solution is known with a very good accuracy while FORTRAN takes quite some time to 

arrive at a value which is just slightly different that one. 

 

The SPECTRA exponent function, DNLEXP(X), has been defined as follows: 
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The performed CPU tests (see Volume 3) showed that for x → –∞ (x = –109) the gain in speed is 

three orders of magnitude. For |x|  → 0.0 (x = 10–9) the gain is much smaller but it is still about an 

order of magnitude. Note that for x = –109 DEXP takes about 60 times more time than for a “decent” 

value of x = 1.0. 
                                            TOTAL CPU    CPU / TEST      % 

  

   DEXP( 1.00E-09) = 1.00000E+00 :  CPU =  4.68750E-01  4.68750E-08    100.0 

 DNLEXP( 1.00E-09) = 1.00000E+00 :  CPU =  6.25000E-02  6.25000E-09     13.3 

  

   DEXP(-1.00E+09) = 0.00000E+00 :  CPU =  6.26992E+01  6.26992E-06    100.0 

 DNLEXP(-1.00E+09) = 0.00000E+00 :  CPU =  6.25000E-02  6.25000E-09      0.1 

  

   DEXP( 6.00E+01) = 1.14315E+26 :  CPU =  1.03125E+00  1.03125E-07    100.0 

 DNLEXP( 6.00E+01) = 1.14200E+26 :  CPU =  7.81250E-02  7.81250E-09      7.6 

  

   DEXP( 1.00E+00) = 2.71828E+00 :  CPU =  1.00000E+00  1.00000E-07    100.0 

 DNLEXP( 1.00E+00) = 2.71828E+00 :  CPU =  1.15625E+00  1.15625E-07    115.6 
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18 External Data Files 

 

The External Data File (EDF) Package serves as a utility in SPECTRA to communicate with 

external data files. SPECTRA has two external data files: 

 

• “Write-EDF”, and 

• “Read-EDF” 

 

The EDF written by SPECTRA may be used by another program as a source of data (e.g. as 

boundary conditions, etc.). The EDF read by SPECTRA may be used to supply data (e.g. boundary 

conditions, etc.) to SPECTRA. Such data could be generated by another program, spreadsheet, 

hand-calculations, etc. 

 

Using the “Write-EDF” a set of variables from the SPECTRA data base may be sent to the EDF. 

Any variable from the SPECTRA data base may be used, for example Control Volume temperature 

or pressure, 1-D or 2-D structure temperature, etc. The full list of SPECTRA variables is provided 

in Volume 2. 

 

Using the “Read-EDF” a set of Tabular Function values may be read by SPECTRA. The reason 

why only Tabular Functions are read is the following. Other variables, such as for example Control 

Volume temperature or pressure are being calculated by the SOLVER Package, and they cannot be 

redefined outside the SOLVER. If a user wishes to use a Control Volume with fixed, or time 

dependent pressure, then he has to use an inactive CV with time dependent parameter definitions 

(see Volume 2). In such case the CV temperature, pressure, etc. are defined using either a Tabular 

or a Control Function. Therefore reading TF values is sufficient to provide every kind of boundary 

condition that the SPECTRA user may wish to define in his calculations. 

 

There main options of using EDF are: 

 

• Normal run with EDF 

• Synchronized run with EDF, explicit coupling 

• Synchronized run with EDF, implicit coupling 

 

These two options are shortly discussed below. 

 

18.1 Normal Run with EDF 

 

• Write-EDF is created during the calculations. It is very similar to the plot file; the main 

difference is the lack of variable identifiers (headers) in the EDF file. 

• Read-EDF must be present when SPECTRA is started, and the values from the Read-EDF 

are read during the run and assigned to the appropriate tabular functions. 

 

At the end of calculations, both EDF files contain full information from the run. 
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18.2 Synchronized Run with EDF, Explicit Coupling 

 

Synchronized option is provided to allow interactively read/write EDF. With this option SPECTRA 

may run parallel with another program (or another model run by the SPECTRA code itself) and 

exchange information at every time step. In case of synchronized run each EDF contains data for a 

single (current) time step only. The following procedure is used. 

 

Once SPECTRA comes to the point when EDF must be written, it first checks if the EDF that has 

been written at the previous step still exists. If it does, then it waits until it disappears. Thus, the 

non-existence of the file is treated as a sign from the other program that the information has been 

successfully received and the other program is ready to receive new information. Similarly, once 

SPECTRA comes to the point when EDF must be read, it first checks if it exists. If so, it reads the 

information and then deletes the file. Thus it gives the signal to the other program that the 

information has been successfully received and SPECTRA is ready to receive new information. 

 

During both normal run and synchronized run the EDF information is written/read using the data 

exchange time step DTEXED, specified in the records 9800000 (see Volume 2). This time step must 

correspond to the EDF time step which, in whatever way, is defined in the other program, running 

in parallel in SPECTRA. The user also defines maximum acceptable time mismatch in synchronized 

runs, ERRSED. This is a fraction of the data exchange time step. If the time mismatch is smaller than 

the product: ERRSED × DTEXED, then the data is exchanged without any time step modification. If 

the mismatch is larger, the time step is reduced (Figure 17-4). A small increase of time step (10%) is 

also permitted, in order to avoid severe Δt reduction in the subsequent step. 

 

Multiple data exchange processes (EDF-s) may be specified. In this way data may be read from or 

written to several data files in a normal run. In a synchronized run, a single job may communicate with 

several other jobs. Maximum number of EDF processes is 10, therefore one job may exchange data 

interactively with up to 10 other jobs. 

 

 

Figure 18-1 Illustration of data exchange process 
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18.3 Synchronized Run with EDF, Implicit Coupling 

 

In the case of implicit coupling, data is exchanged multiple times every time step. Sub-cycling (time 

step reduction) is not possible. The minimum time step must be set as equal to the maximum time 

step. Below, a simple test case illustrates the difference between the implicit and the explicit 

coupling. The test SYNCH-IMPL-1 consists of two identical inputs, containing one Control Volume 

(CV-004), with parameters controlled by the tabular functions in such a way that the pressure 

increases from 1.0 bar to 1.1 bar and the temperature increases from 300 to 400 K in 10 s. The test 

is described in more detail in Volume 3. The results are shown in Figure 18-2 and Figure 18-3. 

 

 

 

Figure 18-2 Test SYNCH-IMPL-1, explicit coupling; the read data is lagging by one time step 

 

 

 

Figure 18-3 Test SYNCH-IMPL-1, implicit coupling 
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The temperature and pressure is passed from each job on to its partner, first using explicit scheme 

and then using implicit scheme. The data read is stored as TF-110 (pressure) and TF-120 

(temperature). 

 

Figure 18-2 shows that with explicit coupling, the values read are lagging by one time step (to be 

more precise by one data exchange step, but in this case the data exchange step is equal to the 

maximum as well as the minimum time step). 

 

Figure 18-3 shows that with implicit coupling the read values are identical as the current values of 

pressure and temperature, as the data is exchanged in several iterations until sufficient convergence 

is reached. Printouts of messages from both explicit and implicit couplings are shown below. 

 

• Explicit coupling, EDF messages from the last two time steps 
 

  t [s] =  8.0000     :  EDF EXPLICIT DATA TRANSFER NO.:       9 

                         DESIGNATED TRANSFER TIME:  8.00000E+00 ,  MISMATCH:  0.00     

 WRITTEN:    2  8.000E+00  1.080E+05  3.800E+02 

 READ   :    2  8.000E+00  1.080E+05  3.800E+02 

 

  t [s] =  9.0000     :  EDF EXPLICIT DATA TRANSFER NO.:      10 

                         DESIGNATED TRANSFER TIME:  9.00000E+00 ,  MISMATCH:  0.00     

 WRITTEN:    2  9.000E+00  1.090E+05  3.900E+02 

 READ   :    2  9.000E+00  1.090E+05  3.900E+02 

 

• Implicit coupling, XIMPED = 1.0, EDF messages from the last two time steps 
 

  t [s] =  8.0000     :  EDF EXPLICIT DATA TRANSFER NO.:       9 

                         DESIGNATED TRANSFER TIME:  8.00000E+00 ,  MISMATCH:  0.00     

 WRITTEN:    2  8.000E+00  1.080E+05  3.800E+02 

 READ   :    2  8.000E+00  1.080E+05  3.800E+02 

 

  t [s] =  9.0000     :  EDF IMPLICIT DATA TRANSFER NO.  1 

 WRITTEN:   -2  9.000E+00  1.090E+05  3.900E+02 

 READ   :   -2  9.000E+00  1.090E+05  3.900E+02 

 

  t [s] =  9.0000     :  EDF IMPLICIT DATA TRANSFER NO.  2 

 WRITTEN:    2  9.000E+00  1.090E+05  3.900E+02 

 READ   :    2  9.000E+00  1.090E+05  3.900E+02 

 

  t [s] =  9.0000     :  EDF EXPLICIT DATA TRANSFER NO.:      10 

                         DESIGNATED TRANSFER TIME:  9.00000E+00 ,  MISMATCH:  0.00     

 WRITTEN:    2  9.000E+00  1.090E+05  3.900E+02 

 READ   :    2  9.000E+00  1.090E+05  3.900E+02 

 

  t [s] =  10.000     :  EDF IMPLICIT DATA TRANSFER NO.  1 

 WRITTEN:   -2  1.000E+01  1.100E+05  4.000E+02 

 READ   :   -2  1.000E+01  1.100E+05  4.000E+02 

 

  t [s] =  10.000     :  EDF IMPLICIT DATA TRANSFER NO.  2 

 WRITTEN:    2  1.000E+01  1.100E+05  4.000E+02 

 READ   :    2  1.000E+01  1.100E+05  4.000E+02 

 

A semi-implicit scheme is possible, with the user-defined implicit factor (XIMPED - see Volume 

2). The actual value that is written to the EDF is equal to: 

 

VEDF = V × XIMPED + V0× ( 1.0 – XIMPED ) 

 

Here V is the current (end-of-time step) value and V0 is the start of time value. The value of XIMPED 

= 0.0 will produce basically the same results as explicit coupling (small differences are possible, 

since with implicit coupling more iterations are needed to accept the solution). If a negative value is 

entered, the general Solver procedure (Chapter 19) is used to control the convergence of the parameter 

being sent to the Write-EDF. Further discussion and examples are shown in Volume 3, test cases 

SYNCH-IMPL. 
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19 Numerical Solver 

 

The SPECTRA code is solving a large number of differential and algebraic equations. The 

Numerical Solver Package, referred to shortly as the Solver, is responsible for solving all equations 

of the model using a stable implicit numerical scheme. A general description of the implicit solution 

scheme is given below, followed by a short description of the features specific to the SPECTRA 

solver. 

 

What does it mean in practice, that the Solver Package is finding an implicit solution of the analyzed 

system? Basically, the implicit formulation can be explained as follows. Suppose one seeks a 

solution of a system of ordinary differential equations, of the form: 

 

),,...,,( 21 tyyyf
dt

dy
N

i =  

 

For numerical solution the derivative on the left hand side of the equation is replaced by the finite 

difference approximation: 

t

yy

dt

dy iii



−
  

 

where 
i

y  is the value of the i-th function at the beginning of the time step, yi is its value at the end 

of the time step, and Δt is the time step size. The finite difference version of the equation set may 

be constructed in several different ways. The easiest way to write it as: 

 

),,...,,( 21 tyyyftyy Nii +=  

 

In the above formulation, the right hand side of the equations depends only on known, old time step 

values of all parameters, thus the equation set above provides explicit formulas for all yi. Another 

way is to use new time step values, and thus obtain: 

 

),,...,,( 21 tyyyftyy Nii +=  

 

The right hand sides of the above set contain the unknown, end of time step values, yi, so the equation 

set provides an implicit formulas for yi. Other approaches are possible, for example Crank-

Nicholson method, with: 
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If the implicit or the Crank-Nicholson schemes are chosen, then the formulae have still to be 

somehow solved to obtain the unknown values of yi. If the functions f are relatively simple, for 

example if the set consists of linear equations, then it can be solved rather easily, by one of the linear 

equation set solving procedures (matrix solvers). 
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For example, when a heat conduction equation is written using an implicit scheme, a matrix with 

unknown temperatures is obtained (sections 5.2 6.2). Such matrix is easily solved by an appropriate 

matrix solver (section 17.4). In fact the conduction equation described in section 5.2 or 6.2 is not 

exactly linear, since the material properties are temperature dependent. Therefore a short internal 

iteration is needed to solve the conduction equation, but it is typically quickly converging, since the 

material properties do not change drastically with temperature. 

 

The fact that the conduction equation itself can easily be solved implicitly is only a minor 

encouragement, in view of the fact that SPECTRA contains a large amount of models, which all 

interact with each other. For example, the conduction model interacts with Control Volumes through 

boundary conditions. To solve the conduction equation implicitly, one needs to know the end of 

time step values of fluid temperatures in the control volumes. Those in turn have to be evaluated by 

solving mass and energy balance equations. Those equations too are defined implicitly, so among 

others they depend on the end of time step values of the surface temperature of the heat conductors. 

Apart from the packages dealing with physics (CV, JN, SC, etc.), there is the Control Function 

package, which also interacts with other packages, and which has to be solved implicitly. In other 

words the problem becomes complicated, when one tries to solve all system equations implicitly, 

and not only one particular package. 

 

When the equations of the model become very complex, then an iterative solution must be used. 

Typically the iterative solutions are performed as follows. As a first step the values needed to 

calculate the right hand sides are guessed. Typically the old time step values are used, so that for 

the first step one assumes that: 

ii yy =  

 

Next the equation system is solved. The obtained values are somehow being used to calculate the 

right hand side terms in the next iteration. The easiest way is to use the calculated values directly 

for the new iteration. This may lead to numerical catastrophes in case when equations are "stiff". 

For example, assume that atmosphere temperature is close to saturation and there is a negative 

energy source in the control volume. The gas temperature calculated in the first iteration decreases 

below saturation. This temperature is taken for the next iteration. Because subcooled steam is 

present, the non-equilibrium condensation occurs. This process is typically rapid and results in 

releasing large amounts of heat. Therefore the temperature calculated in the next iteration will be 

very large. If this temperature is then taken for the next iteration, then a large radiation flux will be 

emitted from the gas. Consequently the calculated gas temperature will be very low, possibly 

negative so outside physical limits. 

 

To prevent such numerical catastrophes different techniques may be applied. An underrelaxation 

method may be used, in which the newly calculated value is taken for the next iteration with some 

weighting factor. As may be easily found out, this doesn't help at all in case of really stiff equations. 

To avoid the numerical catastrophes the underrelaxation factor would have to be kept very low. This 

would imply that in general a great number of iterations would be needed to obtain convergence. 
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The equations which are being solved by SPECTRA are particularly stiff. This is a result of 

mechanistic treatment of bubbles and droplets, and nonequilibrium assumptions. The bubbles heat 

and mass transfer introduce particularly stiff equations, since bubbles themselves have practically 

no heat capacity, and the heat and mass fluxes are very large. Therefore a specific solution procedure 

has been developed, and coded as the Solver Package. The SPECTRA Solver is a general procedure, 

specifically useful to solve stiff sets of equations. 

 

In short, the approach to numerical solution, taken in SPECTRA, is that all packages are internally 

written, as far as possible, using an implicit scheme (for example, conductor internal temperatures 

are calculated using an implicit conduction equation). The parameters interfacing several packages, 

such as wall surface temperatures, fluid temperatures, pressures, velocities, values of control 

functions, etc., are controlled by the Solver in the main iteration to obtain fully implicit solution of 

all parameters. The iteration is continued until all controlled parameters converge. The convergence 

criterion is set by default at 10–4, that means the iteration continues until the differences between the 

assumed value and the calculated value is smaller than 10–4 in relative terms, for all controlled 

parameters. 

 

The solution procedure is shortly characterized as follows. A time advancement is attempted using 

the maximum (user defined) time step. If the desired convergence (10–4 relative error) cannot be 

achieved within certain number of iterations (default=50), then the time step is reduced by a certain 

factor (default=4), and the solution procedure is repeated. Once the solution is obtained, the program 

proceeds with the next time advancement. If the time step used to complete the previous 

advancement was shorter than the maximum time step, then the Solver may increase the time step 

by a certain factor (default=1.303), to reach back the maximum time step. This is done only if the 

previous advancement has been completed in less than a certain number of iterations (default=20). 

Several additional time step limits are imposed, like the Courant limit, or velocity change limit. 

Those are described in chapter 4. 

 

The Solver package provides an easy to use and general tool for solution of differential and algebraic 

equations. A more detailed description of the procedure applied within the Solver to reach 

convergence is given in Volume 4. The source code of the Solver is considered proprietary and 

therefore the source as well as a full description may be provided only following a separate license 

agreement. Here two simple examples are provided, to illustrate the usefulness of the solution 

procedure. 

 

The first example is a "stiff equation system", provided in [1]. This system is solved using three 

different methods: a general purpose ODE solver, a specialized stiff ODE solver, and the SPECTRA 

Solver (for this purpose the equations were modeled using Control Functions). This example is 

shown in section 19.1. 

 

The next example is a simple problem involving evaporation from droplets. This example is shown 

in section 19.2. As mentioned above, bubbles and droplets introduce particularly stiff equations into 

the model. Here a droplet test case is analyzed, for which the analytical solution is available in 

literature.  
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19.1 Example Problem 1 - Stiff Set of Ordinary Differential Equations (ODE) 

 

A “stiff” set of differential equation was selected, taken from [1]. Stiff equation sets are particularly 

difficult to solve. The equation set is: 

 

32311
3

32
2

311
1

25001000013.0)3(

2500)2(

1000013.0)1(

yyyyy
dt

dy

yy
dt

dy

yyy
dt

dy

−−−=

−=

−−=

 

 

The initial conditions are: 

0)0(

1)0(

1)0(

3

2

1

=

=

=

y

y

y

 

 

A method to model this equation set in SPECTRA using Control Functions is shown in section 

16.6.3. The solution of this test is described in more detail in Volume 3. Here only a short description 

of the results is given. 

 

The results obtained by the SPECTRA Solver were obtained using the time step of 1.0 (s). As shown 

in Volume 3, the functions had to be evaluated about 120 times. For comparison, the 5-th order 

Runge-Kutta method required about 50,000 evaluations of the functions, while the Rosenbrock 

method specifically recommended for stiff equation sets (see [1] section 16.6) required about the 

same (120 evaluations) - see Volume 3. 

 

Results are compared to the results of the fourth order Rosenbrock method in Figure 19-1 (see also 

Figure 16-12). Here the Rosenbrock method is referred to as the “theoretical” solution, although it 

is still a numerical solution. It is seen that SPECTRA results are very accurate. 

 

The SPECTRA Solver was much more effective than the Runge-Kutta method. It turned out to be 

competitive even with the Rosenbrock method, developed specifically for stiff systems. The 

Rosenbrock method is not applicable for relatively complex problems, like that solved by SPECTRA, 

because of the need to calculate the Jacobian (see Volume 3). 
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Figure 19-1 Stiff equation set - SPECTRA with t=1.0 s and Rosenbrock “theoretical” solution. 

 

 

19.2 Example Problem 2 - Evaporation of a Droplet 

 

An example problem of droplet evaporation is presented in [21] (example 9.10). A 50 μm diameter 

water droplet, initially at 315 K, is injected into an air stream at 315 K, 1.050105 Pa, and 50.5% 

relative humidity. Reference [21] provides an estimation of several important parameters, like 

droplet lifetime, quasi-equilibrium droplet temperature, parameters of the initial temperature 

transient. 

 

The analytical equations and the calculation procedure are presented in detail in [21]. The final 

results are: 

 

• Droplet lifetime: 2.72 s 

• Droplet temperature: 305 K 

• Average parameters during the temperature transient (during the temperature transient a 

quasi stationary temperature is reached, which allows the convective heat flux into the 

droplet to balance the heat flux required for the evaporation): 

o Evaporation heat flux: +39,100 W/m2 

o Average heat flux: –5,480 W/m2 

o Duration:  ~10–2 s, 

 

SPECTRA calculation was performed using a model consisting of a single Control Volume, 

containing atmosphere and droplets at required initial conditions. The initial droplet diameter was 

set to 510–5 m. 
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The initial amount of droplets (droplet fraction) was set to 510–8. This was done by trial and error 

method to achieve two goals. On one hand the droplet fraction must be small enough to avoid a 

significant change of the atmosphere temperature and humidity during the calculation period. On 

the other hand it must be large enough to avoid converting residual droplets into the CV pool, the 

action being performed by the numerical Solver at very small droplet fractions ~10–10 in order to 

improve the computational speed. 

 

Two calculations were performed. One calculation was made using a short time step (10–3 s). This 

run allows to plot how the key parameters evolve in time. The comparison run was performed with 

a relatively large time step of 0.5 s. No internal reduction of time step was observed during this run. 

 

Results are shown in Figure 19-2 and Figure 19-3. Figure 19-2 shows the temperatures of droplet 

and atmosphere. During about 0.02 s the droplet temperature decreases from the initial temperature 

to about 305 K. Thus the droplet-atmosphere temperature difference during the quasi-equilibrium 

period is about 10 K. This temperature difference results in a convective heat flux from atmosphere 

into the droplet equal to about 12,000 W/m2, increasing to about 60,000 W/m2 at the end of the 

droplet lifetime. This convective flux is necessary to support the evaporation process, which occurs 

because the atmosphere is relatively dry. It is seen in Figure 19-3 that quasi-equilibrium conditions, 

with convective heat balancing nearly exactly the evaporation heat, are reached at about 0.02 s. Note 

that the convective flux is shown in Figure 19-3 with a reverse sign, in order to have easier 

comparison of the two fluxes(*). 

 

During the initial temperature transient the evaporation energy flux decrease from about 75,000 

W/m2 to about 12,000 W/m2, which means that the average value during that period is, roughly 

speaking, 43,000 W/m2. The convective flux meanwhile changes from zero to about –12,000 W/m2, 

which gives the average value in that period of roughly –6,000 W/m2. 

 

The droplet evaporates totally after 2.73 s. At the end of that period an increase of the convective 

heat flux (in terms of absolute value) is observed (Figure 19-3). This is caused by decrease of the 

characteristic dimension for convection (droplet diameter). As a consequence the heat transfer 

coefficient and the convective heat flux increase. This increase in convective heat flux allows more 

intensive evaporation, and the evaporation flux follows the convective heat flux line. 

 

It is seen that all the above parameters are in good agreement with the corresponding theoretical 

values from [21]. It is also seen that practically the same results are obtained with small and large 

time steps. Thus, the numerical solver is capable of solving the present problem, involving rather 

"stiff" equations, using the time step of 0.5 s. 

 

 

 

____________ 
(*) Negative convective heat flux means heat flow from the atmosphere to the droplet. Positive 

evaporation energy flux means evaporation from the droplet surface, while negative means 

condensation on the droplet surface. 
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Figure 19-2 Atmosphere and droplet temperature, example problem from [21] 

 

 

Figure 19-3 Convective heat flux and evaporation heat flux, example problem from [21] 
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