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Abstract

The VICTORIA model of radionuclide behavior in the reactor coolant system (RCS) of a light water reactor 
during a severe accident is described. It has been developed by the USNRC to define the radionuclide phenomena 
and processes that must be considered in systems-level models used for integrated analyses o f severe accident 
source terms. The VICTORIA code, based upon this model, predicts fission product release from the fuel, 
chemical reactions involving fission products, vapor and aerosol behavior, and fission product decay heating. 
Also included is a detailed description of how the model is implemented in VICTORIA, the numerical algorithms 
used, and the correlations and thermochemical data necessary for determining a solution. A description of the 
code structure, input and output, and a sample problem are provided.
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Executive Summary

The consequences of a severe reactor accident depend on the quantity, characteristics, and timing of the release 
of radionuclides from the containment; what reactor engineers call "the source term." The behavior of the 
radionuclides within the reactor vessel and coolant system will have a significant effect in determining the quantity 
of radionuclides within the containment during an accident. Therefore, the in-vessel release has been studied for 
some time. The US Nuclear Regulatory Commission (USNRC) has established a two-tiered code approach to the 
study of severe accidents. The first tier codes consist of detailed or mechanistic models that define which 
phenomena and processes must be considered by the second tier, the systems level codes. VICTORIA is a 
computer code that mechanistically predicts radionuclide release, transport, and deposition within the reactor 
vessel and coolant system during a severe reactor accident.

VICTORIA follows the evolution of 25 different elements, including the major vessel materials, as they interact 
with each other under the influence of the changing pressures, temperatures, and material motions during a severe 
reactor accident. The code requires an initial element distribution, which can be provided by any isotopic 
depletion code (such as ORIGEN), and the variation of pressures, temperatures, velocities, and geometry provided 
by a core degradation analysis code (such as SCDAP/RELAP5). With this information, VICTORIA determines 
the transport of the fission products from fuel grains through the open porosity in the fuel and into the coolant 
channels when there exists a break in the fuel cladding. During the course of the calculation, the fission products 
are allowed to interact chemically and form gaseous or condensed species that will either enhance or retard the 
transport processes. When the species reach the coolant channel, they can form aerosols. These aerosols are 
allowed to deposit on structural surfaces where they can reheat, revaporize, resuspend, and chemically interact 
with each other and with the surface itself.

VICTORIA provides the fission product fuel release fractions, the quantities of released products that are vapor 
and aerosol, and the particular radionuclides that have interacted chemically with, and possibly condensed onto, 
a surface. With this information the user can calculate the radionuclide release rates (source term) to the 
containment occurring during accident sequences. For the analysis of experiments, VICTORIA can be used to 
determine aerosol distribution, deposition layer concentration, and other quantities necessary to provide both 
pretest guidance for instrument placement and sizing, and posttest understanding of results.

This document provides a detailed description of the phenomenological models, numerical methods, engineering 
correlations, and thermochemical data in the VICTORIA code. In addition, sufficient information is provided to 
correctly prepare input data for, and understand the output of a sample VICTORIA run.
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Nomenclature

Number of atoms of an element in a chemical species 
Lattice constant
Surface area for species deposition (m2)
Particle mobility (s/kg) (Eq. 7.12)
Swelling coefficient
Species molar density, or concentration (kg-moles/m3)
Elemental concentration, or molar density (kg-moles/m3); Aerosol number 
concentration (particles/m3)
Cunningham slip correction factor (Eq. 7.14)
Hydraulic diameter in the bulk flow (m)
Species diffusion coefficient (m2/s)
Donor cell parameter
Fraction of species i that has diffused from the grain (Eq. 3.51)
Gravitational constant
Partial of the variation in elemental concentration with respect to the species 
concentration (Eq. 5.33)
Gibbs Free Energy (kcal/mole)
Jacobian matrix in the equilibrium chemistry calculation (Eq. 5.37)
Boltzmann's constant (J/K-molecule)
Knudsen Number (Eq. 7.11)
Rate constant in the Zr +  H20  reaction (kg2/m4-s); Aerosol agglomeration kernel 
(particles/-m3)
Aerosol mean free path length (m) (Eq. 7.10)
Species molecular weight (kg/kg-mole)
Number of moles of a species (kg-moles)
Total number of elements
Number of unique species, nr =  ns - ne
Total number of species
Number of moles of an element
Pressure (Pa); Decay power (W/m )
Radial coordinate (m)
Grain or bubble radius (Eq. 3.4)
Equilibrium constant of the species for dissociation 
Species concentration source rate (kg-mole/m3-s)
Time (s)
Temperature (K)
Radial velocity (m/s); Aerosol deposition velocity (m/s)
Internal energy (J)
Axial velocity (m/s)
Cell volume (m3)
Zr consumption due to oxidation (kg/m2)
Condensed-phase mole fraction 
Axial coordinate (m)



Nomenclature

Nomenclature (continued)

Greek Symbols

P Interlinkage fraction
Y  Constants in the Gibbs free energy polynomial
6 Dirac and Kronecker delta functions
A Film thickness, mesh size (m); Step, interval (s)
€ : agglomeration efficiencies
k Permeability (Eq. 3.65)
X Lagrangian multiplier (Eq. 5.4); Deposition rate (s '1) (Eq. 7.51)
p Chemical potential (kcal/mole) (Eq. 5.12); Dynamic viscosity (Pa-s) (Eq. 7.2)
p Density (kg/m3)
a Lennard-Jones interaction distance (Eq. 3.57); Cube root o f the standard deviation

(Eq. 7.68)
<|> Agglomeration rates (s )
X  : Aerosol dynamic shape factors (input)
Q Collision integral

Subscripts

b Bends; Bubbles
B Brownian
c Condensed phase, Collision shape factor
cl : Ceiling structure surfaces
D Diffiisiophoretic
e Grain edge
f  Fuel/cladding film, Grain face
fl : Floor structure surfaces
g Bulk gas, gaseous phase, geometric mean, Gas in solution with grain
gb : Grain boundary
gas Fraction that is vapor (gaseous)
G Gravity
h Elimination set (d) index
i : Species index
j Element index
k Gibbs free energy power series constant index, Radioisotope index
1 Index to elements contained in species set
L Laminar
m Radial space coordinate index (+ ,-  indicates the interface is used), Aerosol mass bin
max Largest value
n Axial space coordinate index ( + , - indicates the interface is used)
o Standard state pressure for pure species
p Aerosol particle
r Radial direction
s : Structure film on ceilings(cl), walls(w), or floors(fl), Aerosol sticking
T Thermophoretic, Thermal



Nomenclature

Nomenclature (continued)

Subscripts (cont.)

w Wall structure surfaces
x Generic subscript for f,g,s
z Axial direction
SO mass median
*1 Supermicron particles in turbulent flow
*2 Submicron particles in turbulent flow
*1 Turbulent inertial
*S Turbulent shear
to Aerosol mass bin

Superscripts

chm Chemistry
g Fuel grains
k Gibbs free energy power series constant index
o Standard state for pure species
« Current time step
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1.0 Introduction

The consequences of a severe reactor accident depend 
on the quantity, characteristics, and timing o f the 
release of radionuclides from the containment; what 
reactor engineers call the "source term." The behav
ior of the radionuclides within the reactor vessel and 
coolant system will have a large effect on determining 
the size o f the source term. Therefore, the release of 
radionuclides from reactor fuel and the subsequent 
behavior of these radionuclides have been important 
concerns in the analyses o f severe reactor accidents 
since the earliest days of the use of nuclear reactors 
for commercial power generation (DiNunno, 1962). 
Events of the accident at Three Mile Island (Rogovin, 
1979) suggested that simplified analyses such as those 
done in the Reactor Safety Study (WASH-1400, 1975) 
and several subsequent probabilistic safety studies 
might be overly conservative. Examinations by the 
USNRC of the issues of realistic analyses of 
radionuclide release and behavior (NUREG-0772, 
1981) showed that the neglect of the retention in the 
reactor coolant system (RCS) after the radionuclides 
had been released from the reactor fuel might be a 
source of extreme conservatism. Subsequent 
quantitative analyses showed that substantial fractions 
of the most radiologically hazardous fission products 
could be retained by physical and chemical deposition 
in the RCS (Gieske et al., 1984). The details of the 
chemical processes that could enhance or reduce 
radionuclide retention in the RCS have been identified 
as uncertainties in the analysis of severe reactor 
accidents (Silberberg et al., 1986). The significance 
of these issues on the predictions of severe reactor 
accident risks has been established (NUREG-1150, 
1989).

Systems level computer models of severe reactor 
accidents cannot be expected to have detailed 
descriptions of the many physical and chemical 
processes hypothesized to affect radionuclide retention 
in the RCS. The need for detailed evaluation of 
essential phenomena and processes affecting the nature 
of severe reactor accidents has led the USNRC to 
develop a two-tiered code strategy. Detailed, 
mechanistic models of key aspects of severe accidents 
constitute the first tier of the computer models 
available for accident analysis. These detailed, but 
focused models are to be used to define the 
phenomena and processes that must be considered in 
the second tier or systems-level models, used for

integrated analyses o f severe accidents in support of 
probabilistic risk assessments.

VICTORIA is intended to be the first tier model of 
radionuclide release from degrading reactor fuel and 
for the behavior of released radionuclides in the 
reactor coolant system. As such, VICTORIA treats 
phenomena in greater detail than can ever be expected 
to be done in systems level codes. Analyses of 
severe reactor accident processes with VICTORIA 
provide benchmarks that define the minimum set of 
phenomena and processes that must be included in 
systems level codes to obtain realistic estimates of 
radionuclide behavior.

Since the release o f the first version o f VICTORIA 
(Heames et al., 1990), the developers have increased 
the capabilities of the code. Models detailing control 
rod behavior, cladding failure, decay-heat-induced 
structural heatup, fuel oxidation, radionuclide release 
from molten pools and rubble beds, resuspension of 
deposited aerosols, and nonequilibrium chemistry have 
been added to VICTORIA. In addition improved 
models for gas transport, fission product release from 
intact fuel, aerosol deposition, condensation, and 
chemical speciation have been included.

1.1 Light Water Reactor Severe 
Accident Chemistry

Perhaps the most important problems associated with 
light water reactor (LWR) safety research are those 
encountered in assessing the source term; that is, the 
quantity, timing, and characteristics of the release of 
radioactive materials from a nuclear reactor plant 
during the course o f a severe accident. The 
importance of the source term is obvious: nearly all 
the health risks to the public arising from the 
operation o f nuclear power plants are associated with 
such releases. The difficulty of the source term 
problem is evident when one realizes that modeling 
fission product release phenomenology involves 
tracking the evolution of hundreds (if not thousands) 
of radioactive chemical species during an accident. 
While the accident is progressing, temperatures can 
reach ceramic melting points (~ 3000  K); pressures 
can vary from roughly 0.1 to 20 MPa; the core 
geometry in a reactor system can change from largely

NUREG/CR-5545



Introduction

intact fuel rods, to a highly degraded core, to molten 
pools involving tens of tons of metallic and ceramic 
melts; and the reactor atmospheric conditions can 
fluctuate between highly oxidizing and reducing. 
These extremes of conditions compound the difficulty 
of determining the source term.

Although reactor accidents can last for a few days, the 
most critical period typically involves the first few 
tens of minutes to the first few hours after the loss of 
core cooling. This is because the period from initial 
rod degradation to vessel failure largely determines 
the results o f the subsequent course of the accident 
and is, therefore a major determiner of the potential 
source term.

1.1.1 Two Stages of Severe Accidents

The accident progression, and the fission product 
release problems associated with it, can be divided 
into two stages. The first stage involves the in-vessel 
accident progression, which includes the course of the 
accident within the vessel and reactor coolant system 
(RCS) up to the time of vessel failure and the ejection 
of core and structural materials to the containment 
building. The second stage, or ex-vessel accident 
progression, involves the behavior of those reactor 
materials in the containment building and reactor 
vessel after vessel failure.

During the in-vessel stage of the accident, the 
containment building can be affected by several 
in-vessel processes. For most accidents of interest, 
the main processes affecting the containment during 
this stage are releases of steam, hydrogen, fission 
gases (Xe and Kr), highly volatile fission products 
(notably Cs, I and Te) and certain less volatile 
alkaline and rare-earth fission products from the RCS 
to the containment through relief valves or breaks. 
Steam contributes to containment pressurization and 
heating, while hydrogen accumulation can lead to 
hydrogen combustion and/or detonation.

During the ex-vessel stage of the accident, important 
phenomena still take place in the vessel, RCS, and 
containment. This is because, while typically over 
half the core materials are calculated to be promptly 
ejected from the vessel upon vessel failure, the 
remaining core materials continue to heat up, interact 
with steam (and possibly air), and release fission

products. In addition, fission products deposited 
within the RCS can be revaporized or re-entrained in 
the bulk flow during this phase of the accident.

The VICTORIA code concentrates primarily on the 
fission product behavior during the in-vessel stage of 
an accident. However, with proper input VICTORIA 
could be used to predict release from the fuel 
remaining in the vessel after vessel failure.

1.1.2 In-Vessel Fission Product Release

The fission products released during the in-vessel 
phase of risk-dominant accidents are largely retained 
in the vessel and RCS because they condense or 
deposit on relatively colder structures between the fuel 
and the relief valves or breaks in the RCS, and/or 
they condense on aerosols that settle and deposit 
within the vessel and RCS. Three exceptions to the 
general retention of such fission products exist: 
(1) the noncondensable noble gases Xe and Kr, (2) the 
fraction of highly volatile species that is released 
through the relief valves or RCS breaks as vapors, 
and (3) the fraction of all fission products that is 
carried out of the vessel and RCS as aerosols. The 
potential revaporization of deposited volatile species 
late in the accident due to local RCS surface heating 
is an important concern (Sehgel and Ritzman, 1987). 
A somewhat less studied concern involves the possible 
re-entrainment of deposited aerosols due to a dramatic 
increase in RCS flow velocities that could occur 
during some accident sequences or at the time of gross 
vessel failure (Heames and Smith, 1991).

A possibility not considered at all in past studies is 
that once the RCS and the reactor vessel have been 
ruptured, air could be drawn through the vessel. The 
effect would be to change the chemistry and affect the 
release of radionuclides from residual fuel and the 
vaporization of materials, including radionuclides 
deposited in the RCS.

The study of the release, transport, and deposition of 
fission products during the in-vessel stage of the 
accident involves:

•  Assessing the early source of gaseous and 
aerosolized fission products to the containment 
during the in-vessel accident progression.
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•  Assessing the fractions of the various fission 
products released bm retained within the RCS 
during the progression.

•  Determining the quantity and physicochemical 
state of fission products remaining in core 
debris released into the containment at the 
time of gross vessel failure.

•  Calculating the behavior of fission products 
retained within core materials that do not exit 
the vessel at the time of gross vessel failure.

•  Assessing the potential revaporization and 
re-entrainment releases of volatile fission 
products from the RCS walls late in the 
accident.

1.2 Organization of Report

This report is intended to explain to users o f the 
VICTORIA code the bases for the models and 
correlations o f the program, to explain how the code 
functions, and to allow a user to modify the code 
parameters for any specific project. The report is 
organized into eight chapters and three appendices in 
order to allow easy access to particular aspects of 
VICTORIA.

Chapter 1 includes a brief introduction to the rationale 
for VICTORIA'S modeling o f severe reactor 
accidents. The solution domain and calculational 
framework o f the code are discussed in Chapter 2. 
Chapters 3 and 4 describe fission product species 
behavior within the fuel and the bulk gas, 
respectively. Chapter 5 describes the numerical 
approach and physical basis for the equilibrium and 
nonequilibrium chemical analysis. Chapter 6  is 
concerned with the calculation of radioactive decay 
heating power. Chapter 7 discusses aerosol behavior 
and Chapter 8 the release of fission products from 
debris.

Appendix A discusses the elements and species used 
in VICTORIA, and presents the relevant free energies 
and diffusion coefficients. Appendix B describes the 
input to, and output from die program. Finally,

subroutine flowcharts and glossary are presented in 
Appendix C.

1.3 Chemical Modeling in VICTORIA

The primary basis of the modeling in VICTORIA is 
the calculation of thermodynamic chemical 
equilibrium. We assume that this is reasonable 
because the ultimate driving force for the release of 
fission products is the inherent tendency of physical 
and chemical systems to move toward a state of 
thermochemical equilibrium. Under high temperature 
conditions typical of those in the RCS during the 
course of a severe accident, kinetic limitations can 
be ignored and equilibrium can be assumed to be 
achieved instantaneously. Thus, whenever the partial 
pressures of fission product chemical species in the 
coolant vapor overlying the fuel are lower than the 
species equilibrium partial pressures, there exists a 
driving force for release. Conversely, whenever the 
partial pressures existing above any surface are higher 
than the species equilibrium partial pressures above 
that surface, there is a driving force for condensation 
on the surface.

Radionuclide release is hindered by a number of 
transport resistances acting in series and in parallel. 
These resistances are:

•  Transport from within the fuel to its surface. 
VICTORIA models the diffusive transport of 
each species within the fuel grains, and their 
convective and diffusive motion through the 
open porosity.

•  Transport within the fuel-cladding gap. 
VICTORIA models transport along the gap as 
well as species accumulation in plenums and 
in condensed forms on the cladding inner 
surface.

•  Transport through a clad breach into the 
coolant channel. VICTORIA models the 
release through a specified breach.

•  Transport within the coolant channel and 
in teraction w ith adjacent structures. 
VICTORIA calculates transport within the 
channel and models condensation, evapora
tion, and aerosol deposition on structures.
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Additionally, a reduction in the partial pressures of the 
condensed species will cause revaporization and an 
increase in flow can cause reentrainment.

Fission product release from all physical states is 
treated on a similar thermochemical and transport 
basis. However, the actual physical transport

limitating vary greatly from one state to another. For 
intact rods, transport within the fuel can be limiting 
because o f relatively low temperatures. The 
equilibrium vapor pressures themselves may also be 
low enough to limit release. A largely intact cladding 
is another major barrier to fission product release, as 
are nearly stagnant conditions in bulk gas flow.
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2.0 Methods and Framework of the VICTORIA Code

This chapter gives a general overview of the 
calculational method of the VICTORIA code. The 
code models the behavior of chemical species (with 
emphasis on radioactive fission-product species) in the 
primary system of a light water reactor (LWR) during 
a severe accident transient. The accident transient is 
assumed to subject the core to high temperatures, high 
pressures, metal oxidation, and substantial internal 
structural geometry change. In order to model the 
behavior of chemical species in a severe accident 
environment, VICTORIA solves systems of conserva
tion equations that describe the transport, phase, and 
chemical changes experienced by chemical and 
elemental species.

2.1 Solution Domain

VICTORIA'S spatial domain in the reactor vessel 
consists of the fuel rods, control rods, structural 
surfaces, and the volume normally occupied by the 
reactor coolant. Figure 2.1 shows an example o f this. 
Since the reactor's structural geometry varies in a 
severe accident transient, the spatial domain also 
varies: fuel rods degrade into distorted shapes 
(possibly into liquids or debris), structures melt and 
relocate, and the coolant volume can increase in some 
regions and decrease in others. In this manual, fuel 
pellets that have intact cladding, degraded cladding, or 
no cladding at all will be referred to as the "fuel 
geometry."

In order to numerically solve the species transport 
equations for the coolant flow region, the vessel 
interior is discretized into a two-dimensional 
cylindrical (r,z) Eulerian mesh as illustrated in 
Figure 2.2d. This division creates a number of 
transport cells. This mesh scheme normally has its 
origin at the bottom center of the vessel (although it 
can include the reactor cavity as well), and the z-axis 
represents the vessel center line. The mesh can 
contain an arbitrary number of radial rings and axial 
levels (cells of lengths r  and z, respectively). The 
sample mesh in Figure 2.2 has four radial rings and 
six axial levels. The cross-hatched area represents 
the core region. An upper plenum above the core, a 
lower plenum below the core, and a vessel 
downcomer at the right periphery are also shown. 
(This illustration is not to scale.) Boundary conditions

are prescribed at all the outer surfaces of the domain 
depicted in Figure 2.2.

Within each o f the two-dimensional transport cells 
there are subdomains that further discretize the fuel 
geometry. In this way, the fuel rod can be separated 
into several radial fuel zones, a fuel-cladding gap, and 
the cladding.

Within each transport cell there are "chemistry 
regions" that represent volumes o f space where the 
fission species are allowed to experience chemical 
change. At the present time there is a maximum of 
five chemistry regions per transport cell. These 
regions are the fuel grains, the fuel open porosity, the 
fuel/cladding gap (which includes the inner cladding 
surface), the bulk gas (which includes the aerosol 
particles), and a structure surface. Logically, if one 
o f these regions does not exist within the cell, then the 
associated chemistry is not performed. Within each 
transport cell the structure surfaces are treated as 
either horizontal or vertical surface areas. Subsequent 
sections will illustrate these points more clearly.

The VICTORIA code was initially designed to be 
coupled to MELPROG (Dosanjh, 1989) and TRAC 
(Liles, 1988). This coupling was necessary to provide 
VICTORIA the geometry, mass, momentum, and 
energy of fuel, cladding, structures, and coolant as the 
accident progressed. In the stand-alone version 
discussed here, all of this information must either be 
input by the user or in some way made available to 
VICTORIA. An example o f inputting this information 
directly is given in the sample problem.

The time domain in VICTORIA is discretized into a 
series o f equal time steps, At, whose size is controlled 
by the spatially coupled transport terms (convection 
and diffusion) in the conservation equations. 
Although some parts of the conservation equations are 
solved implicitly, the time step must be constrained by 
a material Courant condition because o f the presence 
o f explicit source terms in the equations (Anderson 
et al., 1984).

Another independent variable associated with the 
solution domain is the discrete species index. The 
total number o f species that can be treated by 
VICTORIA is arbitrarily large; that is, the maximum
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Figure 2.2 Simple mesh cell diagram dividing the reactor vessel into six axial levels and four radial rings.
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number of species is determined only by available 
computing resources and a knowledge of the necessary 
species' thermophysical properties (such as Gibbs free 
energies and diffusion coefficients). At the present 
time VICTORIA treats only the 288 species listed in 
Appendix A.

2.2 Modeling Overview

VICTORIA discretizes the solution time domain into 
a series of equal time steps. During each time step, 
systems o f equations that describe the following 
coupled physical phenomena are solved over the 
spatial meshes:

•  Species release from the fuel geometry that is 
controlled by chemistry and diffusive and 
convective transport mechanisms.

•  Species behavior in the reactor coolant volume 
that is controlled by chemical speciation, 
gaseous transport and condensation, and 
aerosol agglomeration, deposition, evaporation 
and transport, and

•  Species behavior on structural surfaces that is 
controlled by aerosol and vapor deposition, 
revaporization re-entrainment, and chemistry.

Figure 2.3 illustrates these modeled phenomena 
schematically for the most complicated situation in a 
computational cell: a fuel domain from which species 
are being released into a bulk-gas environment that 
contains aerosols and structure surfaces. All of the 
phenomena illustrated in Figure 2.3 are spatially 
dependent, but only the convective transport terms are 
spatially coupled.

Many of the computational cells in the vessel domain 
will contain only a subset of the phenomena shown in 
Figure 2.3 at any given time. For example, the fuel 
rod upper plenum cell does not contain fiiel material 
and thus will not have to contend with the associated 
fuel geometry transport and chemistry. At the current 
time, intracell cell transport can be both convectively 
and diffusively driven whereas intercell transport is 
only by convection.

2.3 Calculational Flow

The calculational framework contained within the 
VICTORIA module consists of these five main parts 
or submodules:

•  A behavior and transport calculation of the 
species within the intact fuel rod, rubble bed, 
and molten pool.

•  A convective transport calculation of the 
species in the bulk gas medium.

•  An aerosol formation, size evolution, and 
transport calculation in the bulk gas medium 
and deposition onto structure surfaces.

•  A decay-heat-induced structural film and 
surface heatup.

•  Equilibrium chemistry calculations for all 
species located within the fuel geometry and 
the bulk gas and aerosol particles, and on all 
structural surfaces.

VICTORIA’S calculational framework is illustrated in 
Figure 2.4. Each of the submodules (each of the 
boxes in Figure 2.4) solves its own internal system of 
equations, which is explicitly coupled to the other 
submodules. This means that communication between 
submodules is not instantaneous, but is typically one 
time step out o f phase. An example of this explicit 
coupling is the solution o f the fuel geometry diffusion 
equation, which interfaces with the previous time 
interval bulk-gas concentration. The physical cou
plings between the submodules in Figure 2.4 are 
explained in more detail in subsequent sections. Also 
indicated in Figure 2.4 are subroutine names that 
represent the drivers for the calculations associated 
with each submodule.

The "Initial Species Inventory" box of Figure 2.4 
represents the acquisition of the initial species 
concentrations. This information must be provided by 
the user in an input deck. At Sandia, this information 
is currently obtained by post-processing the output 
from a Sandia-ORIGEN calculation (Bennett, 1979),
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Figure 2.4 The program  structure of the VICTORIA module. Each box depicts an area o f modeling that 
solves its own internal system of equations coupled explicitly to the other modeling areas (other 
boxes). The dotted line indicates a call to initialize the problem.

NUREG/CR-5545 10



Methodology

although the results produced by any isotopic 
depletion code would supply the required initial 
condition.

Figure 2.5 illustrates the sequence of subroutine calls 
in VICTORIA. The main driver routine, VIKI92, 
follows the "A" loop in Figure 2.5 for each time step. 
The names of the main physics submodules in Figure
2.4 called from inside the "A" loop are also included 
in parentheses.

2.4 Time-Step Control

VICTORIA'S time step must be constrained by the 
user to a material Courant condition that is defined 
here to include both the bulk gas convective and all 
diffusive transport terms. The time step should then 
be

axial cell dimensions are Ar and Az, u and v are the 
radial and axial gas velocity, Cj is the species 
concentration and C, is the rate of change of that 
species due to injection into the bulk gas, as 
prescribed in the input. The fuel rod minimum 
sub-domain radial dimension and the thickness of the 
structure surface film are Arf and Af, respectively and 
Dmax is the largest of the species' diffusion 
coefficients in the geometry domain of interest, 
typically 10"12 m2/s. D ^ ^ /A r f  can be thought of as 
a diffusion velocity—in this case the velocity with 
which the vapor species are transported across the 
fuel-cladding gap. N is the particle concentration and 
p the coagulation coefficient, typically about 
10‘15 m3/s for lOp particles agglomerating with O.lp 
particles. The Min function appearing in Equations
(2.1), (2.2), and (2.3) means that the arguments are 
evaluated for all cells in the spatial domain and that 
the smallest value is then selected.

Atuser = Min(Atg> Atf> Ata) > (2 .1)

where

Atg = Min

Atf = Min

Ar Az ci , —  , —
u v <\

Arf Af

^max ^max

At- = 0.1/pN

(2.2)

(23 )

(2.4)

For Equations (2.1) to (2.4), At„ is a bulk-gas Courant 
and cell source time step limit; Atf is the fuel rod 
sub-domain and surface film diffusion time step limit, 
Ata represents the aerosol coagulation time step due to 
Smolkosky (Fuchs, 1964); and A t^ , .  is the resulting 
user-input maximum time-step Size. The radial and

Gas diffusion across the gap (where the cell width is 
smallest) is the most likely place where a time step 
limit will be found in the fuel. With regard to solid 
state diffusion out of the solid grains, only at high 
temperatures (>  2800 K) with small grain sizes 
(<  10 pm) will there be potential time step problems. 
It is probably worthwhile to be certain that the solid 
state diffusion velocity from the highest input 
temperature in the calculation does not allow diffusion 
distances greater than the grain radius (10 pm) in a 
single time step. Violating this condition has been 
found to cause non-conservation of mass and can even 
lead to negative masses under extreme conditions. In 
the bulk gas continuity calculation, the time step 
limitations tend not to be the obvious Courant con
vection limit unless velocities are high (approximately 
1 m/sec). This is because the transport terms and part 
of the convective source are treated implicitly in the 
numerical scheme. Instead, it is the explicit coupling 
(no instantaneous exchange of information) of the 
input chemistry source term, Cj, that will result in an 
oscillation of the species concentrations, Cj, if the time 
step becomes too large.
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Figure 2.5 Flow chart of the logic flow in subroutine V lKI. Main subroutine names are indicated 
parentheses.
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3.0 Species Behavior and Transport 
Within the Fuel

The fuel geometry for VICTORIA includes the intact 
fuel pellets and the cladding. A discussion o f debris 
release is included in Chapter 8 . These pellet stacks 
may be covered by metallic cladding, fully oxidized 
cladding, or partially oxidized cladding. Additionally, 
the cladding may be ruptured, fractured, partially 
removed, or completely removed.

VICTORIA treats the fuel as if it consisted o f two 
separate physical regions. The first region includes 
the fuel grains and their immediate surfaces; the 
second region can best be described as extra-granular 
and encompasses the open porosity, gap, and cladding 
along with their mutual and individual boundaries. 
Equilibrium chemistry, intragranular solid-state 
diffusion, and fission gas bubble behavior are of 
concern in the interior of the fuel grains, while 
equilibrium chemistry, molecular diffusion, and 
convective transport are of concern in the open 
porosity, gap, and cladding.

Within the grains (which are treated as uniform 
spheres) two release models have been included. The 
first assumes diffusion by a Pick's Law equation, first 
proposed by Booth (1957), to determine a source for 
the main transport equation that is solved within the 
extra-granular region. The second uses a two-node, 
diffusive flow model o f release based on the work of 
Matthews and Wood (1980b) and Rest (1984). Both 
gas phase and surface diffusion are dealt with 
depending on the physical state of the diffusing 
species.

The extra-granular region is divided into a number of 
sub-regions. These sub-regions are the open porosity, 
the gap (including the cladding inner surface), the 
cladding, and the fuel surface film. A typical 
extra-granular noding diagram is shown in Figure 3.1. 
Extra-granular transport is due to both diffusion and 
convection. The transport model receives the sources 
from the intra-granular model and combines them with 
those generated by the equilibrium chemistry solver 
and by cladding oxidation and relocation models in the 
extra-granular region.

The axial dimension for all cells and the axial noding 
(that is, the number of cells in the axial direction) is 
specified in the input. The fuel pellet, gap, and

cladding have radial dimensions that are also input by 
the user. In addition to the physical dimensions, the 
user is required to set the number o f mesh cells in the 
radial direction that are to be occupied by the fuel and 
the cladding. The values assigned to these variables 
are based on a trade-off between computing time, time 
step limitations, and accuracy. A larger number of 
radial nodes gives greater accuracy, but at the expense 
o f computing time. In the example shown in Figure 
3.1, the fuel occupies two radial mesh cells and the 
cladding occupies one. The gap always uses a mesh 
cell. The cladding-coolant interface cell has a radial 
film thickness that is fixed in the code. This value 
can be changed by the user on input.

In a two-dimensional solution to the governing 
equation over this noding pattern, each mesh cell 
communicates with the cells immediately above and 
below it, and with those adjacent to it on the left and 
right. This pattern of communication is depicted by 
the arrows in Figure 3.1. The exception to this 
pattern occurs when there is no fuel element at an 
axial level. In such a case, there is no vertical 
communication within the fuel between this axial level 
and its neighbors. The example in Figure 3.1 has no 
fuel in axial level 4; therefore, there is no species 
transport from levels 3 or 5 to level 4.

3.1 Governing Equations

The transport processes within the two physical 
regions, the grains and open porosity, are treated by 
a similar transport equation. The equations are solved 
over each region for the species concentration.

Within the fuel grain region we assume that:

(a) There is a mixture o f gas atoms and gas 
bubbles within the grain. Bubbles can capture 
atoms and are nucleated by gas atoms; 
conversely, gas atoms are formed because of 
fission process, either directly or because of 
the re-solution o f bubbles. Both gas atoms 
and gas bubbles can diffuse to the grain 
surfaces.

(b) Bubbles on the grain surfaces are separated 
into those on the edges and those on the faces.
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Figure 3.1 Sample of the type of mesh used in the VICTORIA diffusion calculation.
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Migration between the surfaces is allowed. 
During steady state fuel characterization, 
bubbles on the surfaces are also subject to 
fission-induced re-solution, wherein the 
bubbles return to the grain as gas atoms.

(c) As bubbles build up, passages from the grain 
surfaces to the open porosity are enhanced and 
gas is released to the pore structure.

(d) Effects such as liquifaction and grain growth 
can enhance the release of gas from the grain 
to the open pore in trace irradiated fuels.

f+e

open

(e) Chemical interactions and transport in the 
open porosity will affect release rates.

Figure 3.2 represents the forward transport paths 
involved. Here the fission process creates the initial 
grain concentration, Cg, which can either form gas 
bubbles, Cb, diffuse to the open pore, Copen, or be 
transported to the grain surfaces, Cf+ e. It also shows 
that a solution to the problem involves the calculation 
of all four concentrations. That solution is the path 
taken in the mechanistic release model. If one 
assumes that the dominant path is from gas atoms, C_, 
to open pore, Copen, then the solution would be 
similar to the Booth model. To solve for all four 
concentrations and for all fission product species 
would be time consuming; therefore the solution for 
a mixture of Xe and Kr is found and the other 
volatiles and less volatile fission products are 
diffusively released to the grain faces and then 
transported to the open porosity through the tunnels 
created by the noble gas release. On the other hand, 
the use of the Booth model is sufficiently fast that all 
fission products are calculated independently.

A general transport equation can be written that 
indicates these paths as

dC<?i / x 3Ch
81 = -VI-D VC 1-

- a r  v l T
(3.1)

where Cgi is the gas atom concentration in the grain, 
Dj is the species diffusion coefficient, and Cb is the 
gas bubble concentration.

Figure 3.2. Forward transport paths.

VICTORIA allows the user to select the simple Booth 
model (Booth, 1957) or a more mechanistic release 
model based on the work of Rest and Zawadzki 
(1992). The Booth model reduces the transport 
equation to

dC„;

dt
CHM (3.2)

where the S^HM has been added to indicate the 
effects o f chemistry. This equation will be discussed 
in Section 3.3. The mechanistic solution model that 
has been added to VICTORIA solves Equation (3.1) 
for the concentrations in the grain, grain bubble, grain 
edges, and grain faces. This equation set is discussed 
in Section 3.2.

For the case of the open pores, VICTORIA assumes 
that (a) both diffusion and convection move the 
species through the open porosity, and (b) that 
chemistry effects will change the concentration. 
Therefore an equation similar to Equation (3.2) is 
solved:

f E ! . - v ( - D V C i - c £ w )

SCbi +SCHM
a  *

(33)
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where the extra term provides the convection transport 
and where k is the permeability and p the viscosity. 
Equation (3.3) is discussed in Section 3.4.

3.2 Fuel Intragranular Processes

The basic equations solved in the mechanistic 
formulation are described below. In these basic 
equations, Cg, Cb_ Cf, and Ce are the molar concen
trations of atoms in the intragranular gas, gas bubbles, 
grain face bubbles, and grain edge bubbles, respec
tively, and Nb, Nf, and Ne are the corresponding 
number of gas atoms in a given bubble. The model 
determines the concentrations by formulating rate 
equations at each location and solving the resulting 
matrix. The bubble radii, the intra- and intergranular 
concentrations o f the fission products, the grain size, 
and the probability o f grain edge tunnel interlinkage 
are some of the key quantities calculated as a function 
of time.

gas atoms that have come together actually stick. The 
valve used for Fn is 2.0 x 10~9 and represents 
approximately 0 .2 % of the number o f vacancies 
within a grain. S y a a  is the grain boundary area per 
unit volume; d& is the grain diameter; Vgb is the grain 
boundary velocity; d is a measure o f the "strength" of 
gas atom re-solution from grain boundary bubbles.

The successive terms on the right-hand side (RHS) of 
Equation (3.4) represent, respectively, (1) the loss of 
gas atoms caused by bubble nucleation; (2) and (3) the 
random and biased capture o f gas atoms by bubbles; 
(4) and (5) biased and random diffusion of gas atoms 
to grain boundaries; (6) loss o f gas atoms caused by 
grain boundary sweeping; (7) gas atom generation 
caused by fission; and (8) to (10) the gain of gas 
atoms caused by fission-induced gas atom re-solution 
from intragranular, grain face, and grain edge 
bubbles. The first three terms are described in 
Olander (1976) and the fourth term is due to gas 
atoms being transported to the grain face by diffusion.

3.2.1 Intragranular Noble Gas

The concentration of noble gas atoms, Cg, is 
determined from the rate equation

The fifth term on the RHS of Equation (3.4), the flux 
of gas atoms diffusing to the grain boundaries in a 
concentration gradient, is obtained by solving for the
concentration o f gas atoms, 
grain satisfying the equation

Cg, within a spherical

dC„ 2
- F  "  - , 6 # n * . d « S

-  4 ” ( D «  * ° b K  ♦ Rt>;|CgCb
1K1

v gi(Rg * “ b!i V b

-  s ^ v . c ,
• d ,  ar dg

2

-  3C + ^FISSION + bNbCb

dbNfCf + dbNeCe . (3.4)

In Equation (3.4), Rg, Rb, Dg, Dj,, and Vg, Vb are 
the radii o f the intragranular gas atom and gas bubble, 
diffusion coefficients, and velocities, respectively. FN 
is the nucleation factor, i.e., the probability that two

dCg = 1 d
at ar V

2
dr

+ s FISSION (3.5)

Following the derivation of Matthews and Wood 
(1980b), Equation (3.5) is solved with the boundary 
conditions

C „ = 0 a t t = 0 f o r 0 s r s  d„/2

C - = 0 at r= d g/2for to s t <: Iq +aI

a c g _
dr

= 0  at r = 0  for tg s  t s  Iq+aI ,

(3.6a)

(3.6b)

(3.6c)

where s FISSION =  0 if there is only decay power and 
At is an increment o f time.
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Using the backward Euler approximation for small 
time steps, we can write the concentration of gas 
atoms in a spherical grain described in Equation (3.5)

d_
dr V

2dCg

dr

C C °-_^+_J+sFISSION
At At

= 0 (3.7)

Euler's theorem may now be used to obtain a 
variational principle equivalent to Equation (3.7):

V2
-6 J 4k 

0

2 , X

° g dCg

2 I dr
2 < i+  _

2 At

which gas atoms are ejected from the bubble. The 
rate b is calculated under the assumption that 
gas-atom re-solution from a spherical bubble is 
isotropic and proceeds by the ejection of single gas 
atoms from the bubble

b =
3bnK

R3 R-X1

R

/,(
(3.9)

where

COS0 ( r 2 -  I 2 -  r2)
2rX

rc°_g + ^ F I S S I O N  
At

r dr = 0 , (3.8)
Thus, an integration o f Equation (3.9) results in

which assumes Dirichlet boundary conditions. An 
approximate solution to the problem may now be 
obtained by choosing a trial function that satisfies the 
boundary conditions and minimizes the integral in 
Equation (3.8) in terms of the free parameters in the 
function. Many types of trial functions could be 
chosen, but piecewise functions are easier to handle 
than global functions. Quadratic functions are 
attractive because they allow an exact representation 
of Equation (3.5) for long times. To meet the 
objective of a realistic level of accuracy with a 
minimum of computer storage and running time, the 
spherical grain is split into two concentric regions of 
approximately equal volume. In each region, the gas 
concentration is represented by a quadratic function. 
Using the quadratic form for all fission products and 
supplying a diffusion coefficient for each (see 
Equation [3.54]), allows VICTORIA to determine the 
release to the grain surfaces for the non-noble gas 
elements.

The last four terms on the RHS of Equation (3.4), 
account for the effects of the fission process during 
steady state initialization. The first term is the source 
and the remaining three account for fission-induced 
gas atom re-solution, and depend on the rate, b, at

3boK , .

•> -  - V  p2 "  F1 •
R3

where

f 2 = Ri
R 1I2 1

( \ 

x - r2
6  16X 8 I x j

- X )2 R - X 1&
+

6 16X

1♦ — 
8

r 2x -  5_ x

(3.10)

Here X is the average distance an ejected atom travels, 
K is the fission rate and bQ is a re-solution rate 
material dependent proportionality factor.

To solve for Cg with Equation (3.4), a number 
of terms on the RHS must be determined. RHS terms 
2, 3, and 8 depend on Cb. The equation for Cb, the 
concentration o f intragranular bubbles, is given by
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dC,
—  = 16itFNR D „_ ?  
dt N 8 8 Nb

■ 4Kd « * DbXRe * Rb ) C g ^

■ *IV„ -  v8 |(r8 * R„)2C85!

C««x, n  ^ 6Db i
- S v“VbCb + - ^ - a r l r  = dg /2 

-  3Cb^  -  bCb
g

3V,
^ ( K f C f N f * K .C hN .) . (3.11)

The interpretations of the first seven terms on the 
RHS of Equation (3.11) are analogous to those given 
for Equation (3.4). In this case the first three terms 
are the moving of gas atoms into gas bubbles and the 
others are the moving of the gas bubbles to the grain 
surface. The last term accounts for the introduction 
of grain face and grain edge bubbles into the lattice 
due to bubble detachment (if the bubbles are bigger 
than a given critical size as determined by Equation 
(3.38), then Kf and/or Ke =  1; otherwise they are 
equal to zero) from a moving grain boundary, and/or 
the presence of large temperature gradients.

3.2.2 Grain Face Gas Bubbles

Six basic quantities must still be determined before 
Equations (3.4) and (3.11) can be solved: Nb, Nf, 
Ne, Cf, Ce, and Vgb, the velocity of a moving grain 
boundary. The equation for Cf, the concentration of 
gas bubbles on the grain faces (assuming that the 
grains have an approximate tetrakeidecahedral. 
14-surfaced structure) is given by

dCf 3V
— 1 = -dbCf -  
dt f

gb
KA

-  V fj 5 i c f -  *Er

+ s
aa

6^
d„

V S ’ + VhCh —  
Vg Nf b b Nf

D g ^ g ,
Nf dr V 2

DbNb acb 
+ - N T  " d T lr = d* /2

a Vgb 
+ 3~T~ 

g N
g + c  Nb ”  b N, (3.12)

The first and second terms on the right-hand side of 
Equation (3.12) are loss terms caused by gas atom 
re-solution and bubble detachment, respectively. The 
third and fourth terms represent the biased grain-face 
bubble migration, and migration o f grain-face gas 
through interconnected grain face channels to the grain 
edges. The fifth and sixth terms are the diflusion of 
gas atoms and bubbles to the face. The last term is 
the reorder of gas atoms and bubbles caused by grain 
boundary sweeping.

The grain face saturation by fission gas is calculated 
from the distribution of fission-gas bubble sizes. The 
projected area coverage o f the grain face by these 
bubbles, per unit volume, is given by

Af — itRf Cfff(6) (3.13)

where ff(6) is a geometrical factor that accounts for 
the lenticular shape of the grain face bubbles. Grain
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face saturation (i.e., the initiation of gas channel 
formation) occurs when

(3.14)

where Sv “ “ is the grain face area per unit volume 
approximated as square root of the number of surfaces 
over the grain diameter. If the gas is assumed to be 
made up of equal, closely packed and touching 
bubbles, the maximum areal coverage per unit area of 
grain face is AF =  0.907. (Under conditions where 
this assumption is not valid, Ap <  0.907, the code 
uses a nominal value of AF = 0.50). Equations 
(3.13) and (3.14) do not account for local variations 
in fuel microstructure. To include these effects in the 
calculation of grain face channel formation, it is 
assumed that the local variations in fuel microstructure 
can be represented by the width, o f, of a distribution 
of A, Equation (3.13), so that the fraction of grain 
face channel interlinkage, pf is given by

In Equation (3.16), the last term on the RHS 
represents the loss o f gas resulting from release 
through the long-range interconnection o f  grain edge 
porosity to the open porosity. The model for 
calculating the probability of long-range, grain-edge 
tunnel interconnection is based on the assumption that 
the long-range interconnection is a function of the 
swelling of grain edge bubbles. This assumption is 
supported by experiment (Rest, 1983) as well as 
theory (Rest, 1984). To account for local fluctuations 
in fuel microstructure and gas bubble morphology, the 
grain edge-open porosity interlinkage fraction, Pj, is 
assumed to be a normal distribution around an average 
value of the grain edge swelling, Bvedge:

Pi
oe v/2i r X=B

J  exP
vcrit:

(x Byedge)

2f?
dx , 

(3.17)

Pf=
if \j2n I exp

y  a * c a c c  X

( - x - a  y

2 at
dx (3.15)

The width of the distribution in Equation (3.15) is a 
function of erratic structural parameters that depend 
on local fuel condition and heterogeneity. In 
principle, the width can be determined experimentally, 
the code uses the value given in Table 3.1.

3 .2 .3  G ra in  E dge G as B ubbles

The equation for Ce, the grain edge bubble 
concentration, is given by

dC- Veb
— * = -dbCe -  3 - J °  Ke Ce 
dt e d 6 *

* VfX ~  k (‘ "  Cfg

♦ 6 n ,  H g . f  „
N0 t dt e (3.16)

where

Byedge

and fe is a geometric factor that accounts for the 
ellipsoidal shape of grain edge bubbles and Re is the 
radius of the volume equivalent sphere. Bvcrit =  
0.055 is the value of the grain edge swelling at which 
long-range interconnection would take place if the 
fuel microstructure and gas bubble morphology were 
homogeneous (Turnbull, 1980). In the absence of 
microcracking, the fission gas that would have been 
vented via the crack remains on the grain boundaries. 
The effects of microcracking on interlinkage are 
included by redefining Pj as Pj =  maximum (Pj, 
Pmc), where Pm cis 1116 fracti°n ° f 1116 8rain boundary 
area/volume which has opened up due to micro
cracking. Retained grain-edge fission gas causes the 
deformation o f the grain edges (i.e., grain edge 
fission-gas-bubble swelling), and the subsequent 
increased long-range interconnections of grain edge 
tunnels. This interconnection o f grain edge tunnels 
provides the pathways for enhanced fission-gas 
release. The intergranular swelling model has been
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Table 3.1

Values of various parameters used in Section 3.2 [Rest and Zawadzki, 1992]

SYMBOL VALUE EQUATION

PL 8.72 kg/m3 3.41

p l 4 x 10‘5 kg/s2 3.44

ra 2.38 x 10"12 m 3.44

<$ 4.8 x 10"19 J 3.45

Po 4.16 x 10"5 Pa 3.46

AHV 1 x 10*18 joules 3.46

m ,(U 02) 4.48 x 10"25 kg 3.47

m2(Xe) 2.19 x 10*25 kg 3.47

° g 2.1 x iQ ^e-4580077 m2/s 3.4

Db 1.48 x 10- 15e~54400/T 2, m /s
p 2.09 
Kb

3.4

De.Df D p 3.42 x l o W 54400"" 2 , Rb s Rs ---------------——------------ m /s

"Rb Rs

3.33, 3.34

3.42 x 102Q4/3e '54400/Tsin
IT Rl ^  R m2/s

s „ 2 —2 
ttRlR, b s

Rs 1.12 x 10'8 m

'» 1.12 x 10"4 3.4

X 5 x 10"9 m 3.4

bQ 2 x 10‘23 cm3 3.4

° f 1.0 m' 1 3.15

U 2.0 m-1 3.17

Y 1601.4 - 0.345T J/m3 (solid) 3.20

yl 45 J/cm3 (liquid) 3.20

Du 2.0 x m ^e"64200^  m2/s 3.20

DgbW 3.1 x 10*14e"24000/T m3/s 3.22

Q 4.023 x 10"29 m3
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benchmarked against experimental results (Soloman 
et al., 1988).

3.2.4 Noble Gas Mass Balance Within the 
Bubbles

Equations (3.4), (3.11), (3.12), and (3.16) express 
mass balance and are solved by assuming that the 
average number of atoms per bubble does not change 
over the integration time-step. Subsequent to the 
calculation of the Cj's, changes in Nj are calculated by 
examining the bubble growth and shrinkage fluxes that 
influence the average size bubble. For example, 
changes in Nb are calculated by evaluating

bubble size distribution is calculated with the 
GRASS-SST (Rest, 1978) mechanistic model. The 
equations for Nf and Ne are obtained in a fashion 
analogous to that of Equation (3.18).

3.2.5 Fission Product Release to the Open 
Porosity

Contributions to fission-gas release, COPEN, come 
from the venting of grain face gas into interconnected 
grain edge tunnels, from the venting of previously 
trapped grain edge gas through newly interconnected 
tunnels, and from long-range migration of fission-gas 
bubbles up the temperature gradient:

dNb
dt

' [ l 6 ^RbDbC^ * %VbCb

4”(Dg * *  + Rb)C8 Nl

+  ^ b C b  -  1 6 * F N R g D g C g  

**1,  3Vgb Nb

g

Kf
—  C f  +
Nf f Ne

(3.18)

In Equation (3.18), the first three terms on the RHS 
correspond to the growth of the average size bubble 
due to random and biased coalescence of these bubbles 
with each other, and the growth of these bubbles due 
to accumulation of gas atoms. The fourth and fifth 
terms on the RHS of Equation (3.18) represent the 
shrinkage of an average-sized bubble resulting from 
fission-induced gas atom re-solution, and because of 
the generation of very small bubbles by fission- 
induced gas atom nucleation (i.e., the introduction of 
small bubbles will tend to weight the average size 
bubble toward smaller sizes). The last two terms 
represent the growth of the average-sized bubble by 
introducing into the lattice larger grain face and grain 
edge bubbles that have become detached from a 
moving grain boundary. The proportionality sign in 
Equation (3.18) indicates that the changes in Nb are 
computed with a numerical algorithm that evaluates 
Equation (3.18) and increments or decrements Nb by 
an amount proportional to this value. When Nb is 
calculated in this fashion, the results agree very well 
with the results obtained when the evolution of the

dC,O P E N

dt

V,V l4" p,Cf 
~ a Cf + - T - NfPi

dPr
+ CeNe —  

e e dt (3.19)

For a multinode calculation, the various gas release 
contributions from each individual fuel node, given by 
Equation (3.19), are summed up to obtain the total gas 
released during time t. The total contribution of gas 
released because of long-range migration of 
fission-gas bubbles up the temperature gradient 
depends on the cross-sectional area o f the inner or 
outer node, depending on the direction o f the gradient 
that bounds a free surface.

Non-noble gas release follows the noble gas release. 
The code uses the quadratic concentration distributions 
and individual diffusion coefficients to release the 
other fission products to the grain faces. The code 
then assumes that the fraction o f noble gas released to 
the open porosity in a time interval is equal to the 
fractional release of the other fission products in that 
interval.

3.2.6 Noble Gas Bubble Radii

Whereas intragranular bubbles are assumed to be 
spherical, the intergranular gas bubbles are assumed 
to be lenticular on the grain faces and ellipsoidal along 
the grain edges. Grain comer bubbles are grouped 
with edge bubbles and are assumed to have a spherical 
shape.
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The diffusional growth of nonequilibrium intragranu
lar bubbles is based on an analysis by Gruber (1978). 
The rate o f change o f the bubble radius is given by

dRb
dt

1 -  exp P - P k - 2 J L J i
kT (3.20)

where Du is the vacancy diffusion coefficient; Q is the 
atomic volume, kT is the thermal energy, P is the 
internal gas pressure, Pb is the external hydrostatic 
pressure, and y  is the surface tension defined in 
Table 3.1. For ease in calculating, Gruber (1978) 
provided an approximation for the relaxation time of 
the form

± * r3P
3

RgT
z hs(y) •  dv0 f(T) -  AZ (3.23)

where r is the radius of the spherical volume of gas, 
R is the gas constant; Zbs(y) =  (1 +  y - y2 - y3)/ 
(1 - y)3 (y =  vd/4, where v is the effective gas 
volume and d is the gas density); AZ is a correction 
term discussed later; vQ is defined in Equation (3.25) 
below; and f(T) is a function that can be calculated for 
a given interatomic potential and has the form

Q n
f(T) = E ?

1 r
(3.24)

In Equation (3.24), qn are constants determined by 
Rest and Zawadzki (1992).

Kb -  * (* r  -  K$1 -  ••"*) . I3-21'

where x is defined using the initial growth rate 
calculated with Equation (3.20). R ^  is obtained by 
solving the xenon equation o f state [Harrison, 1969] 
simultaneously with the capillarity relation, 
P =  2y/Rb + Ph.

The diffusional growth of nonequilibrium inter- 
granular bubbles is taken from Speight and Beere 
(1975). Accordingly, the rate of volume-change of 
the grain boundary pores is given by

dVP _ 2DgbW 
dt kTL P - - - pt

Yb
(3.22)

where V is the volume of the pore, yb is the radius 
of curvature of the pore, L is a geometric factor that 
is function of the fraction of the grain boundary area 
occupied by pores [Gruber, 1981], Dgb is the grain 
boundary diffusion coefficient, and W is the thickness 
of the grain boundary from Table 3.1.

For the Xe equation of state, a perturbed hard-sphere 
model (Ronchi, 1981) is used as an equation of state 
of the form

The effective volume of the gas, v, is given by

where Av is Avogadro's number and

b* - 4 J
°L 0

1 -  expIS! r2dr

1.843 1.07804 -  0.162)

t ;25
TifT i - 0.553)

(3.26)

_  T 5/12Here Tr is the reduced temperature and T 1 =  Tr-

The interatomic potential, u(r) used in evaluating 
Equation (3.26) is the Lennard-Jones potential, <|i(r) 
defined in Equation (3.57).

The AZ term in Equation (3.23) is essentially a 
correction term that is proportional to the gas density 
to powers higher than one and Rest and Zawadzki 
(1992) has determined them by a fit to experimental 
data as
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AZ = d2 7d -  1,333r
Tr

I
T , J

-  A=‘ I1 * “N ,
(3.27)

where dr =  reduced density, dj/dc (dc =  
0.0265 moles/cm3), Tr =  reduced temperature, T/Tc 
(Tc =  289.8 K),

Ax =0.615 1.538 1.538 -1 , and

B , = 1 when T s  1000K ,

(3,28)

(3.29a)

Greenwood compared the magnitude of the force 
exerted by a bubble on the boundary, i.e.,

Fb = nRbYgb sin(2<l>) (3.30)

with the adhesive effects o f the interfacial surface 
tension, i.e.,

Fgb =
„  2Ygb 2itrgb (3.31)

where Rb =  bubble radius, vgb =  8ra*n boundary 
surface tension, <|> =  angle o f  contact between the 
bubble and the boundary, rc =  radius o f curvature of 
the grain, and 2r b =  grain boundary diameter.

Bx = 50.2 i .  -0 .25 — -0.84 -5 .4

when T >  1000K . (3.29b)

The hard-sphere equation of state, .Equation (3.23), is 
solved simultaneously with the capillarity relation.

3.2.7 Grain Growth and Grain Boundary 
Sweeping

Grain boundary sweeping of gas bubbles accounts for 
the interaction between the moving grain boundary 
and bubbles on the grain faces. This provides a 
means o f determining whether gas bubbles are caught 
up and moved with a moving grain boundary or 
whether the grain boundary is only temporarily 
retarded by the bubbles and then breaks away.

Speight and Greenwood (1964) proposed a grain 
growth theory that includes the sweeping o f entrapped 
microbubbles by the front of an advancing grain 
boundary. The basic postulate of their theory is that 
small bubbles, because they exert a minimal drag 
force on an advancing grain surface, are swept along 
with the moving boundary, whereas large bubbles, 
because o f their higher drag, detach from the 
advancing surface and are absorbed by the grain. To 
assess the efficiency of bubble sweeping, Speight and

Whereas Speight and Greenwood (1964) considered 
the effects of the moving boundary interacting with a 
population o f equal-sized bubbles, the theory 
presented here includes the effects on the moving 
boundary o f two distinct classes o f bubble size. The 
magnitude o f the total force exerted by the bubbles on 
the boundary, or vice versa, depends on bubble 
radius, angle o f contact, and the curvature of the grain 
according to the relationship

Fb = nRfNfYgbsin(2<|>f) + nReNeYgbsin(2<|>e)

5 NfFf  ♦ NeFe , (3.32)

where the subscripts f  and e denote grain face and 
grain edge bubbles, respectively; Rf and Re are the 
corresponding bubble radii; Nf and Ne are the 
corresponding numbers o f bubbles; <t>f and 4>e are the 
corresponding angles o f contact between the bubbles 
and the boundary; and F f  and Fe represent, respec
tively, the forces exerted by a grain face and grain 
edge bubble on the boundary.

The velocity of these bubbles can be determined from 
the individual forces on the bubbles by utilizing the 
Nemst-Einstein [Olander, 1976] equation that relates 
bubble mobility and the diffusion coefficient. 
Assuming that the movement of grain face and grain 
edge bubbles is controlled by surface diffusion, the 
velocity of these bubbles can be expressed as
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Vf =
DfFfr f
kT

4,
3 2Ygb

- J L  sin(24y)exp
kT (3.33)

and

Ve =
DeFe

kT

3 ~ T  TfT silK ) l!xp
~EC
k T (3.34)

where Vf and Ve, and Df and De are the velocities 
and surface self-diffusion coefficients of the face and 
edge bubbles, respectively; k is Boltzmann's constant; 
T  is the absolute temperature; aQ is the lattice 
constant; D0 is the pre-exponential factor for surface 
self-diffusion of the matrix solid; and Es is the 
activation energy for this process. Table 8.1 gives 
values for several of these terms. Movement of the 
bubbles can also be effected by the force due to a 
temperature gradient as

T H E R M (S I -
(3.35)

where Qv is the heat o f transport [Olander, 1976] and 
(dT/dx)j is the imposed temperature gradient. By 
adding this term into Equations (3.33) and (3.34) the 
thermal effect would enhance motion. The thermal 
force is also responsible for the intragranular Vg and 
Vb. For the low thermal gradient problems that 
VICTORIA would be used for, FTHERM is essentially 
0.0, hence Vg =  Vb = 0.

It has been shown (Rest, 1985) that the grain 
boundary velocity in the presence of bubbles is given 
by

gb
2 a O v Y g b

rckT exp( - i s )

itNfRr rc 
1 - -li — sinf2 

2Agb Rf

” N eR e r c

2Agb Re
•sin(24>e) (336)

where v is the frequency of vibration of an atom in 
the lattice, a is the activation energy for the grain 
boundary motion, re is the radius of curvature of 
the grain, and the fraction of the grain boundary 
area occupied by bubbles is (itNfRf2/Agb and

” n A 2/V -

When the bubbles are widely spaced or very small, 
the second and third terms in the brackets o f Equation 
(3.36) are negligible compared to unity, and Vgb 
reduces to the intrinsic velocity of the curved grain 
boundary as detailed by the first term. The second 
and third terms in the brackets in Equation (3.36) 
account for the retarding effects of the bubbles on 
grain boundary motion.

If both the grain face and grain edge bubbles are 
swept along with the moving boundary, then

Vf = V = Vg b

The first equality in Equation (3.37) yields

(3.37)

sin(24>f) _ sin(24>e)
(3.38)
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From Equations (3.36) to (3.38), one obtains

sin(2<t>e) = exp
Es - Q

kT

"NeRe2 rc 

2Agb Re

*N f Rf rc

2Agb Re
Rf
R0 (3.39)

Because sin(2<f>) cannot exceed unity, the condition for 
bubble detachment is met when the RHS of 
Equation (3.39) exceeds unity. If this condition is 
satisfied and Rf =  Re, both face and edge bubbles 
become detached from the boundary. If Rf * Re, the 
larger bubble becomes detached (we assume for the 
sake of this discussion that Re >  Rf) and the 
condition that the smaller bubble be swept along with 
the moving boundary is Examined by requiring that
V f = 'gb' This results in

s i n ^ ) 3 D0 rc _Es-Q

4
exp 

_3 F I kTRf-v

*NfR? rc

2A gb Ri

-1
(3.40)

If the RHS of Equation (3.40) exceeds unity, the 
smaller bubble is also detached from the boundary. If 
the RHS of Equation (3.39) or (3.40) is less than 
unity, both face and edge bubbles or just face bubbles, 
respectively, are swept along with the moving 
boundary. The contact angles <t>e and 4>f can be 
computed from Equations (3.38) to (3.40) and used in 
Equations (3.34) and (3.35) or (3.36) to determine the 
bubble or grain-edge velocity.

3.2.8 Fuel Oxidation

Fuel stoichiometry can have a pronounced effect on 
atomic mobilities in U 0 2 fuel and thus on grain

growth kinetics. Data on the diffusivity of 133Xe in 
U 0 2+x as a function of the fuel stoichiometric condi
tion (Belle, 1961) show that increased levels of O in 
solution in U 0 2 lead to observed increases in the 
diffusivity of 13Xe and 85Kr. For example, a change 
from U 0 2 o to U 0 2 | 2 can increase the diffusivity of 
133Xe by more than two orders of magnitude. Thus, 
the stoichiometry of the oxide can have a significant 
impact on atomic mobility and grain growth 
characteristics. Indeed, in the oxidizing environment 
o f fuel exposed to steam flow at elevated 
temperatures, U 0 2 can be expected to become 
hyperstoichiometric (0 <  x s  0.15) during the course 
of a severe-core-damage accident (Bittel et al., 1969).

To account for such oxidation effects, two values of 
the activation energy, Q, are employed. For 
stoichiometric U 0 2 qq (nominal grain growth), 
Q =  357 kJ/mole. This value of Q for stoichiometric 
fuel is close to the value o f 360 kJ/M determined by 
MacEwan and Hayashi (1967). For hyperstoichio
metric (oxidized) fuel, the activation energy is 
decreased to Q =  294 kJ/Mole, approximately 
proportional to the difference in activation energy 
between U 0 2 and U 0 2 15 reported by Turnbull 
(1972). This value o f Q, for oxidized U 02, was 
determined by the requirement that the integrated 
intragranular Xe release as calculated with this model 
be consistent with measured total (end-of-test) release 
values for SFD-scoping test.

3.2.9 Effect of Fuel Liquefaction

Figure 3.3 presents the pseudo-binary equilibrium 
diagram for U 0 2 and oxygen-saturated a-Zr(O). As 
indicated, oxygen-saturated a-Zr(Q) will dissolveU 02 
if the two are in contact at temperatures in excess of 
=2170 K.- A eutectic melt is formed with a 5% mole 
fraction of U 0 2, whereas, at higher U 0 2 
compositions, there exists a mixture o f liquid with a 
(U-Zr)02 solid component that is analogous to a 
slush. A mixture of two liquids (i.e., and 1^) 
occurs at temperatures above =2637 K, when the U 0 2 
mole composition is between —23% and 85%.

Such parameters as fuel pellet microcracking, 
oxidation state, wetting, characteristics, and time 
at temperature also exert a profound influence on 
the dissolution process. Until the influence of 
such parameters can be established from a systematic 
data base, modeling o f dissolution effects on
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Figure 3.3. Equilibrium  pseudo-binary phase diagram  of UO2 and oxygen-saturated alpha-Zr(O ). (From 
J. Rest and A. W. Cronenberg, 1987, "Modelling the Behavior o f Xe, I, Cs, Te, Ba, and Sr in 
Solid and Liquified Fuel During Severe Accidents," Journal of Nuclear Materials, Vol. 150, No. 2, 
p. 203.)
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fission-product release must, of necessity, rely 
primarily on empirical evidence. For present 
purposes, two limiting conditions on fuel dissolution 
will be considered. The first is grain boundary 
dissolution (2170 K <  T <  2673 K), where the 
limited attack of molten a-Zr(O) on the fuel 
microstructure results in a residual U-rich melt phase 
at grain boundaries, which effectively acts as a melt 
pathway for the escape o f fission products to the pellet 
surface. The second is fuel matrix dissolution (T >  
2673 K), where more extensive attack of molten «- 
Zr(O) on the fuel microstructure results in dissolution 
of the entire grain structure over a portion of the fuel 
pellet radius such that fission-product transport is 
controlled by microbubble and atomic diffusion in a 
liquefied fuel.

We have developed models describing fission-gas 
release behavior for these two limiting conditions. 
For grain-boundary-type dissolution, the release of 
fission products occurs primarily by fission-product 
migration through the liquefied U or U-Zr lamina (or 
film) to the fuel surface. For fuel-matrix-type 
conditions, release occurs by fission-product migration 
through the liquefied U or U-Zr lamina (or film) to 
the fuel surface. For fuel-matrix-type conditions, 
release occurs by fission-product migration through 
bulk melt to a free surface. Gas bubble mobility in 
the U/U-Zr melt can occur via bubble rise in a 
viscous liquid, evaporation/condensation, and volume 
diffusion, the dominant mechanism is primarily 
dictated by bubble size.

3.2.10 Effect of Fuel Dissolution

For relatively large bubbles >  1 pm, in the absence of 
a strong temperature gradient, escape will be 
dominated by macroscopic forces (i.e., buoyancy 
effects) through the liquefied lamina, to the surface of 
the fuel (the lamina is assumed to be 1-2 mm thick 
and exist along the liquefied grain boundaries). This 
is in contrast to release processes in solid fuel where 
release can occur directly upon the arrival of fission 
gas at the grain edges if a stable network of 
interconnected porosity is encountered.

Modeling bubble rise in a viscous liquid is based on 
an estimate of the time necessary for a bubble to rise 
from the interior of the melt to the free surface. An 
approximation of the bubble velocity can be obtained 
by assuming that bubble interference during an

increment o f time is negligible and variations in 
properties along the distance o f travel are minimal. 
Also, the bubble size is assumed to be larger than the 
molecular mean ffee-path. With such assumptions, 
the classical expression for bubble rise in a viscous 
liquid can be employed. If a submerged, rigid bubble 
is allowed to rise from rest in the liquid, it will 
accelerate until it reaches a constant terminal velocity, 
Vt. In this situation, the effects o f gravity, Fg, and 
drag, Fd, are just balanced by the effects o f buoyancy, 
Fb (Fb =  Fg +  Fd); i.e., the balance of the 
equilibrium force for such steady-state bubble rise can 
be written as

\  "RbPLg = \  RbPg8 + 6nRbPLVt . (3l41)

where Rb is the bubble radius, pL is the liquid fuel 
density, g is the gravitational constant, pg is the gas 
density in the bubble, and p L is the viscosity of 
liquefied fuel.

Noting that pL >  >  pg, one can express the terminal 
rise velocity as

v  _ 2RbPL8 (3.42)
‘ 9 p l

Because the liquid lamina can be expected to have a 
snake-like random structure in a partially dissolved 
fuel pellet, direct vertical bubble rise is unlikely. 
Bubble migration is, therefore, viewed as upwardly 
biased in a snake-like path, so that the effective rise 
velocity, Vb, is taken to be half (between zero and the 
terminal velocity) the terminal velocity, i.e.,
Vb =  1/2 Vv

Fission-gas bubbles can also migrate in the liquid by 
a volume diffusion mechanism. The diffusivity of a 
bubble o f radius Rb, migrating by volume diffusion, 
is

°b = Du ’ (3.43)
4*Rb

where Q is the atomic volume and Du is the U-atom 
diffusivity. The U-atom diffusivity in molten U 0 2 is
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based on the Sutherland-Einstein model [Bretsnajdor, 
1971] and is given by

D„ kT

4 nral1L
(3.44)

The velocity of a bubble moving by a volume 
diffusion mechanism in the presence o f a temperature 
gradient, VT, is expressed by

v b =
DuQv

kT '
VT (3.45)

where Qv is the volume diffusion heat of transport 
[Olander, 1976].

For larger bubbles >  1 pm, in the presence of a 
relatively large temperature gradient, vapor transport 
can strongly dominate both buoyancy-driven bubble 
rise and volume diffusion. For this case, the bubble 
velocity is given by

DVQ«P0AHV

k h 3
exp

-AH,,

kT
3
£ v t
2

(3.46)

Figures 3.4 and 3.5 show bubble velocities in 
microns/hour, as a function o f bubble radius obtained 
with Equations (3.42) to (3.47) at 2200 and 3125 K. 
Figures 3.4 and 3.5 correspond to temperature 
gradients of 100 and 5000 K/cm, respectively. The 
values of the various parameters used in the above 
equations are listed in Table 3.1.

From Figure 3.4, it can be seen that, for small 
bubbles (< 0 .3  pm) and small values of the 
temperature gradient (=100 K/cm), volume diffusion 
dominates bubble motion. On the other hand, large 
bubbles (*0.3 pm), in the absence of significant 
temperature gradients, move primarily under the 
forces of buoyancy. In liquid U 0 2 with temperature 
gradients * 5000 K/cm (see Figure 3.5), bubbles with 
radii of up to =1 pm move primarily by volume 
diffusion, whereas bubbles with radii greater than 
1 pm move primarily by viscous rise.

Bubbles moving in a solid or liquefied medium can 
coalesce and grow. Because only a single bubble size 
class per distinct morphological fuel region is 
considered (i.e., the average-size bubble), the rate of 
change of the bubble density, Cb, for a bubble of 
radius Rb, moving by random and biased migration in 
a liquefied lamina (e.g., a destroyed grain boundary 
region) is given by (see Equation [3.18], and 
subsequent discussion).

where Q is the atomic volume, PQexp (-AHv/kT) is the 
equilibrium vapor pressure, AHV is the heat of 
vaporization for the rate-diffusing species of the fuel; 
Dv is its diffusivity in the vapor contained in the void, 
and « s 1 measures any deviation from equilibrium 
vapor pressure at the pore surface. Dv is obtained 
from the kinetic theory of gases [Olander, 1976] and 
is defined as follows:

2kT

Sito2?

2kT
(

1 + 1
it m i mjsj

1/2
(3.47)

Cb = ~(l6irRbDb + % ir R ^ b)c b (3.48)

where « b is a parameter that loosely accounts for the 
effects of a distribution of bubble sizes, and Vb is 
generally given by Equation (3.45) and, as indicated 
in Figures 3.4 and 3.5 and the previous discussion, 
occasionally by either Equation (3.42) or (3.46). The 
value of « b =  4n makes the second term of the right- 
hand side of Equation (3.48) correspond to the 
product of the bubble density and interaction volume 
swept out by each bubble.

where tto2 is the collision cross section between the 
diffusing species and the principal component of the 
gas phase in the void, P is the total gas pressure in 
the void (P =  2y/R + Pb), and m } and m2 are the 
masses of the diffusing species U 0 2 and the principal 
component of the gas phase Xe, respectively.

For fuel matrix dissolution, the interaction between 
gas atoms in solution and two distinct bubble size 
populations are considered: those that had been in the 
fuel lattice prior to fuel dissolution and those that had 
been on the grain boundaries or in a liquefied lamina. 
The random and biased coalescence probability for 
these bubbles is given by
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Figure 3.4. Size dependence o f bubble velocities in liquid U 0 2 in a tem perature gradient o f 100 K/cm at 
2200 K. (From J. Rest and A. W. Cronenberg, 1987, "Modelling the Behavior of Xe, I, Cs, Te, 
Ba, and Sr in Solid and Liquified Fuel During Severe Accidents," Journal o f Nuclear Materials, 
Vol. 150, No. 2, p. 203.)
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P ^ l ’^ 2) “ 4 " (d 1 + d 2) (Rj + r 2)

> itjRj > R2)2(v2 -  Vj) , (3.49)

where R 1? D j, and Vj and R2, D2, V2 are the radius, 
diffusivity, and velocity of bubble size distributions 1 
and 2, respectively. Prior to fuel liquefaction/ 
dissolution, the bubbles are assumed to be spherical in 
the bulk, lenticular on the grain faces, and ellipsoidal 
on the grain edges. Subsequent to fuel liquefaction/ 
dissolution, all bubbles are assumed to be spherical.

result would be a volumetric source term for release 
from the fuel grain. However, VICTORIA retains the 
current concentrations rather than those at the initial 
time. This problem is easily remedied by noting that 
1 - fj“ is the fraction of the initial concentration 
difference that is retained at time plane a. Therefore, 
the expression for the source term over the time step 
At can be written using Booth's notation as

sf At = a ac- -c- ig is
a +1 f.

1 - f ;‘
(3.50)

3.3 Fuel Intragranular Processes 
(Booth Model)

The initiation of the release of fission products from 
intact or rubblized fuel in a nuclear reactor accident 
takes place within the fuel grains. As detailed in 
Section 3.2, a variety of mechanisms have been 
postulated that can lead to the movement of fission 
products from inside the grains to the surface o f the 
grain and their subsequent transport through the 
extragranular portion of the fuel. In the Booth model, 
we consider primarily two intragranular phenomena: 
(1) equilibrium chemistry, which determines the 
speciation of the fission products within the solid 
matrix (and hence their effective mobility in this 
environment), and (2) the actual movement of fission 
products within the grains. Both of these topics will 
be discussed in greater detail in the sections following.

Within the fuel grains, transport of fission products is 
considered to take place by solid state diffusion 
through the lattice. The driving force for this motion 
is the concentration gradient between the interior and 
the surface of the fuel grains. The resulting 
concentration at the surface of the fuel grain is used as 
a source term for the extragranular transport Equation 
(3.2). The source term of species "i" at the grain 
surface is determined using Booth's analysis (Booth, 
1957). Booth derived an expression for the fraction 
of a species that had diffused out of a fuel grain 
within a specified time, which he referred to as T .  
Using Booth's notation, the amount of species i that 
diffuses out from the grain between time planes a  and 
e  +  1 is given by fj® + 1 - fj“ . If this difference was 
multiplied by the difference in the initial 
concentrations of the grain and the grain surface, the

where cjg is the concentration of species "i" within the 
grain, cis is the concentration at the grain surface, and 
o represents the current time plane. The diffused 
fraction is defined when x <  1.0 as

fi* - 6

1/2

-  3 (3.51)

and when t  >  1.0 as

.  1.0 -
(3.52)

In Equations (3.51) and (3.52), t  is a dimensionless 
time and is given by

t a =
r2

(3.53)

where r is the radius of the grain and t“  is the current 
time of the calculation. The diffusion constant, is 
taken to be a simple function o f the temperature for 
each diffusing species. The functional form used is

Di = Doie
- 6 , / T

(m2/s) , (3.54)

where Doi is the pre-exponential factor, and 0j is the 
activation temperature for diffusion. The default 
values o f Doi and 0j are given in Appendix A, and the
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user has the option of modifying them in the initial 
fuel grain input data. It is our opinion that single 
crystal diffusion coefficients are the best starting place 
for these models. Diffusion out of individual grains 
is effectively the same as that out of a small single 
crystal. As irradiation progresses, however, the 
individual grains become highly defective and one 
would expect that the value of the diffusion 
coefficients would change. This change could be 
either an increase or a decrease depending on whether 
the defects serve as traps or tunnels for the diffusing 
atoms. We intend that as the code matures a complete 
set of diffusion coefficients that will account for these 
parameters can be determined.

Solid state diffusion is allowed for U, O, and the 
condensed phase atomic species, whose concentrations 
are determined from the isotopic depletion calcula
tions. Generally, molecular species are observed to 
diffuse through solids at rates much slower than the 
rates of diffusion for atoms and would not be expected 
to contribute to release. For the high-temperature 
regime typically operative in a severe accident, a 
considerable amount of fuel could be sublimed. This 
amount depends on removal of the cladding and on 
conditions where transport limitations will allow the 
products of the sublimation to be removed. If the user 
wants to consider sublimation, a model needs to be 
added to VICTORIA to account for the decrease in 
grain size due to the sublimation of the lattice and the 
effect of this change in grain size on the diffusion 
process.

3.4 Fuel Open Porosity Processes

Once a fission product species, in either a condensed 
or gaseous form, is at the open porosity surface, the 
intergranular transport processes of Equation (3.1) 
take over. In the current version of VICTORIA, 
transport of gaseous species within the open porosity 
is by diffusion and by convection due to permeable 
flow. Condensed species in the open porosity are 
transported by surface diffusion. In other geometric 
configurations, either solid state or Knudsen diffusion 
mechanisms could be operative (Olander, 1976). The 
physical state of a species is determined by chemical 
equilibrium considerations. The nature of the 
transport process depends on both the physical state of 
a particular species and the geometry of the region 
being considered.

3.4.1 Diffusive Transport

Transport of chemical species within the open porosity 
is treated directly by Equation (3.3). The two means 
of transport allowed in this region are diffusion due to 
concentration gradients and convection due to pressure 
gradients. The convective flow term is discussed in 
Subsection 3.4.2. The determination of the diffusion 
coefficient that appears in the governing equation is 
dependent on the chemical identity and physical phase 
of the transported species.

For condensed phase species, diffusion is postulated to 
take place along the surfaces of the grains, and the 
coefficient for the governing equation is given by

Dj = 40e -54125/T (m2/sec) (3.55)

where T is the temperature of the region in question. 
This value of the diffusion coefficient was developed 
(Maiya, 1971) for surface self-diffusion of U 0 2, but 
is taken to be valid for all condensed phase species in 
the present version of VICTORIA.

For the gas phase atoms and molecules, VICTORIA 
uses a diffusion coefficient based on the Chapman- 
Enskog Model (Bird et al., 1960). A species- 
dependent diffusion coefficient is calculated for the 
mixture. Each species diffuses at a different rate and 
therefore in the real case there will be a number of 
diffusion boundary layers in the multicomponent 
system. VICTORIA has only one boundary layer 
thickness for the chemistry package. To calculate the 
best thickness, an average diffusion coefficient is 
used. All the species are used to calculate pg, pg, and 
D in a multi-component mixture. The average 
diffusion coefficient is calculated from the Chapman- 
Enskog kinetic theory for a binary system, D 12, and 
using these values to calculate an effective binary 
diffusion coefficient for each species in the mixture. 
D for each of the species is found using

0.018824
M: M

(3.56)
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where T is the absolute temperature of the gas, Mj 
and Mj, are the molecular weights of two components 
of the gas, o is the characteristic diameter, in 
Angstrom units QD is the collision integral for mass 
diffusion, p is the pressure in Pascals, and D - is in 
m2/s for a binary system. QD can be approximated by 
Lennard-Jones potential <p.

<P(r) = 4e I f - G F
(3.57)

where e and o are the Lennard-Jones parameters and 
r is the distance between molecules. Both e and o 
vary with species. In VICTORIA, QD is found by 
linear interpolation from the values in Table B-2 of 
Bird et al. (1960), but needs the values Tk/e, where 
k is the Boltzmann constant. The known values for 
the Lennard-Jones parameters have been used. 
Further approximations are made by the empirical 
relations (Bird et al., 1960)

e . . 1.222— = 1.92Tm and o = -------
k  m  1 / 3

m

1  = 1.15Tb and o 1.666
1 /3

Pb

(3.58)

(3.59)

where Tm is the species melting temperature, Tb is 
the boiling temperature, M is the molecular weight, 
Na  is Avogadro's number, and pm is the density at 
the melting point (in mol/cm3). For those values not 
found by either method, an approximation for e/k has 
been formulated using a linear plot with molecular 
weight versus e/k for the noble gases. The same has 
been done for o.

o; = 0.011183M, + 2.665 ,

1  = 1.77065M.- + 19.4543 .
ki

(3.60a)

(3.60b)

As information is found on the Lennard-Jones 
parameters, it will be used instead of the linear 
approximation. Appendix A details the values used. 
For a mixture of two or more gases, we use the 
average a be calculated by an arithmetic average and

et al., 1960).

° A B  =  ^ ( ° A  +  ° b )  • 

e A B  =  V 6 A e B  •

(3.61a)

(3.61b)

Calculating the diffusion coefficient for all species in 
the boundary layer also enables the diffusion of each 
species in the transport module to be improved. The 
diffusion coefficient of each species in a multi- 
component mixture for the fuel, structure, and bulk 
gas has been modeled using an effective binary 
diffusion coefficient, Dim.

1—1 - f  *L
D i m  j  = 2  D y  ’

(3.62)

where D;_  im
mixture m.

is the diffusion of species i into the 
Xj is the mole fraction of species j ,  and 

Dy is the diffusion of species i into species j (see 
Equation [3.56]) and n is the total numbered species. 
Here the binary diffusion coefficient for each species 
pair is combined. This relation assumes the species 
being diffused into are moving with the same velocity 
and are independent of position within each cell. Both 
criteria are reasonable for VICTORIA.

Calculations have shown an improvement with 
experiments for species deposition. The diffusion 
coefficients calculated here are not accurate for polar, 
long chain molecules, free radicals, or molecules in 
excited states, but they do improve on the previous 
models. Any extra improvement would require a 
more detailed kinetic theory model (see Hirschfelder 
et al. [1954]) but would require more properties for 
each species.

As a user option, the mixture calculation in the fuel 
can be replaced with constants, m2 =  3, o- =  4, and 
Qjg =  0.778 to correspond to the VICTORIA 90 
model.

While it is true that all of these parameters affect the 
calculated diffusion coefficient, the effects are small 
compared to the uncertainty in the pressure and 
temperature dependence of this formulation. A small
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error in the power dependence of either of these 
parameters in correlation used in Equation (3.56) will 
cause a large change in the diffusion coefficient for 
the temperatures and pressures operative in a severe 
reactor accident. The correct functional form o f Dj in 
the high temperature and pressure regime is not 
known. Further comparison of the code against 
experimental results may help to determine the correct 
form of Dj.

6 ( t - t V 0  for t  #t®

» ( T - t ‘ ) d T = ,
t* -e (3.64)

This function ensures that the total concentration 
change of species i will occur from time t®'1 to time

3.4.2 Permeable Flow

In some situations, permeable flow in the open 
porosity of the fuel can dominate over diffusion. 
Permeable flow is calculated only in the gaseous 
phase; convection of the condensed phase is 
considered to be negligible. The driving force is the 
pressure gradient in the gaseous phase, which is 
calculated by summing the molar concentrations of 
each gaseous species and applying the ideal gas law. 
Permeabilities in this region (as well as in other 
regions of the fuel) are prescribed as part of the user 
input, which is discussed in detail in Appendix B. 
The viscosity that appears in Equation (3.3) is the 
bulk gas viscosity and its value is determined from 
Equation (7.4).

3.4.3 Numerical Scheme

The solution o f the governing equation for species 
transport within the fuel geometry (Equation [3.1]) is 
performed on a grid, as shown in Figure 3.1. The 
chemistry source term is treated as an instantaneous 
change to the species concentrations in a given cell 
brought about by the equilibrium calculation. The 
chemistry source term over the time step At is o f the 
form

chm
At = ft(t -  t “)(Ci -  cio) (3.63)

where Cj is the concentration of species i at time t® 
and cio is the concentration of species i at time t®"1. 
The Dirac delta function, 6 , is defined as

The source from the fuel grains ŝ g (see Equation 
[3.50]) is simply added into Equation (3.3) as an 
explicit source term. The remainder o f the governing 
equation is discretized using a second-order accurate 
finite differencing scheme. The equation written in 
two-dimensional cylindrical coordinates is

5
8t

1 1  
r dr

dz

D . A I ' 5  
*dr  prf p  dr

D —  + Ci Kz 
‘ dz Pzo P z (3.65)

Parameters are defined as follows: a is the porosity of 
the fuel (determined from user input); Pr and pz are 
the interconnected porosities o f the fuel for transport 
in the radial and axial directions, respectively 
(calculated as shown at the end of this section); Kr and 
kz are the permeabilities in the radial and axial 
directions, respectively (determined from user input); 
and p is the total pressure (calculated as described 
above). The subscript 0 on p refers to its value at the 
initial time plane.

In order to discretize this equation, we need to 
stipulate computational points for the cells over which 
the equation is being solved. The indexing for a 
sample cell is shown in Figure 3.6. As Figure 3.6 
shows, the r,z spatial coordinate indices are m and n 
respectively, and the notation m + , n +  or m-, n- is 
shorthand for m + 1/2 , n + 1/2 or m -1/2 , n-1/2 ,
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Figure 3.6. Species m olar transport within the fuel rod  cell m ,n.
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respectively. Using this indexing we can discretize 
Equation (3.65) in both time and space. For any 
given cell, (m,n), the radial components of this 
equation are

I £  
r dr

dCj

■ t t r ‘m

rm+

Z >
dcf

h w j -  rm -
m+,n

Z "V
dCj

m -,n

rm+ ~ rm -
(3.6 6)

dC: cm +l,n "  cm,n
dr m+,n rm+l " rm

dCi cm,n ~ cm -l,n
dr m -,n rm - rm -l

dCi cm,n+l ~ cm,n
dz m,n+ zn+l ~ zn

dCj cm,n cm ,n-l
dz m ,n- zn " zn - l

(3.70)

(3.71)

(3.72)

(3.73)

I _d 
r dr

rPr—  5  £E
PrO P ^r ‘m

rm*
PrciKr dp 

Prf)li *
rm-

m+,n

PrciKr dp 

PiOl1 * m -,n

rm +>rm -

and the axial component are

(3.67)

The definitions for the pressure gradients are similar.

The values of these gradients need to be fixed at the 
boundaries of the grid and are given for each species 
i by

at the fuel centerline 

dc;

dr m -,n
= 0 at r = 0 ,

(3.74)

_d
dz

dCj
P7D: —I 
Kz 1 dz

dC:
P,D:
Hz 1 l z m,n+

dCj

m ,n-

zm+ zm-
(3.68)

at the film-bulk gas interface

dCj

dr
= 0  at r = r,

m+,n max ’

at the top of the fuel rod

(3.75)

_d
dz

ci Kz dp

Prf) "p &

dp PzciKz dp
dz

m,n+ k PzOP dz
m ,n -

zm+ zm-

The inner differential terms are given by the gradient 
at the boundary in question. For each species i, these 
terms are

dCj

dz m ,n-
= 0  at z = 0  ,

at the bottom of the fuel irod

(3.69) 5
dz

= 0 at z = z,
m,n+ max

(3.76)

(3.77)

An identical set of boundary conditions is imposed on 
the gaseous pressure as well.
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Along with the boundary conditions on the gradients, 
it is also necessary to consider the volume occupied 
by the open porosity and the degree of interlinkage 
that is present in the open porosity. Since it is the 
total number of molecules of a given species rather 
than the concentration that must be conserved in the 
calculation, we need to multiply by the volume of the 
region of interest. The volume used here is that of 
the entire cell (including that occupied by fuel or 
cladding) weighted by a factor to account for the 
excluded volume. Within the fuel pellets, this 
weighting factor is taken as being the fraction of the 
volume not occupied by fuel grains (given by the 
fractional theoretical density for the fuel). For the 
gap and surface-film regions, the volume is considered 
to be entirely open. The cladding volume fraction is 
fixed by the user and depends on such factors as 
cladding rupture, melting, and so on. In addition to 
the open volume consideration, it is necessary for the 
user to account for the fact that the fuel porosity may 
not be fully interlinked, that the gap may be pinched, 
and that the cladding may form an incomplete barrier 
to fission product migration.

The parameters that contain the interlinkage fraction 
between two adjacent cells are called Pr and Pz. They 
are also calculated in BCGAS (the user may wish to 
modify this routine to affect the species transport) and 
stored in the arrays "BETAR" and "BETAZ." A 
volume for p is calculated corresponding to each 
arrow in Figure 3.1. The values used for the p 's  are 
set at 0 .0001, except for fuel frothing and cladding 
failure. The fuel frothing expansion is calculated as 
shown, using a model developed from ACRR-ST1 
data that is a function of temperature only. The 
cladding failure model is based on either the failure 
temperature or the remaining concentration of Zr.

For the fuel p =  0.0001 when T <  Tfroth, p =  0.35 
when T > Tfroth +  200 K, p is linearly interpolated 
over the 200 degree range, and Tfroth =  2200 K 
which corresponds to the observed frothing in ST1.

For the cladding p =  0.0 initially. If the cladding is 
oxidized then P =  the input porosity at full oxidation.
If Tclad > Tfail ^  P is set t0  1 0 - If Tclad >  
Tmelt die remain zirconium is removed and the tin is
released proportionally to the fraction of oxidized
cladding.

The interlinkage fraction detailed in Section 3.2 is 
used in the fuel zones if it has been calculated. 
VICTORIA solves the set of equations developed 
above in two steps. First, all the radial transport 
terms are determined. The result is a tridiagonal 
matrix which is solved using a standard mathematical 
software routine. The solution o f this tridiagonal 
matrix is then used as the new RHS vector for the 
second step in which the axial terms are calculated. 
A new tridiagonal matrix results and is solved using 
the same routine. The complete solution is then used 
to update all the stored concentrations for the fuel 
region.

The fuel region is treated as a completely closed 
system in these calculations. The boundary conditions 
are all zero gradient. There is, however, a hidden 
explicit source term. The fuel surface film region is 
treated as part o f both the fuel and the gas flow 
regions. This gives the fuel region an explicit source 
term with information that is at the previous time step.

The use of a standard system tridiagonal solver insures 
that the tridiagonal equations are solved to machine 
accuracy rather than some user-defined accuracy as 
would be the case in an iterative scheme. Several 
trials have been run reversing the order of solution for 
the radial and axial transport equations. The develops 
have found no difference in die solution due to the 
order of solution.

3.5 Fuel-Cladding Gap Transport 
Process

Once a fission product species reaches the surface of 
the fuel pellet stack (or an exposed debris bed surface 
or other surface external to the fuel), transport 
through a different medium must be considered. With 
intact fuel there is a fuel-cladding gap which provides 
a path for axial gas phase diffusion but may not 
provide a suitable venue for condensed-phase diffu
sion. If the fuel-cladding gap is closed, then there 
would be a suitable surface diffusion site for the 
condensed phase. For other potential geometries there 
are obstructions such as crusts or structural materials, 
which will present changes in transport properties and 
must be treated. In any new geometry, one must also 
consider the effect upon interfaces between fuel, gap, 
cladding, and the bulk gas region.
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Fission product transport across the fuel-cladding gap 
is similar to that used in the open porosity region. 
Gas phase species are treated the same as they are in 
the open porosity with the exception that p, the 
interfacial, interconnected porosity fraction for the 
gap, is always taken to be unity, p can be altered by 
the user in the code to account for a closed or 
partially closed gap. The diffusion coefficients used 
for the gas phase species are calculated in the same 
way as those used in the open porosity and are subject 
to the same restrictions. The diffusion of condensed 
species across the gap is not allowed—for condensed 
species the diffusion coefficient is set to zero in the 
gap region. This is to account for the fact that in the 
absence of a closed gap there is no physical 
mechanism to allow a condensed species to migrate 
across this space. There is no continuous surface for 
migration like that available in the fuel pellet open 
porosity. We anticipate that a surface diffusion 
mechanism will be added for a gap cell in which there 
is contact between the cladding and the fuel pellets.

3.6 Control Rod Release

The chemical and physical interactions between fission 
products and aerosols and vapors resulting from 
control rod alloys over-heating have the potential for 
dominating the source term to the containment 
building under certain accident conditions (Chown and 
Williams, 1989).

A simple model for calculating the release of vapors 
and aerosols from control rods comprised of silver, 
indium, and cadmium alloys encapsulated in a stain
less steel cylinder is incorporated into the current 
version of VICTORIA, l i ie  model makes use of 
experimental data where available; further studies are 
required to identify those areas for which additional 
data and/or model developments are required.

The description of a control rod within VICTORIA is 
very similar to that of a fuel rod. The user is asked 
to specify the alloy diameter, cladding internal and 
external diameters, total length of alloy and cladding 
(note that there is a difference), alloy composition, 
and the number of control rods per (i,j) cell.

The code assumes that the control rod temperature 
profile is the same as that of the fuel rod cladding, 
and that the boundary layer thickness is also the same

as that for the fuel rods in a given cell. The boundary 
layer film on the control rod surfaces is assumed to be 
in thermodynamic equilibrium and is treated in the 
same way as the fuel and structure films. Mass 
transfer between the control rod film and the bulk gas 
is effected by the gas transport routine, which now 
readily admits extension to additional structures.

In a given time step, the control rod module driver is 
called only if the fuel modeling option has been 
selected via the "irodr" input parameter. The driver 
checks the peak control rod temperature against a 
user-defined failure temperature. When the failure 
temperature is exceeded for the first time in a given 
radial ring, the code calculates the internal pressure of 
the control rod just prior to bursting. The calculation 
is based on the work of Powers (1985), which defines 
the partial pressure of the vapor species above a 
molten alloy as a function of the temperature of the 
alloy, the composition of the alloy, and thermo
dynamic properties such as activity coefficients and 
changes in Gibbs' free energies.

For most purposes Powers considers that the total 
vapor pressure within the control rod prior to the rod 
becoming ruptured is well approximated by the 
expression: j

P = P(Ag) -f- Pfln) + P(Cd)

+ P(Agln) + P(Cd2) + P(He) (3.78)

where P =  total internal pressure, and P(i) =  partial 
pressure o f species i.

The partial pressures of other vapors such as Ag2, 
Ag3, Cdln, Cd3, and ionic species are assumed to be 
negligible in the temperature range of interest. The 
partial pressures of individual species are then given 
by the expressions:

P(Ag) = x(Ag)y(Ag) e~^G(Ag)/RT  ̂ (3.79a)

P(In) = xGn) y(Cd) e ~'*G(In)/RT , (3.79b)

P(Cd) = x(Cd)y(Cd) e -A3(Cd)/RT , (3*79c)
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P(Agln) = x(Ag) Xan) y(Ag)

Y(In) e '4G(AgIn)/RT ,

9 9 -A3(Cd2)/RT
P(Cd2> = x(Cd)ZY(Cd)2e 2

(3.79d)

(3.79e)

where x(i) is the mass fraction of the i'th component 
of the alloy; y(») is the activity coefficient o f the i'th 
component of the alloy; and AG(i) is the change in 
Gibbs' free energy in vaporizing species i from the 
alloy such that:

AG(Ag) = G(Ag;g) -  G(Ag;l) 

dG(In) = G(In;g) -  G(In;l) 

AG(Cd) = G(Cd;g) -  (Cd;l)

AG(Agln) -  G(AgIn;g) -  G(Ag;l) 

-  G(In;l)

(3.80a)

(3.80b)

(3.80c)

(3.80d)

A3(Cd2) = G(Cd2;g) -  2G(Cd;l) . (3.80e)

Gibbs' free-energies of the various species are 
calculated using an expression o f the form:

In y(0  = 1 ~ In E  x(j) A[i;j] 
j=l

-  £
k - l

x(k) A[k;i]
3

E  *0) A[k;j] 
j=l

(3.82)

where x(i) is the mass fraction of the components and

A[i,j] = X i  e ^ [iJ ]/RT for i# j , (3.83a)
1 J V(i) J

G(i) = AHf (i) -  TfjCT) , (3.81)

A[i,i] = 1 ,

V(Ag) = 11.343
(1 +0.00011 1 [T -1233]) ,

V ^ )  = 15.5422(1+0.000118T) .

V(Cd) = 14.015
(1 +0.000137[T-593]) ,

a[Ag;In] = 2516.52 ,

a[AG;Cd] =-3823.49
+3.02715-106/T  ,

(3.83b)

(3.83c)

(3.83d)

(3.83e)

(3.830

(3.83g)

where

fj(T) = Cq + C j X +C2 X2 + C3 X3

+ C4 ln(X) + C5/X + C6‘ X In (X) ,

X = T/10*

a[Cd,Ag] = 1488.0 ,

a[Cd,In] = 6232.68
-  3.83628-10°/T ,

a[Cd,Ag] = -1133.83 ,

(3.83h)

(3.83i)

(3.83J)

Coefficients for the limited number of species of 
interest here are given in Table 3.2.

The activity coefficients, y(0, are estimated using the 
Wilson Equation (Powers, 1985):

Note that the correlational units are cm3 and 
cal/mole °K.

If the calculated internal pressure exceeds the external 
pressure in the bulk gas, a pressurized release of
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Table 3.2
Coefficients for correlations of thermodynamic properties 

correlation coefficients

Species AHf(i) c j C j c | c j c i c i

Ag(l) 2457 41.3038 109.137 -228.334 138.092 8.95896 0.195529 69.6458

In(l) 738 33.3239 -2.76830 5.40492 -3.87448 7.09354 0.211288 -0.881685

Cd(l) 1415 30.2508 -324552 9.06126 -4.73998 6.49351 0.205325 -4.70013

Ag(g) 67900 54.0367 0.968621 -2.27304 1.40579 5.02399 0.14874 0.808334

In(g) 58000 47.9766 35.5547 -68.3592 54.2479 3.11990 0.112920 2,84931

Cd(g) 26720 52.7531 0.0971014 -0.175171 -0.33078 5.02436 0.149096 0.398796

Agln(g) 84817 88.8147 -1.03858 4.64998 -2.15377 8.66701 0.263144 -2.40348

Cd2(g) 73824 80.2550 -16.8988 71.8227 -33.476 6.78084 0.265983 -33.5417

*G(i) =  AHf(i) - T C j  +  C} X +  c |  X2 +  c j  X3 +  c j  ln(X) +  C£/X + c |  x lnX cal/mole. 

X =  T /10000
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molten alloy is deemed to take place. During a 
pressurized release, two percent of the mass o f liquid 
alloy from that portion of the control rod above the 
location of the burst is assumed to be ejected into the 
bulk gas as an aerosol. The remaining liquid relocates 
to lower regions and appears in the control rod surface 
film inventory, from where it may evaporate if 
temperatures are sufficiently high. The log-normal 
size distribution assumed for the aerosols produced 
during a pressurized release is based on small-scale 
experiments at Winfrith (rg =  0.5/i, o =  1.8) 
(Bowsher et al., 1986). Both the size distribution and 
the fraction of alloy giving rise to aerosols need 
further assessment to determine whether these 
parameters are experiment specific. The vapor 
species present within the control rod just prior to the

burst (as calculated for the determination of the 
internal pressure) are added directly to the bulk gas in 
the cell in which the burst is predicted to occur.

If the internal pressure o f the control rod does not 
exceed the external pressure or if the rod has failed 
previously at a higher elevation, only those aspects o f 
the pressurized release model relevant to alloy 
relocation and vaporization are invoked.

The model describes both die sudden release of 
control rod materials when the cladding reaches its 
failure temperature and the long-term evolution of 
control rod vapors and aerosols from films of liquid 
alloy which may have relocated, possibly to other 
cells, after the burst.
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4.0 Bulk Gas Species Transport

The conservation of gaseous species in the bulk gas 
flow within the reactor vessel is explained in this 
chapter. The relevant two-dimensional conservation 
equation is first presented in exact form, followed by 
the approximation of the partial derivatives with finite 
differences. The finite difference approximation is a 
large system of algebraic equations (one equation for 
each species) that must be solved at every time-step. 
Although not explicitly indicated, the nominal 
functional dependence of all the dependent variables is 
with respect to time and two-dimensional space.

The geometry involved in discretizing the continuity 
equation is a combination (and idealization) of that 
shown in Figures 2.2 and 2.3. The overall geometry 
is that of concentric cylindrical rings. Transport is 
achieved by convection between adjacent rings within 
an axial level and between adjacent axial levels within 
a radial ring. The addition of fuel and/or structures 
within a given cell requires transporting mass to and 
from the fuel or structures.

The fuel surface film is considered to be located on a 
vertical structure with a surface area that is calculated 
from the fuel dimensions. The annular volume of the 
film surrounding the fuel can be determined from 
either a fixed or variable film thickness dependent 
upon user input. This thickness is used to calculate 
the species concentrations in the boundary layer for 
the chemistry package, and is distinguished from the 
diffusion length over chemical species diffusion to and 
from the fuel surface. Both these parameters can be 
set as user options with controls to fix the Sherwood 
number for the diffusion transport, and limit or fix the 
size of the diffusion boundary layer. Transport 
between the fuel surface film and the bulk channel 
flow is by diffusion. The diffusion coefficient for 
each species is calculated in the gas mixture. A single 
diffusion coefficient is calculated by averaging the 
species diffusion coefficients by their molar fractions 
of the bulk gas. This implies a small error between 
the average length of diffusion and the species 
dependent diffusion coefficient. This error is 
corrected for the turbulent case by multiplying the 
diffusion coefficient by the average diffusion length 
divided by the species diffusion length. This 
correction varies from 0.5 to 1.5 of the average 
diffusion coefficient. For the laminar case no 
correction is necessary. The bulk gas viscosity is 
calculated by averaging over the species as described

later. The initial amount of surface thickness 
incorporated into the film volume for the chemistry is 
fixed at 5 x 10'9 m for the chemistry and is not 
changed during the boundary layer thickness 
calculation. The initial concentration can be changed 
by adjusting the initial boundary layer thickness. The 
fuel film is considered part of the fuel geometry. As 
a result, it can serve as an explicit source term for the 
bulk gas calculation. This is the transfer point for the 
fission products.

The structural surface film region can be either a 
vertical (wall) or horizontal (floor or ceiling) surface 
within the cell (see Figure 4.1). The surface areas of 
the three types of film regions, for each cell, must be 
entered in the input deck. The thickness of the sur
face film is given by its own parameter and is calcu
lated in the same way as for fuel film thickness. A 
diffusion length is also used in the same way as for 
the fuel. Both the structural and fuel film thickness 
vary with height, Nusselt number, and species in the 
bulk gas and film. The transport equations model dif
fusive transport of the gaseous species between the gas 
flow and each of the three types of surface areas. The 
method used to calculate the thickness is the same for 
each type o f surface. The surface can be chosen to be 
chemically inert or reactive in which case 5 x 10"9 m 
of the surface is added to the concentration film.

To check that the concentration films do not close off 
the axial flow, the maximum concentration film 
thickness is calculated as the volume o f a cell minus 
the volume o f the structure film and the fuel rods with 
the film. Assuming the two films are the same 
thickness f, then

^bulkgas = ^cell ”  ^fuel ~ ^struct 

^bulkgas ~ ^  ((^celliner + “ ^celliner)

nid + f  J -  A$tructf  ,

where n is the number of rods per radial cell, 1 is the 
height of the cell, AR is the difference between the 
inner and outer cell radii, Ranine,, is the inner radius 
of the cell, Rclad is the outer pin diameter and the 
structure area is Astruct.
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Figure 4.1. Surface film param eters. 
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The maximum thickness can be found when this sum, 
Vbulkgas> is zero-

dth -b _ /(b2 -  4ac) = f 
25 25 max2a

a = Init ,

^  -  ^ s t r u c t  ~  ^n 7 t^ c l a d  »

C -  |2itlAR Rceiiiner ~ ^clad nn) *

This assumes AR2 is negligible when the cell 
dimension term is expanded.

4.1 Species Conservation Equation

The transport of species in the coolant channel is 
governed by the flux of species between the fuel film 
(f), the bulk gas (g), and the structure films (s), as 
shown in Figure 4.2. The transport equations are 
written in the following two-dimensional cylindrical 
coordinates for each species, i:

dC|i dV , -  - 1
dt dr

dc

I t

-D;-
dcfi

dr Vr dr+S;
chm (4.1)
if

81 dV* -  - I
UC„;A„, -  D:

dcgl
g' gr 1~dr~ gr

dr

and

—  dVs = - 1  
dt s dr

^ s i  -D :— A-r 
1 dr sr

dr

_d
dz

3csi 
-D :— A „  

1 dz sz
, chm

d z > S j s

(4.3)

where V is the volume assigned to the films or bulk 
gas; Dj is the molecular diffusion coefficient for the 
species in each volume; A is the interfacial area for 
transport; and u and v are the velocities in the radial 
and axial directions, respectively.

The chemistry source per unit time for each volume x, 
s $ m appearing in Equations (4.1) and (4.3), is cast in 
terms of a delta-function adjustment made to the 
species initial condition at the beginning of each 
time-step

4 hm At = -  t<X) (cxi -  cxio) .
(4.4)

where the Dirac delta function integrates to one at 
each time t“ in the following manner:

6{t -  te) = 0  for r  * t® 

and

lim rta +e .a> A ,
= - o J , a - e ‘ f ' - ' H ' - l  •

(4.5)

_d
di

_d
dr

dr

dz

dcej
vcg iAgz ~ D , ^ Agz dz * S;

dcfi 

'* dr
- D i ^ A f r

^ s i  -D :— Asr 
1 dr sr

- D — A 
1 dz SZJ

dr

dr

dz ,

chm The intent behind the form of Equation (4.5) is that
ig the effect of an equilibrium chemistry calculation at

the beginning o f each VICTORIA time step is 
modeled by discontinuously adjusting the 
concentration before chemistry (represented by cxio) 
to its new value after chemistry (represented by cxj). 
After this adjustment of the species initial values, 
Equations (4.1) and (4.3) are then integrated over the 
time step in the usual finite difference scheme. The 
changes to the gas species concentrations described by 
Equation (4.4) not only account for chemical changes 
among gaseous species but also includes molecular 

(4.2) exchange with aerosol particles due to phase change
and chemical reaction in the bulk gas.
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Figure 4.2. Species m olar flow a t bulk gas cell m ,n .
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4.2 Numerical Scheme

The spatial partial derivatives appearing in Equations
(4.1) through (4.3) are approximated using first order 
accurate, donor-cell differences for the convective 
terms, and second order accurate central differences 
for the diffusive terms.

In the difference equations given below, the time 
index is « , the r,z  coordinate indices are m,n 
respectively, and the notation m + , n + , m-, and n- is 
shorthand for m + 1/2 , n + 1/2 or m -1/2 , n-1/2 , 
respectively. The reader is referred to Figure 4.2 for 
an illustration o f the spatial discretization scheme.

The bulk gas convective derivatives from Equation
(4.2) are approximated for each species i first as:

— /u c ^ A ^  dr * dr \ gi gr/

Am+u m+[cg ̂ m+ + cgm+lSm+]

~ ^ m -um-[cgm -l + cgf»m-] » (4*®)

The diffusive terms are next approximated with 
central differences:

d ( -D A * *  
U‘A8r ~ dTdr

dr = 

cgm+l ~ cgm

rm+l ~ rm 

cgm -  cgm -l

rm rm -l

8 /-D  A 5 1 1 8Z -&

"An+Djn-tj

+ An-Din

dz =

cgn+l ~ cgn

Zn+1 ~ hi 

cgn ~ cg n -l

^  - Z n - l

(4.10)

(4.11)

and

I  K M  *  -

An+vn+[cg *n+ + cgn+lf>n+]

"  V V n - K n - l f n -  + cg8n-] > W

where the donor-cell parameters are defined as

m ±
1 if  u ± 2 0 
0  if u ± s  0

(4.8)

and

8m ± = 1 ~ ^m± (4.9)

Diffusion from the fuel film is 

d '
*  ( 'DiAfr dr 

-AfrDi„

dr =

cfin 'gm

d_
dz Tdz

~ Afa^m*

dz »

cfn+l -  cfh

+ Afa-Djn.

Zn+1 “ Zn 

cfh '  cfn -l

Zn ‘ Zn-l

(4.12)

(4.13)

NUREG/CR-5545 46



Bulk Gas

Diffusion from the structure film on the vertical 
surfaces (walls) is

d_
dr

dc,
- DiAsr

si dr = -  AWDis
csm “ cgm

As
(4.14)

and, on the horizontal surfaces (floors and ceilings) is

_d
dz

dcg:
_ n .  A  _1 S Z dz -  -{Acl ♦ Afl)

D:IS
csn ~ cgn

(4.15)

There are no terms that allow film flow from cell to 
cell. Such flows are generally small compared to the 
bulk flow terms.

Lastly, the time derivative o f Equations (4.1) through 
(4.3) is differenced as

dc,XI
dt"

a +1 ac • -  c •xi vxi
At

(4.16)

where « +  l refers to the new time and At is the 
integration time step. Note that the diffusion 
coefficient in Equations (4.10) and (4.11) can be 
defined at the boundary between cells. Since this 
quantity is calculated from cell-centered information 
using Equations (3.55) and (3.56), a space-averaged 
value is needed for mass conservation.

Substituting the sources (Equation [4.4]), and the 
difference equations (Equations [4.6] and [4.16]) into 
Equations (4.1) and (4.3) and approximating the 
differential volume dV with a finite cell volume AV, 
produces an algebraic equation set containing the
unknown 
each cell.

species concentrations cg, cf, and cs for 
Once appropriate boundary conditions are

specified, and since the concentrations are being 
implicitly solved, the resulting system of equations can 
then be solved to give the concentration distribution 
over the entire spatial domain.

Note that the solution o f the above system assumes a 
knowledge o f geometric, chemical, and transport 
coefficient information. For example, the diffusion 
coefficient appearing in Equations (4.1) and (4.3) uses 
the Chapman-Enskog formula (Bird et al., 1960), 
which requires temperature and pressure information 
for evaluation. The diffusion coefficients and 
diffusion film thicknesses are calculated using the 
models described in Section 7.1.3 for aerosols.

The user must provide boundary conditions at all the 
physical edges o f the mesh (at die top and bottom of 
the system, as well as at the inner edge of the 
innermost radial ring and at the outer edge of the 
outermost radial ring). The boundary conditions may 
take on one of three forms: a zero concentration 
gradient for all species across a given boundary, a 
fixed concentration for all species at a given 
boundary, or a time-dependent concentration specified 
through the vapor source input.

At each time step, then, a seven-stripe matrix must be 
inverted to get the species concentrations. The seven 
stripes are due to the six possible interaction terms 
(upper, lower, left, right, bulk gas, and fuel and 
structure films) with the bulk gas term at the cell 
being calculated. VICTORIA solves the matrix using 
a Gaussian elimination system subroutine. This 
subroutine is for banded systems. The cells are 
numbered in such a way that the bandwidth is 
minimized, provided there are more axial cells than 
radial ones. This is nearly always the case. The 
entire transport calculation is skipped for species 
which do not exist in any of the cells and which will 
not be diffused through die boundary. This can save 
a considerable amount o f computing time.

At the top and bottom of the domain there is a 
formalism in the code to integrate the total mass of 
each gaseous species that passes these boundaries. 
This integration considers transport across a boundary 
by convection and is used solely as part of the mass 
balance calculation.
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The chemical interactions o f fission products can have 
an important effect on the timing, chemical form, and 
amount of products which may be released from the 
vessel or RCS should either fail. Two areas of 
particular concern are the chemical form of iodine that 
may be produced (which affects its volatility), and the 
importance of resuspension by reentrainment and by 
revaporization of deposited aerosols, particularly at 
the time of vessel or RCS failure (Silberberg et al., 
1986). An assessment of these concerns requires the 
detailed consideration of chemical interactions within 
the fuel, in gas regions, and with structures.

5.1 Background

X-ray diffraction studies (Kleykamp, 1988) of LWR 
fuel have shown that fission product elements move 
within the fuel grains to form associated species, 
either as part of the U 0 2 matrix or as separate phases 
at grain interstices. This affects fission product 
element concentrations within the grains and, thus, the 
driving force for diffusion to the grain edges and into 
the open porosity and their vapor pressures there.

Some fission products may condense on the cladding 
to react with its constituents. For example, Te reacts 
with Zr and Sn (Collins et al., 1987). Sn can 
vaporize to react with fission products in the vapor 
phase (Grimley and Maudlin, 1986). Both processes 
affect fission product diffusion between the fuel and 
the cladding.

Steam oxidation of cladding generates large amounts 
of heat. This oxidation affects the chemical behavior 
of fission products, both through the altered tempera
ture in the vicinity of the cladding and by reducing the 
chemical potential of oxygen in the gas.

Fission products mix and react with steam, molecular 
hydrogen, and vaporized structural constituents in the 
gas region. This affects the partition between 
condensed (aerosol) and gaseous species and the 
physical characteristics of the aerosol that, in turn, 
affects transport mechanisms between the gas and 
structure surfaces.

Structural components are generally made of Zircaloy, 
Inconel (an alloy consisting of 76% Ni, 16% Cr, and 
8 % Fe (Lyman, 1977)), or stainless steel. Special

components are also present, such as control rods in 
PWR's containing a Ag/In/Cd alloy and control blades 
in BWR's containing B4C powder. Fission products 
and other gas-borne materials can condense or deposit 
onto structures and react amongst themselves and with 
structural constituents; even trace constituents such as 
Si and Cr in steel may be important (Elrick et al., 
1984). Such interactions affect both the removal rates 
of the fission products from the gas and the fission 
product resuspension.

Treating these processes (and others) comprehensively 
and realistically is a challenge. Some simplifying 
assumptions must be made to avoid prohibitive 
computational labor. The assumptions made in 
VICTORIA to treat chemical processes effectively are 
described in this chapter.

Water (H20[c]) is assumed not to be present in the 
vessel after fission products are released from the 
fuel because VICTORIA was intended to model only 
unrecovered severe accidents such as those for which 
no emergency cooling water injection occurs during or 
after fuel failure. This assumption allows fission 
product interactions with water, which could otherwise 
be present (for example, as a pool in the lower head), 
to be ignored. Steam, on the other hand, may be 
present and therefore chemical interactions involving 
steam are treated. Temperatures within the vessel are 
assumed to be too high for steam condensation to 
occur. The developers are currently working on an 
aqueous model to eliminate this assumption.

In VICTORIA, all chemical interactions are assumed 
to be transport-limited. Species diffusion is therefore 
treated as required, and chemical equilibrium pertains 
within each region. This has significant advantages 
over the alternative of treating chemical rate limiting 
processes. Because computation costs are less, many 
species and elements can be treated. Although as was 
discussed in Chapter 3, neither all possible species nor 
all elements are included.

With the single exception of control rods, all chemical 
phases are assumed to be ideal. This assumption 
means that within a cell the mass of any species is 
primarily determined from the availability of its 
constituent elements and by the mass fraction of the 
species. Hence the total mass of the elements is

NUREG/CR-5545 48



Chemistry

important, but not which particular species constitute 
that mass. Data are not readily available to treat 
non-ideality comprehensively and chemical equili
brium would be more expensive to calculate for 
non-ideal systems. The breakdown of this assumption 
would be most likely to occur in condensates and in 
low temperature gases (Smith and Missen, 1982).

At most, one condensed phase of each chemical 
substance is assumed to exist throughout the prevailing 
conditions of any modeled accident. Transmutation 
and isotope effects are assumed to be unimportant. 
Consequently, element masses are conserved, relative 
isotopic abundances are everywhere uniform (but not 
necessarily time independent), and radioactive decay 
can be independently calculated.

Some of these assumptions are evaluated in more 
detail later in this chapter; their validity is discussed 
at the time o f their application. Using these assump
tions, a unified approach to calculating chemical 
equilibria will be derived and its application to the gas 
and fuel regions and structural surfaces discussed. 
Careful attention is paid to how the approach might be 
extended to achieve greater reality in the treatment.

Next, the solution method of the equations which 
determine chemical equilibrium is presented. 
With the simplifications outlined above, these 
calculations can still dominate the computational 
costs of VICTORIA, even when coupled with thermal 
hydraulics codes like SCDAP/RELAP5 and TRAC. 
Therefore, we have made considerable effort to 
achieve maximum calculational efficiency. Standard 
methods suffer numerical difficulties or have been 
found to be inefficient when applied to the chemical 
equilibrium problem. For example, the Villars- 
Cruise-Smith (VCS) algorithm (Smith and Missen, 
1982) is commonly used to solve chemical equilibria 
problems and was tried early in VICTORIA'S 
development. The number of non-linear equations 
solved equals the number of independent reactions, nr  
The method is fast when iij. is small, as is the case in 
systems with small numbers of species. However, in 
VICTORIA, nf is generally large (typically in excess 
of 100) and the VCS method was found to be pro
hibitively expensive. For ideal systems, however, the 
number of equations can be reduced to the number of 
elements, Ne, which is considerably smaller than nr in 
the VICTORIA application (25 or so). In this form, 
the equations can be solved more economically.

When nr is large, the VCS method is better suited to 
non-ideal systems for which the reduction in the 
number of unknowns from nr to ne is not possible.

New methods of solving the equations have had to be 
developed. These methods have proved to be efficient 
and are discussed here in detail. This chapter 
concludes with a description of the nonequilibrium 
chemistry models.

5.2 Equilibrium Chemistry

5.2.1 Derivation of the Chemical 
Equilibrium Equations

The condition for chemical equilibrium in a system at 
temperature, T, and pressure, P, is

2  Pjdnj = 0 and nj * 0  , (5 .1)
i

where pj is the chemical potential of the 1th species 
and nj is the corresponding number of moles. The 
sum is over all species, counting separately species 
with the same chemical formula in different phases. 
In this and subsequent formulae, the limits of 
summation are not shown when the sum is over all 
values of the index for which the variables in the sum 
are defined.

Often, Equation (5.1) is derived for a system held at 
constant T and P. This is done by minimizing the 
Gibbs free energy o f the system, G, in which case the 
Equation (5.1) is equivalent to dG =  0. In fact, it is 
generally valid whatever the constraints on the system. 
This is important because systems with a variety o f 
externally applied constraints will be considered here.

The nj are not independent when phase changes or 
chemical reactions occur; they are constrained by the 
conservation of moles o f the elements. Let the 
number of moles for the j *  element be denoted by N:, 
counting contributions from all species. Let ay denote 
the number of moles of the j element in the 1th 
species. For each element

Nj = 2  V i  • (5.2)
i
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In differential form, Equation (5.2) is 

dNj = 2  aljdni . (5.3)

The method of Lagrangian multipliers can be used to 
find the solution to Equation (5.1) subject to these 
constraints. The result is

**i = E V j
J

(5.4)

where X- is the Lagrangian multiplier corresponding 
to the j™ element constraint. Equation (5.2) is 
assumed to yield the only constraint other than the 
obvious non-negativity constraint. Additional con
straints arise when true chemical equilibrium has not 
been established, as might be the case at low 
temperatures or concentrations. This possibility is 
excluded here.

There are ns of these relations and ne parameters, 
where ns and ne are the number of species and 
elements respectively. The A- can be eliminated to 
find nf =  ng - ne relationships between the pj. There 
are a number of ways this can be done, but the 
simplest is when the elements are included in the sum 
over species (that is, the unassociated elements are 
present in the system). Let the first ne species be 
chosen to be these elements and denote this set by e. 
Then Xj =  pj where j e e and

Pi = 2  3 ^
J

(5.5)

Therefore, only the last nf of these equations contain 
the useful chemical reaction information.

Throughout the remainder o f this chapter the 
following definitions will be used:

j  e e indicates j is a member of the elemental 
species set, e,

b e d  indicates h is an element o f the elimination 
set, d,

i e c indicates i is a member of the condensed 
species set, c,

More generally, chemical potentials for ne species can 
be chosen to eliminate the Xj. Let this set of indices 
be denoted by d. If the determinant of the ne rows of 
ajjj for h e d is non-zero, then Ajh for j  e e and h e 
d, the inverse matrix, exists and can be used to invert 
Equation (5.4). This inversion gives

'  J  Ajh^h (5.6)

Now, eliminating the Xj from Equation (5.4), gives

Pi = 2 ajjAjhPjj 
J.h

(5.7)

Again, only the last nr of these equations are useful.

The requirement that A-h exists means that one cannot 
choose any set of ne chemical potentials to eliminate 
the Xj. Indeed, one must choose a set whose 
corresponding species are linearly independent in the 
sense that all other species can be made from linear 
combinations o f them. This can always be done when 
rank (ajj) =  ne (Ferrar, 1957).

Should fle = rank (a-) <  ne, then the constraints in 
Equation (5.3) are not linearly independent. Equation
(5.4) remains valid, but only fie independent species 
can be found. Now nf is ns - ne . (A simple example 
o f such a system is: HF(g), (HF)2(g) for which ns =  
2 , ne =  1, and nr =  1, corresponding to the reaction 
2HF**(HF)2.) The outcome is that the ne Xj can be 
expressed as linear combinations of the fiepj. So, 
Equation (5.6) also remains valid, except Ajk becomes 
a square matrix of dimension ne. This simplifies the 
calculation because there are now fewer unknowns in 
the final equations. Details are not given because 
ne =  ne in all our applications.

The usual form in which the conditions for chemical 
equilibrium are expressed is (Smith and Missen, 1982)

i e g indicates i is a member o f the gaseous s  Vkipj = 0 
species set, g, i

(5.8)
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The Vy k =  l , . . .n r are the stoichiometric coefficients 
in the k *  chemical reaction, expressed as

52 vkis i = 0 . (5.9)
i

where Sj denotes the chemical formula of the i*  
species. The equivalent to Equation (5.8) in 
VICTORIA is

2  Tkm 8(m »i -  ne) * S  aijAjh^h) = 0 >
m,i j,h

(5.10)

where Tkni, k,m =  l ...n r, is of rank nf and fiOn.i-ng) 
is the Kronecker delta function, which is zero unless 
m =  i - ne when it is unity. We see that Equation 
(5.7) corresponds to a special choice of the nf
chemical reactions, that is, Tkrn is the unit matrix.
This special choice has the advantage o f leading to a 
reduction in the number of unknowns. This would be 
more difficult with a formulation not including the 
elements in the species set.

5.2.2 Equations for Two Phases at Given T 
and V

There are n^ unknowns, pj, for all j  e e, and ne 
constraints, in the conservation equations for Nj. So, 
in principle, the equations are closed once the 
functional dependence of the pj on the rij are known. 
Further progress cannot be made without making the 
dependence explicit.

Henceforward, assume that the separate phases in the 
system are ideal. There are two practical reasons for 
this: First, data do not exist to treat in general the 
non-ideality in the systems considered here (though 
models exist which may be suitable); second, the 
equations for non-ideal systems are much more 
difficult and (more to the point) expensive to solve.

Consider first a system with just two phases, one 
condensed (either solid or liquid) and the other 
gaseous. Suppose, further, that the temperature and 
total volume, V, of the system are specified prior to 
each equilibrium calculation. This is the assumption 
in VICTORIA in all regions for which equilibrium

chemistry is assumed. This assumption will be 
evaluated later.

The chemical potentials of the gaseous species are 

Pi = p°(PD, T) + RT In (Pi/P0), i e g , <5.H)

where p °  is the standard chemical potential o f the 
pure i*  gaseous species. In writing this equation we 
follow the Raoult convention for an ideal solution 
(Smith and Missen, 1982), that is, one in which the 
standard state is the pure species state at PQ, and we 
evaluate p °  as the Gibbs free energy of formation, 
AG°, at PQ and T. PQ is typically atmospheric 
pressure, therefore p °  is a function of T only. R is 
the universal gas constant, Pj is the species partial 
pressure, and g denotes the set o f indices which 
correspond to gaseous species.

It is convenient to rewrite Equation (5.11). Define 
the (pseudo) concentration o f each gaseous species by 
Cj =  nj/V for all i e g. Set the Pj =  CjRTV/V 
where Vgas is the volume o f the gaseous phase. For 
gaseous species Equation (5.11) becomes

f i  -  t )

+ RT In (cjRTV/VgasP0), i e g . (5.12)

Similarly the chemical potentials of the condensed 
species are

Pi -  p°(PQ, T) + RT In Xj, i e c , <5*13>

where p °  is the standard Gibbs free energy of the pure 
i*  condensed species (specify liquid or solid), Xj is the 
molar fraction o f the species in the condensed phase 
and c denotes the set o f indices which correspond to 
condensed species. If Cj is defined by Cj =  Xjnc/V for 
all i e c, where nc is L ieciij, then

Pi = p°(PG, T) + RTln(CjV/nc), i e c . <5-14>

Substitute Equations (5.12) and (5.14) into Equation
(5.5), where the independent chemical potentials in
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Equation (5.5) are chosen to be those for the gaseous 
elements,

Cj .  Ri n  Cj*ij {vzv84 " ‘ 

' n  {v/vg4*ik,  i = 8
(5.15)

It is convenient here to discuss how the AGj's are 
determined. Apparently, the sum in Equation (5.19) 
has to be calculated at the start o f every chemical 
equilibrium calculation since for j e e depends on 
T. This is computationally expensive when a large 
number of species and elements are treated. 
However, the standard Gibbs free energies are 
calculated as a power series in T  from

and (5.20)

ci = Ri H Cja ij i^ /h
o

"c

•  ™ {v / v * 4 ,ik - 1 • c (5.16)

Rj is the equilibrium constant for dissociation to form 
the gaseous elements, defined by

R, = expJ-dGi/RT) {r T/Pq}-1

• n  {RT/P0}aij, i e g ,

and

Ri = expf-AGj/RT) { v /n ° } _1

• H |RT/P0}a9, i e c .

(5.17)

(5.18)

where Y& for k =  0,1.. ./ j  are constants. Substituting 
Equation (5.20) into Equation (5.19) and reversing the 
order of the summations gives

dGj = 2  AYikTK 
k

where

(5.21)

^Yik 7ik 2  ajjYjk (5.22)

A y ^  must be calculated once since they are 
independent o f T. Therefore, the determination of 
AGj requires only the calculation of a power series at 
each new value of T. Typically, ft is small because 
the power series expansions for p °  converge rapidly 
(fi is 4 in VICTORIA), and therefore AGi can be 
calculated economically from Equation (5.21). A 
more accurate fit o f the thermochemical data would 
need additional terms, an inverse and logarithmic 
terms are used by many. The use o f such terms 
would be less economic but not prohibitively so.

The term n° is a reference value of nc, whose purpose 
will become apparent shortly; AG, is the relative 
standard species Gibbs free energy (relative to the 
gaseous elements) defined by

(5.19)

Notice that the equilibrium constants have been 
defined so that they are independent of n^ they need 
only be calculated once each time a chemical 
equilibrium calculation is done since T and V are 
fixed at the start of the calculation of a time interval.

Now a closed set o f equations can be formed.

Start with the mass balance equation (Equation [5.2]) 
and divide this through by V to obtain

(5.23)

where Ci =  Nj/V for all 1 e e. Substituting Equations 
(5.15) and (5.16) into Equation (5.23) yields
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C l -  e  a j f t n c j M f v / V j J - ’ n f v / v } * *

* £  al|Ri ncJ“'Jnc/n‘'n{v/V gJ* .k  . (5.24) 
iec j  k

Vgas is V - Vc where Vc is the volume of the 
condensed phase which is a function of nj for all i e 
c. So, the unknowns in these equations are Cj for j e 
e, Vgas, and nc. The requirement that the sum of the 
mole fractions in the condensed phase is unity 
determines nc,

nc = v  2  ci • (5.25)
iec

The solution must satisfy c- * 0 for all i, and either 
one or two solutions exist. One of the solutions 
always consists of a gaseous phase and no condensed 
phase. If the second solution also exists, then it will 
consist of two phases; the gas phase in the first 
solution must, then, have been supersaturated.

5.2.3 Two Approximations

So far, no approximations have been made in the 
formulation of these equations. In order to reduce the 
computational cost of obtaining the solution of these 
equations, two approximations will now be made.

First, the numbered moles in the condensed phase n°, 
is chosen to be the nc calculated at the end of the 
previous time step, and nc in Equation (5.24) is 
approximated as n°. Equation (5.25) is used to update 
nc after the other equations have been solved. We 
require | nc - n° | /nc <  <  1, which can be achieved 
if the time step is made sufficiently small. Notice that 
this approximation implies that die condensed phase 
can never vanish if  it existed initially, though nc may 
become small after many time steps. The 
approximation breaks down when there is no initially 
condensed phase, n° =  0 .

Second, V is approximated as V, and
| v - v gas|/V < <  l.

It is important to note that neither of these 
approximations leads to a mass balance error (they 
amount to making approximations in Equations (5.15)

and (5.16) only). They affect the equilibria between 
the species and, hence, alter the relative proportions 
of species.

With these two approximations, Equation (5.24) 
becomes

C1 = 2  ajjRj H cja ij . (5.26)
i j

It is closed and the method of solution is discussed in 
Section 5.4.

Since V, T, and Nj are specified, P is determined by 
the solution and is given by the summation of the 
gaseous species partial pressures

P = 2  Pj , i e g ;

Pj = CjRTV/Vgas = CjRT . (5.27)

The implications of P for the application o f these 
equations in VICTORIA are discussed in Section 5.3.

The cell volume, V, may change from one time step 
to the next as the core geometry changes. This affects 
the calculation of Cj. Let V° and Cj° denote their 
values at the end o f the preceding time step. Cj° 
generally will have been modified from its value 
found from the equilibrium calculations at that time 
step by transport to Cj according to

C°V° = CjV . (S-28)

5.3 Applications

In this section arguments are made concerning the 
applicability of the Equation set (5.26) to the various 
regions in the reactor vessel where VICTORIA 
performs an equilibrium chemistry calculation. The 
non-equilibrium chemistry used for the fuel 
volatilization, zirconium oxidation, and structure 
chemisorption are detailed in Section 5.5. Tin release 
from the cladding follows the vapor pressure 
formulation of Section 8.2.3 assuming that Sn, Zr, 
and Z r0 2 are the dominant constituents o f the 
cladding.
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At present, the chemical equilibrium package in 
VICTORIA consists o f a set o f 288 chemical species 
made from 26 elements. The identities of the species 
and elements are given in Appendix A. In this model, 
chemical equilibrium is calculated for an ideal solution 
consisting o f the elements present in the cell at the 
time of interest. Each cell is assumed to be well 
mixed. T , P, and gaseous species concentrations are, 
therefore, taken to be spatially constant inside a cell. 
Further, a number o f assumptions are made with 
regard to the chemistry calculations done in these 
cells. These will be discussed in turn.

One other external constraint is required. At first 
sight, a reasonable choice would be that the cells are 
thermally isolated, that is, AQ =  0, where AQ is the 
amount o f heat which enters the cell. Since V is 
constant, this is equivalent to AU =  0, where U is the 
internal energy of the cell contents. U is easily found 
from the species chemical potentials, with the result

-  PV (5.29)

5.3.1 Application to the Bulk Gas Region

The bulk gas region is the space containing gas and 
aerosol between structures and fuel. Species 
condensed onto or immediately adjacent to fuel or 
structure surfaces are excluded. The bulk gas region 
is divided up into a number of fluid cells whose 
interfaces are determined by the axial levels and radial 
rings input, as discussed in Chapter 4.

The cells are assumed to be materially isolated during 
the chemistry step. This appears unrealistic at first 
sight because the cells are, in fact, interconnected. 
This assumption is justified by the overall numerical 
scheme in VICTORIA. In this scheme, the governing 
equations are split into convenient parts and each part 
is solved in turn, uncoupled from all others during the 
execution o f its solution. Coupling between the parts 
occurs after having solved one equation before starting 
the solution of the next. The method is called 
"splitting" or "the fractional step method" (Yaneko, 
1971). Here the parts are defined so that transport of 
material into or out of the cells is not done during the 
chemistry step.

The fractional step method is accurate to order At, 
where At is the time step, and errors can be made 
small by choosing At small enough to provide the 
desired accuracy. In this derivation, assume that the 
user has chosen an accurate At. Its value will depend 
on the problem at hand, and calculations should be 
made in which At is varied to test the error 
requirement. Experience with the code to date 
indicates that the material Courant condition discussed 
in Sections 2.4 and 3.7 are more stringent than this 
accuracy condition.

This applies to a mixture with uniform temperature 
which need not be in chemical equilibrium. With this 
constraint, the cell temperature would not be constant 
during the chemistry step, and the equilibrium 
constants (Equations [5.16] and [5.17]) would have to 
be calculated many times to obtain the solution for 
each cell. This would be computationally costly and 
is best avoided.

VICTORIA does the calculation at constant 
temperature. Heat, therefore, flows into or out of the 
cell; the amount can be calculated by using Equation
(5.29). This second choice for the external constraint 
does not necessarily amount to an approximation. 
This constraint affects the size o f the time step, At, 
required for convergence and coupling the parts in the 
fractional step method. The internal energy change, 
AU should be accounted for in the thermal hydraulics 
and heat transfer calculations. In fact, AU is ignored 
in calculations done with the stand-alone VICTORIA 
code because the thermal hydraulic calculations, and 
so on, are done in advance. AU is assumed to be 
negligible compared to other sources of heat, but this 
assumption is not verified here because its validity 
depends on the case being studied; however, reducing 
the time step would be an easy way for users to verify 
it for their cases.

Subsection 5.2.1 noted that the pressure, P, is 
determined by the solution to the equations and, 
therefore, generally has a value different from that 
immediately before the chemistry step. This change 
in an important parameter should be fed back to other 
parts o f the calculation. Among those parts affected 
are the thermal hydraulics calculations which, as just 
noted, are done in advance. The effect o f the change
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in P is assumed to be negligible. Again, the validity 
of this depends on the case being studied and the user 
should examine the variation o f P in time.

Lastly, consider the underlying assumption that the 
cell contents are in chemical equilibrium. This 
assumption is convenient because only one equilibrium 
calculation is required per cell. Two aspects, 
however, require farther consideration.

First, since the gas is in equilibrium with the 
condensate, aerosol evaporation and condensation 
cannot be treated dynamically. Therefore, it is 
difficult to evaluate whether dynamic effects are 
important, and a degree of arbitrariness enters over 
how the aerosol mass distribution should be updated 
when the mass of condensed species changes during 
the chemistry step.

These problems can be overcome by relaxing the 
chemical equilibrium assumption. For example, we 
might assume that the gaseous species are in mutual 
chemical equilibrium (Equation [5.24] with nc =  0 is 
valid here and no approximation is needed) and the 
condensed species are in mutual equilibrium, with 
particle compositions and equilibria depending on their 
size. This requires that an equilibrium calculation be 
done for each condensate particle size group.

Second, mutual chemical equilibrium o f the con
densate (whether or not it is in equilibrium with the 
gas) is a diffusion-limited process which, even for 
submicron particles, has a large time constant 
compared with typical time steps in VICTORIA. It 
may be, therefore, more realistic to assume that the 
condensed species do not interact with one another; 
that is, they are effectively immiscible. This is not 
amenable to a simple treatment if equilibrium between 
the gas and the condensate is maintained, since the 
Gibbs phase rule limits the number of condensed 
species to no more than ne at given T. The rule for 
a system with chemical reactions is f  s  fie +  2 - « , 
where f  is the number of intensive degrees of freedom 
and a is the number of phases in equilibrium. Section
5.2.1 defines fie. Here f  is unity (since T is specified) 
and fie equals ne, therefore a s  ne. However, it is 
amenable to a dynamic treatment of condensation and 
evaporation for which only an equilibrium calculation 
for the gas is required. This path of gas equilibrium 
is being developed at Culcheth (Wheatley and 
Holford, 1991).

In this model we assume equilibrium chemistry and 
model the redistribution of aerosol particles due to 
condensation onto and evaporation from aerosol 
particles is modeled using the Fuchs-Sutugin (Hidy 
and Brock, 1971) growth law. The rate of 
condensation or evaporation of species i, onto a 
particle is

Cj=4jrDjrpApj 1+Kn

1 +1.71 Kn + 1.333 Kn2
(5 3 0 )

where Dj is the diffusion coefficient of the vapor 
species from Section 3.4.1, r is the radius o f the 
aerosol particle; Kn is the Knudsen number defined in 
Section 7.1, and Apj is the difference in the 
equilibrium mass concentration o f species i at the 
particle surface and in the bulk gas. The rate of 
change in the particle number concentration is then 
given by

dC:

ar" Tc c‘> (5 3 1 )

Since the change in the mass, dm of each species to 
be condensed or evaporated has already been 
determined by the equilibrium chemistry calculation in 
the bulk gas. The form o f this equation is normalized 
with respect to the particle size dependent terms and 
used to update the size distribution in the aerosol 
calculation, see Section 7.1.7.

5.3.2 Application to the Structure Surface 
Region

A thin, constant-thickness region, Af, which extends 
over each structure surface is defined as shown on 
Figure 4.1. Each region contains all gaseous and 
condensed material transported to the surface and is 
the source o f vapor reentrained into the bulk flow. It 
can also contain some o f the structure material 
(a 50 pm layer is set in the code) to enable chemical 
interactions with the surface to be treated. Chemical 
equilibrium is assumed in this region.

Species can be transported to or from structure 
surfaces by turbulent and molecular diffusion in the 
gaseous phase and by aerosol deposition in the 
condensed phase.
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Diffusion rates depend on vapor pressure differences 
between the bulk gas and the structural surfaces, and 
condensed species at the surfaces can evaporate and be 
reentrained into the bulk flow. A treatment of surface 
chemical effects is therefore important to the 
calculation o f transport rates to and from surfaces (see 
Section 5.4.4) the thickness can be user-controlled 
(see Section B.2.5).

A number o f assumptions are made which require 
evaluation for this region. These are discussed in 
turn.

The temperature of the surface region is assumed to 
equal the structure surface temperature. Heat flows 
into or out o f the region during the chemistry step (see 
the related discussion in the previous subsection), and 
this heat flow is assumed to be negligible compared to 
decay heating at the surface and heat transferred 
between the surface and other regions such as the bulk 
gas and the structure interior.

The volume of the structure film region, Vs, during 
the chemistry step is constant. It must be sufficiently 
small compared to the volume of the bulk gas region 
so that it is justifiable to assume that the gas within 
the surface region is in equilibrium with the condensed 
solid there. Vs must also be large enough that 
Vc < <  V . This implies that the thickness of the 
condensed la y e r  must be much smaller than the 
thickness of the laminar sub-layer. It is also assumed 
that transport between the gas and solid is the rate- 
limiting process, therefore it is required that gas 
concentration differences across the thickness of the 
gaseous part of the surface region, Af, be small 
compared to gas concentration differences between the 
surface and the bulk gas regions. The former can be 
found from standard wall profiles for smooth surfaces, 
and the latter can be found from mass transfer 
correlations for the bulk flow. Generally, for fully 
turbulent bulk flow, Af must be less than, or of the 
order of, the thickness of the laminar sub-layer.

Evaluation of these requirements will depend on the 
application, but notice that they will become 
conflicting with increasing amounts of condensed 
surface deposits.

5.3.3 Application to the Fuel Cladding/Gap 
Region

The cladding/gap interface is part of the fuel region. 
For any of the fuel configurations treated in 
VICTORIA, the ex-pellet volume contains at least one 
region that has a more open geometry than that 
interior to the pellets. This open geometry allows for 
a well-mixed gas phase above a condensed phase lying 
on one or more interfacial surfaces. Given the 
well-mixed nature of the gas phase in this region, the 
assumption of chemical equilibrium for this phase is 
a reasonable one. Furthermore, the ready and open 
access of the gas phase to the condensed phase in this 
region makes the assumption of chemical equilibrium 
between the gas and condensed phase acceptable as 
well.

There still remains the question of whether or not the 
condensed phase is a single equilibrium phase, or if it 
consists of several independent phases each composed 
of one or more species at equilibrium. The answer to 
this question depends on the composition and area of 
the surface and the rates of reactions and rates of 
transport of the various species in the condensed 
phase. At the present time, the gaseous and 
condensed phase species are treated as one equilibrium 
system. The equilibrium calculation in this region 
includes both the gaseous species residing in the gap 
and the condensed species that are found in the 
innermost cladding cell. Once the position of 
equilibrium is determined the species are partitioned 
such that gaseous species are only found in the gap 
and condensed species are placed in the innermost 
cladding cell. This treatment of the chemistry 
provides a transport mechanism for some elements, 
which can be explained by considering a gaseous 
species in the gap reacting with some other species to 
form a third species which condenses onto the inner 
cladding surface.

5.3.4 Application to the Fuel Open Porosity

The fuel consists of the fuel pellets only, and the 
pellets may be subdivided into a number of radial 
rings. The gaseous and condensed species within each
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ring are each in chemical equilibrium. In this case the 
condensate is on the grain surfaces and the gases are 
in the open porosity.

Within the fuel open-porosity region, significant 
concentrations of fission product atoms that have 
migrated out of the fuel grains can develop. Since 
this migration is a random process, these atoms are 
well mixed within the open porosity. Given this 
well-mixed volume with gaseous species in intimate 
contact with those residing on the surface, chemical 
equilibrium in this case is considered a reasonable 
approximation.

The calculation of equilibrium in the open porosity 
region is carried out using the fuel temperature and all 
the species in the data set. As in the fiiel grains, this 
calculation can have a significant effect on transport. 
The diffusion of gaseous and condensed species pro
ceeds at different rates, and therefore chemical 
speciation can have a significant impact on the 
transport of fission products out o f the open porosity.

V(̂ )en, the open porosity volume, is assumed to equal 
the gas volume, VAs, for the chemistry calculation and 
Equation (5.26) applies. Wheatley (1988) has 
examined the alternatives to this treatment, each of 
which require more computational effort with only 
small improvements.

5.3.5 Application to the Fuel Grains

Within the fuel grains the concentration of fission 
products is sparse but not negligible. Experiments 
have shown that the fission products do not all exist in 
their elemental form within the lattice (Kleykamp, 
1988). Since the motion of the fission products within 
the ceramic lattice can be affected by their chemical 
form, VICTORIA attempts to account for the form of 
the fission products.

The simplest approach to chemical speciation is 
obviously one of neglect; that is, the fission products 
exist only in atomic form within the lattice. Since 
this is not the actual case, as oxides have been found 
in irradiated fuel (Kleykamp, 1988), a better approach 
is needed. A slightly more complex solution to the 
problem is the assumption o f complete thermo
chemical equilibrium within a defined set of chemical 
species. VICTORIA uses a modified version of this 
more complex ideal solution approach.

For a mixture as complex as irradiated ceramic fuel, 
the ideal solution assumption is probably not the best 
possible choice. Studies of irradiated fuel (Kleykamp, 
1988) have shown that there are several solid phases 
present, each containing a number of different species. 
It is not clear that each or any o f these phases satisfies 
the conditions o f equilibrium for an ideal solution 
model. Note that at high temperature this extensive 
speciation disappears.

Therefore, another choice for the chemical equilibrium 
package would be some sort of non-ideal solution 
model based on data from studies o f irradiated fuel. 
The solution would be a function o f the oxygen-to- 
metal ratio in the fuel and the concentrations of the 
various elements due to power history and burnup. 
Such a model would require corrections to the free 
energy data as a function of the temperature and the 
concentrations o f all the species present. All o f the 
data for such a calculation is not available, however, 
it is possible to make guesses about the unavailable 
values. There still would be no guarantee of 
improved accuracy using this method and the increase 
in computing cost makes the implementation o f such 
a model difficult to justify. Therefore, VICTORIA 
uses the ideal solution model.

The small concentration o f fission products within the 
lattice and the relatively low mobility o f the atoms in 
the lattice raises questions about the validity o f the 
complete equilibrium approximation. A calculation 
based upon random walk statistics allows one to 
determine collision frequency using the solid-state 
diffusion coefficients o f Oi (1965), Oi and Takagi 
(1964, 1965) and typical concentrations and tempera
tures. It can be shown that collisions between random 
fission product atoms take place on a 50 msec time 
scale.

This calculation does not take into account the 
requirements for forming a molecule involving more 
than two fission product atoms. For such a molecule 
to form, it is necessary for an atom to bind an existing 
chemical moiety which will not, in general, be 
thermodynamically favored. This precursor entity will 
therefore have a small concentration, which reduces 
the probability o f the necessary collision to a level 
below that o f a three-body collision. The small 
probability of the requisite collision reduces the 
likelihood of the formation of such molecules to the 
point were equilibrium is, at best, a tenuous
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assumption. The likelihood is even further reduced by 
the concept of orientation, that is, the atom not only 
has to find the existing molecule but the approach 
must be in a suitable direction for the new molecule to 
form. As a result of these considerations, VICTORIA 
does not allow species which consist of two or more 
fission product atoms to form. VICTORIA does 
allow the formation of oxides (for example, simple 
binary oxides and uranates) containing fission 
products.

Species which consist of two similar or dissimilar 
fission product atoms are not subject to the same 
stearic or collisional-probability factors as the species 
consisting o f more than two fission product atoms. 
There is, however, a different stearic constraint which 
must be taken into account-molecular size and the 
availability of a . suitable lattice site for molecule 
formation. Non-oxides, in particular iodides or 
tellurides, consisting of two fission product atoms are, 
in general, much larger molecules than oxides. As a 
result, the ceramic lattice spacing is too small to allow 
the formation of such molecules within the lattice. 
This size mismatch can be overcome by the presence 
of a suitable defect in the lattice, of which irradiated 
fuel has 1022/m3, or by the formation of a separate 
phase. The formation of a separate phase is, in our 
formulation of the problem, equivalent to the 
migration of the fission product atoms from the grains 
into the open porosity region of the fuel. The 
deviation of fission product diatoms from equilibrium 
has been observed experimentally (Cubiccioti and 
Davies, 1976; Konashi et al., 1983).

The general treatment of the chemistry within the fuel 
grains follows a Slightly different set of assumptions 
than that in other regions. The volume used is that of 
the fuel grains and the volume of the gas phase in this 
region is taken to be the same as that for the 
condensed phase. The reasoning for this treatment 
has to do with the concept of phases within a solid 
solution. An isolated atom or molecule within the 
lattice is called gaseous or condensed based solely on 
its free energy and not on its actual physical phase. 
Under lattice conditions, all atoms or molecules are 
essentially condensed since there is not a separate 
region in which a bulk gas exists in equilibrium with 
the condensed material and occupies a different region 
of space. Therefore, the release models used for 
motion within the lattice do not differentiate between

condensed or gaseous atoms. Additionally, 
polyatomic molecules are considered immobile 
regardless of their physical or thermodynamic phase.

The immobility of molecules within the fuel grains 
delineates the primary effect of chemical interaction 
on the release process. What is occurring chemically 
is a reduction of the concentration of fission product 
atoms. This reduction of the concentration provides 
a lessening in the number o f atoms of a given element 
that are available for diffusion through the lattice, and 
hence for release, at any given time. Also, since the 
concentration gradient between the grain interior and 
grain surface is the driving force for the solid state 
diffusion process, the lessening of fission product 
atom concentration within the grains reduces the 
diffusion rate as well as the atomic availability and, 
therefore, meters the transport to the open porosity. 
However, the solid state diffusion coefficients are 
experimentally determined and hence intragranular 
chemistry should have been an integral part of the 
diffusion test data.

Neither the modified ideal solution chemistry that is 
presently used in the code nor a complete neglect of 
fuel chemistry is an accurate model of the actual 
physics leading to fission product release that is 
occurring in the fuel. It is likely, however, that either 
of these models, combined with an accurate time- and 
temperature-dependent model of fuel morphology, will 
reproduce observed releases to an acceptable 
accuracy. Furthermore, this solution does reflect the 
level of experimental knowledge of the actual 
processes involved.

5.4 The Solution Method

This section describes the properties of the equations 
when there is either a dominant or a zero concentra
tion of a species. The resulting Jacobian can be so 
ill-defined that Newton-like methods do not converge 
well. But by taking advantage of the dominant species 
in the fuel (U 02) and bulk flow of steam, a change of 
variable technique can be employed that results in an 
exceptionally fast and accurate solution.

5.4.1 Properties of the Equation

Equation (5.26) is a set of ne non-linear algebraic 
equations for the ne unknowns, Cj, for j  e e.
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Although approximations have been made in their 
derivation for the two-phase system, they are exact for 
single-phase gaseous systems at constant V. If it was 
necessary, the solution could be reformulated for 
gaseous systems at constant P; a set of ne +  1 
equations would then be obtained whose structure is 
the same as Equation (5.26). The succeeding dis
cussion is thus applicable, with minor modification, to 
this alternative formulation.

We begin by noting some properties of the equations. 
First, consider the variational problem

6T = 0 and Cj i. 0 for j e e , (5.32)

where T is a function of the Cj for j  e e given by

(5.33)T = E Cj -  2  Cj In (Cj)

The Cj are given by

Cj = Rj II Cja ij 
j

(534)

and C: i  0 and Rj >  0 are as defined by Equations 
(5.23) and (5.18) respectively.

If we define g j as dT/dcj for j  e e, then the solution 
of Equation (5.32) is

gj = 0 when Cj >  0

Cj = 0 when Cj = 0

(535a)

(535b)

Without the loss of generality, we can assume that all 
the Cj are greater than zero. If this should not be so, 
then the problem can be redefined in terms of only 
those elements and species present in non-zero 
amounts. Hence, Equation (5.35) reduces to g : =  0. 
We assume a solution exists with Cj >  0 for all j  e e.

Equation (5.26) is equivalent to 

gj -  0  ,

where gj is given by

gj = 2  ajjCj -  Cj . (537)

It can be shown that Equations (5.35) and (5.36) are 
equivalent with gj =  cg j .

Notice that the gj are the differences between the 
element abundances calculated from the Cj for j  e e 
and the prescribed element abundances.

Equation (5.36) can be used to obtain upper bounds on 
thee:,

lim min
Ci C2

e -0 an  + e aj2 ♦ e

ain. * e

We define two Jacobians

j .  = 5 ^  = ^
j k dCj dCjdck

and

(538)

(539a)

(539b)

for j,k  e e. (Jjk could also be referred to as a Hessian 
in view of the existence o f f . )

(536)

Jjk is given by

Jjk = 2  aijaikCi .
1

and Jjk is related to Jjk by

CjCfcJjk -  Jjk -  6 0 ,k) gk

(5.40)

(5.41)
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Jjk is positive definite if

2  >  0 (5.42a)
jk

for | 6j | * 0 and 6j  otherwise arbitrary. Substituting 
Equation (5.40) shows that Jjk is positive definite if

aijCjf Ci >  0 . (5.42b)

All the ^  are greater than zero because we restrict the 
Cj for j  e e to be greater than zero (see the discussion 
concerning Equation [5.35]). The condition in 
Equation (5.42b) will, therefore, be satisfied providing 
the sum in brackets is non-zero for at least one value 
of j. A standard result of linear algebra is that this 
condition will be satisfied if rank (ay) =  ne, which, as 
noted in Subsection 5.2.1, is the case.

Jjk is therefore positive definite for all positive values 
of Cj j e e. Jjk, on the other hand, is only necessarily 
positive definite when gj s  0 or when gj <  <  for 
all j  e e. This will be satisfied in the vicinity of the 
solution and when the Cj, for j e e, are made 
sufficiently small.

5.4.2 Dl-conditioning of the Jacobian and 
Implications

Assume for the moment that some of the ĉ  are zero. 
This amounts to eliminating the rows in ajj 
corresponding to the absent species. The condition 
for positive definiteness of Jjk now requires rank 
( a y )  =  ne, where ay  is ay without these rows; that 
is, there must be at least ne linearly independent 
species (in the sense defined in Subsection 5.2.1) 
amongst those remaining. It follows that if there are 
less than ne such species, then Jjk is singular.

Of course, all the Cj are non-zero, but chemical 
systems are often dealt with in which one or a few 
species are present in large amounts. Unless at least 
ne of these species are linearly independent and 
present in roughly equal amounts, then our 
observation above admits the possibility than Jjk can

be ill-conditioned.1 This can be true o f Lk also (for 
example, in the vicinity o f the solution). In our case, 
H20(g) can dominate in the gas region and U 0 2(c) 
dominates in the fuel, and this possibility is relevant 
to our application. Further, if die Cj for j  e e are far 
from the solution, then Jjk can be ill-conditioned 
there, even though it may be well-conditioned near to 
the solution. In view of the importance of this 
observation, the following illustration is provided.

Consider the system composed of H(g), 0(g), H2(g) 
and H20(g); label these as species 1 to 4, respec
tively. (Note that it is not essential to include the 
gaseous elements in this list, but we include them to 
maintain consistency with our previous discussion.) 
The elements are H and O, labeled 1 and 2, 
respectively.

Jjk is,

H O H2 H20  H O

C 1 0 0 0
1 0  
0  10 C 2 0 0

0 0 c 3 0 2  0

0 0 0 c 4
2  1

c 1 + 4 c 3 + 4 c 4  2 c 4  
[ 2 c 4  C2 + c4 1

If Cj and &2 are both small compared to c3 and c4, 
then det(Jjk)/{Jjk} is c3c4/(c3c4 +  2c42). This is 
much smaller than unity when c4 is much greater than 
c3 and is otherwise of order unity. In fact, in this 
simple case, it is clear from inspection that Jjk has 
nearly linearly dependent rows and columns wnen c4 
is large. An important point to note is that the 
ill-conditioning of Jjk is not caused by the dominance 
of species which are comprised of one element only, 
H2(g) in this case.

An ill-conditioned matrix is one whose rows or columns are nearly 
linearly dependent. A convenient measure o f this dependency for our 
purpose is *  =  del where {I*} denotes Z p  | Uj ijp ^ j  \ , p©
is a permutation of the indices J, and tne sum is over all permutations. 
J j l  is ill-conditioned when ♦  <  <  1.
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This has important ramifications for the selection of 
algorithms to solve Equations (5.33) or (5.34).

With Equation (5.34), Newton-like methods can be 
used far from the solution with the guarantee that the 
resulting step is always in a direction of decreasing T 
since J;k is everywhere positive definite. However, 
all of uie Newton-like methods can suffer numerical 
difficulties when J)k or Jjk is ill-conditioned. The 
difficulty is essentially due to the finite number of 
significant figures to which real numbers are stored on 
computers. This truncation causes a computer
generated solution to a set of linear equations to 
become ill-defined as the determinant of their 
coefficient matrix becomes small.

Gordon and McBride (1971) have found the equivalent 
problem in a slightly different formulation of the 
equilibrium equations. They suggest adding small 
numbers to the Cj to alleviate the ill-conditioning. 
However, this works at the expense of significantly 
affecting the relative proportions of the dominant 
independent species (defined later) and is not a valid 
remedy in the present case.

This rules out all the usually more effective 
Newton-like methods. Of thosfe that remain, the 
method of steepest descents generally has a poor rate 
o f convergence (as determined by the ratio of the 
smallest to largest eigenvalue), even near the solution. 
Our calculations have shown that cyclic methods, 
though generally not having rapid convergence rates, 
have exceedingly poor rates of convergence when Jjk 
is ill-conditioned.

5.4.3 Change of Variables

We define g h(<o) as 3T/dch for h  e o  and T
expressed as a function o f the new variables. The
solution to Equation (5.32) is

gh (<4 = 0 . (5.43)

Defining gh(<o) to be ch g h(<i)) then

gh(<4 = 0 . (5.44)

gh(o>) is given by

gh(<4 = 2  Ajhgj , (5.45)
j

where Ajh h e to is the matrix defined in Section 
5.2.1. We require Ajh to exist (which is consistent 
with the definition of d).

We also define new Jacobians, Jhm(fa)) trod Jhm((j) h, 
m e 6> in the new variables, analogously to Equations 
(5.39). These are given by

Jh m ^  = 2  Jjk Ajh Akm * (5.46)
j»k

and

<W Jhm M  -  W - *  -  8<h,m)gmM  . «AT)

Jhm(to) is clearly positive definite whenever L k is 
positive definite, and is, therefore, positive definite 
everywhere. Jhm(co) is positive definite near the 
solution.

The key to resolving the above difficulties lies in 
exploiting the existence of dominant species (Brinkley, 
1947). We reformulate the equations in terms o f new 
independent variables which are taken to be the set of 
Cj's corresponding to any set of ne independent species 
(denoted by <■>). It will be shown that Equation (5.36) 
becomes almost linear for special choices of the new 
variables.

It is valuable now to express gh(o )  and Jhm(cj) in 
terms o f the C j's:

8h ( ^  = ch -  S Cj Ajh 
j

\ . U SaijAjh) Ci • <s M >
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and

W <** = 8<h’m) cm + S_ (E ai jAjh) • 
ieto U I

J  *ik AkmJ ci * (5.49)

where <o denotes the set of species indices not 
contained in o>.

It can be seen that if cm >  > Cj for m t  u  and i e <5, 
then JjuqCoi) is nearly diagonal and is numerically 
well-conditioned.

A suitable choice for <*> is the set of ne dominant 
independent species defined as follows. Start with <o 
consisting of the species with largest Cj for i e s, 
where s is the set of all species. Add to <o the species 
with largest Cj for i e s which is independent of those 
currently in to and repeat until o  contains ne 
species. 3 Henceforward, h stands for this set of 
species unless stated otherwise. It is easily shown that 
this definition results in cm >  Cj for m c to and all i 
e <5 for which 22kawikAkm is non-zero. We illustrate 
this by returning to our example.

Consider transforming to a new set of independent 
variables. Since Cj and c2 are both assumed small, a 
suitable choice for to is H2(g) and H20(g):

W - l ?  

w - ' = n  - [ r  ?

^Although adequate as a definition, in practice this procedure can be 
computationally inefficient because some elements may be present in 
small amounts and many iterations may be required before the dominant 
independent species which contain those elements are found. A faster but 
less straightforward procedure can be devised by exploiting the 
requirement that at least one species in d must contain the j e l e m e n t  for 
all j a e.

"*A method of testing whether a species is independent o f those in h is to 
perform a Schmidt orthogonalization on the composition vectors of the 
species in u ,  and then to attempt to orthogonalize the composition vector 
of the species being tested with respect to the orthogonalizcd vectors of 
those in w. The orthogonalization breaks down if the species is not 
independent.

Therefore, from Equation (5.49), Jhm(to) is

H 0 h 2 h 2o H2 h 20

C1 0 0 0 0.5 0

0.5 -1 1 0 0 c2 0 c -1 1
0 1 0 1 0 0 c3 0 1 0

0 0 0 c4 0 1

1
4 Cl

+ °2 + c3 c2

-C2 C2 + c4

Clearly, when Cj and are both assumed small, 
Jhm(to) is numerically well-conditioned, whether or not 
c4 is large compared to c3.

5.4.4 Solution Algorithm

Equation (5.48) is nearly linear and Jhm(<«>) is nearly 
diagonal. This suggests that a cyclically ordered 
Newton method,4 taking one equation at a time, will 
be effective in determining an initial estimate.

Applying the Newton method to Equation (5.44), 

sh = -gh(<4/Jhh(<4 • (5.50)

This equation could also have been derived by 
applying the Newton method to Equation (5.43) 
by doing the Taylor expansion about the term ch 
(1 +  sh).

There are some potential disadvantages to this 
approach, however the Newton method is applied. 
First, to may not be known in advance. Generally, the

*The general method (Schechter, 1962) is to define subsets o f the 
non-linear equations. Each subset has associated with it a subset of equal 
size o f the independent variables. One step of an iterative solution 
method is applied to each subset o f  equations in turn. The cycle is 
repeated until convergence is achieved. Commonly, each subset consists 
of one equation only and the Newton method is used. Convergence is 
guaranteed for less stringent constraints than those when the Newton 
method is applied to all equations simultaneously and accuracy is 
improved.
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algorithms will converge however to is chosen, but 
their convergence rates will not be optimum unless the 
right choice is made for o .  We have chosen to 
compromise in our application of this method by 
choosing to to comprise the obviously dominant 
species and the remaining gaseous elements. We 
choose <•> to be 0(g), U 02(c) and the remaining 
gaseous elements in the fuel region and H2(g), H20(g) 
and the remaining gaseous elements elsewhere. A:h 
is diagonal except terms involving O and U in the 
former case and terms involving H and O in the latter 
case. The O, U submatrix of Ajh in the former case 
is

1 0 
-2 1

The H, O submatrix in the latter case was given 
previously.

With these matrices, the following results can be 
obtained:

SCKg)^ = gO(g) "  2gU(g) ’

S u c ty c )^  = gU(g) *

J0(g)0(g)(^ = JCXg)<Xg) -  4J0(g)U(g)

+ 4JU(g)U(g) • 

JU02(co)U02( c ) ^  = JU(g)U(g)

for the fuel region, and

gH2(g)M  = \ gH(g) "  gCXg) ’ 

gcXg)(^ = 80(g) >

JH2(g)H2(g)(^  = \ JH(g)H(g) "  JH(g)0(g)

+ J0(g)0(g) >

JH20(g)H20(g)<^ -  J0(g)0(g) , 

elsewhere.

Initially cyclic-Newton interations are performed. This 
involves ignoring all the off-diagonal elements o f the 
Jacobian matrix so that a simple Newton-Raphson 
iteration can be performed on each equation in turn. 
This approach is often very efficient since the 
Jacobian matrix is usually diagonally dominant and 
each cyclic-Newton iteration is solved very quickly.

On occasions these cyclic-Newton iterations converge 
very slowly or not at all. So, after a user specified 
number of these iterations (NCN), full-Newton 
iterations are performed. The Jacobian should be 
positive definite and a subroutine package called 
SPOFS (Buzbee, 1984) is used to perform the full- 
Newton iteration. SPOFS decomposes the Jacobian 
into the form LLT where L is lower diagonal. The 
solution to the equation LLT =  b is then obtained by 
a two stage process; first by solving the equation 
LTp =  b to get p and then solving Lx =  p to get the 
solution x.

When the initial guess is close to the solution, the full- 
Newton approach converges very rapidly. Although 
each iteration takes longer than a cyclic-Newton 
iteration, convergence is much faster. Sometimes, 
however, the full-Newton iterations converge no 
quicker than the cyclic-Newton iterations. After a 
user specified number of iterations (see Section B.3.2) 
VICTORIA reverts to using cyclic-Newton iterations. 
This approach of alternating a number of cyclic- 
Newton iterations with a number of full-Newton 
iterations is repeated up to four times in an attempt to 
get convergence.
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If convergence is still not achieved, but the solution 
conserves mass to the required accuracy, then the 
solution is used and a warning is written out.

Situations in which there is a significant mass 
imbalance usually seem to be related to an assumption 
made in the chemistry model that the amount of a 
condensed phase species does not change significantly 
from one time step to the next. The chemistry model 
uses the condensed phase concentration from the 
previous time step and does not update this value each 
iteration. If convergence is not achieved, the 
unconverged solution is used to estimate a new 
condensed phase fraction and the entire chemistry 
calculation is repeated with this new value. If the 
solution still does not converge, this procedure is 
repeated up to three times. If  this additional procedure 
does not result in convergence then VICTORIA gives 
up and writes information out to a file for debugging 
purposes.

This procedure nearly always results in convergence, 
although it may, on occasions, take a considerable 
amount of computer time.

An outstanding problem with the current scheme is 
that during a full-Newton iteration the SPOFS package 
may detect that the Jacobian is either singular or not 
positive definite. These situations are caused by 
numerical rounding errors and generally only happen 
when the current estimate is a long way from the 
correct solution. When a singular or nonpositive 
definite Jacobian is found the program stops. Because 
of this, and because the cyclic-Newton procedure can 
succeed in achieving convergence in such a situation, 
most users use a large value (typically 100) for NCN. 
This should result in there being a reasonable estimate 
of the solution before a full-Newton iteration is 
attempted.

The full-Newton iteration scheme was modified so that 
when a singular or nonpositive definite Jacobian is 
detected then the iteration is ignored. Up to NCN 
cyclic-Newton iterations are then performed before 
another full-Newton iteration is attempted.

This new procedure has two advantages over the old 
one. Firstly, it is more robust since a singular or 
nonpositive definite Jacobian is not now regarded as 
a fatal condition; and secondly, it should be more 
efficient since the user can specify a smaller value of

Nc n  without the worry that this will cause a fatal 
error.

The SPOFS package sometimes generates a warning 
that the solution may be inaccurate due to rounding 
errors. VICTORIA writes out a warning message 
when this happens but otherwise no action is taken. 
It would be possible to treat these warnings in the 
same way as the errors and to abandon the full- 
Newton iteration and revert to cyclic-Newton 
iterations.

These algorithms have been found to be effective, 
even when the initial guesses for ch, h e g j , are off by 
many orders of magnitude. For example, in the 
previous example, the oxygen potential is always 
found to be determined by H2(g) and H20(g) and, 
hence, is calculated rapidly. Subsequently, the molar 
concentrations of the remaining species also converge 
rapidly. Typically, on the order o f ten iterations are 
required to achieve a relative accuracy in the C|'s of 1 
part in 106.

5.4.5 Convergence Criteria

The residual elemental abundances are zero at the 
exact solution, therefore the absolute magnitudes of 
the residuals normalized by the elemental abundances, 
Ej j  e e, are a relative measure of how well the 
governing equations are satisfied. That is, we require

Ej = I gj |/Cj <  c  1 . (5.51)

A relationship between these errors and the relative 
errors in the gaseous element molar concentrations can 
be found by doing a Taylor expansion about the Cj, 
giving

2
2  aijaikci 
i 6^

k
1

ck

where 8 ck, k e e, is the error in ck (8ck = 
ck(exact) - ck).

The quantity in brackets is of order unity or zero, and 
therefore Ej <m axkee( | 8ck/ck |) . Ej can be 
substantially smaller than this limit when Jjk is
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ill-conditioned. From Equation (5.32), 
maxkee( | 8ck/ck |)  “ max. ( 16ch/ch | ) and, 
therefore, Ej <  maxhcto( | 8ch/clll ). Estimate 6ch/ch 
as sh and require maxhe&)( | sh | ) s  o where o <  <  1. 
Typically, o is chosen to be 10"6. If sh is a valid 
estimate of 8cjj/ch then maxj(Ej) <  o. However, 
caution is required: sh can be significantly smaller 
than 8ch/ch (for example, when many small steps are 
taken in the direction of the solution). Therefore 
calculate maxj(Ej) should be to confirm that 
convergence has been achieved.

5.5 Non-equilibrium Chemistry

Because the effects of nonequilibrium chemistry can 
be important for many accident scenarios, several 
models have been included into VICTORIA.

5.5.1 Uranium Dioxide (UO2) Volatilization

The model for the oxidative volatilization of U 0 2 
solid as UO3 vapor is based on the model of 
Alexander and Ogden (1990). The free energy of 
reaction to form U 0 3 vapor from an average U 0 2+x 
composition is (Ackermann and Chang, 1973).

= +59,7000 -  19.9 T , (5.53)

where ARG is in cal/g-mol and T is in Kelvin. The 
free energy is used to calculate the equilibrium 
constant, which is used to determine the equilibrium 
vapor pressure of U 0 3

PUO, -  exp ( ^ )  ,  Po« . <=•*>

The volatilization flux of U 03, Z in g/(s cm2) is 
calculated as

Z = 44.343 PUOj (286/T)0 5 . (5.55)

The mass of U 0 3 vaporized in a time step is 
calculated from Z using the length of the time step 
and the outer surface area of the fuel pellet stack. 
The mass of U 0 3 released is limited by the 
availability of oxygen and U 0 2. To account for 
kinetic limitations on the volatilization rate (Alexander 
and Ogden, 1990), VICTORIA provides a

user-supplied evaporation coefficient as a multiplier to 
the vaporized mass. In a typical fuel rod geometry 
this coefficient would be about 0.2. If  the geometry 
changes significantly because o f U 0 2 mass loss, this 
evaporation coefficient will also change (Alexander 
and Ogden, 1990).

5.5.2 Fuel Oxidation Effects on Release 
Rates

This model for the effects of fuel oxidation on fission 
product release rates is based on a similar 
implementation in the ELESIM fuel performance code 
(Lewis et al., 1990). The model is only applied if the 
Booth diffusion option (B.1.2) is selected.

For inclusion in VICTORIA, the model is divided into 
two parts. The calculation o f the U 0 2+x fuel 
stoichiometry is done in the fuel chemistry module 
and the calculation of the additional fission product 
release due to the fuel oxidation state is done in 
conjunction with the diffusional releases calculation. 
The calculation of the oxidative volatilization of U 02 
solid as UO3 vapor is done prior to the calculation of 
the U 02+x stoichiometry.

The current implementation of the model contains two 
assumptions:

(1) The thermal-hydraulic input to VICTORIA takes 
into account the change in fuel-to-clad heat 
transfer arising from the change of gas mixture in 
the fuel-clad gap after fuel rod failure.

(2) The increase in fuel temperature due to the 
reduction in fuel thermal conductivity with 
increasing x in U 0 2+x is small and may be 
neglected under most circumstances (Lewis et al., 
1990). This effect should be taken into account 
when the radial temperature gradient in the fuel is 
large; for example, when the fuel element linear 
rating is greater than about 45 kW/m.

5.5.2.1 Uranium Dioxide (U02) Stoichiometry

The kinetics of U 0 2 oxidation are controlled by a 
reaction at the gas/solid interface rather than by 
oxygen diffusion in the solid (Meachan, 1989). The 
oxidation rate, dx/dt, can be described by a surface 
exchange coefficient for oxygen, « , (Cox et al., 1986)
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dx/dt = -a  [x(t) -  xe] (S/V) , (5.56)

where « is 0.365 exp(-23500/T) (units of m/s); T  is 
the temperature (K); S/V is the ratio of the surface 
area to the volume of the fuel (m*1); x is the deviation 
from stoichiometry in U0 2+x ; and xe is the 
equilibrium stoichiometry deviation as defined by the 
oxygen potential o f the gas in the fuel-clad gap. The 
correlation is valid for -0.14 <  x <  0.25 and does 
not account for the Zr-V-0 eutectic.

The starting oxygen partial pressure is obtained from 
the VICTORIA chemistry module. The oxygen 
potential is calculated using

= RT ln(P02) . (5.57)

The partial molar free energy of oxygen may be 
calculated from the partial molar entropy and enthalpy 
as a function of the deviation from stoichiometry.

% (x) = %  "  T S ^  (5.58)

Thermodynamic data for non-stoichiometric U 02 was
obtained from Perron (1968). The equilibrium
deviation from stoichiometry, xe, is the value of x that
minimizes the difference between G o and G o 0 0 -

'■'2 u2
For deviations from stoichiometry greater than 0.25 it 
is assumed that U3Og is the equilibrium state.

The surface-to-volume ratio of the fuel for oxidation 
reactions is calculated using the outer surface, the 
radius of the plastic core of the fuel pellet during the 
previous operating cycle, and the number of radial 
cracks in the fuel pellet. The radius of the plastic 
core is the radius at which the fuel temperature 
exceeds 1673 K (Notley, 1979). This radius would be 
zero for LWR fuel in most cases, hence VICTORIA 
sets the radius to zero. Wood et al. (1980) have 
developed a correlation which states that the number 
of radial cracks in the fuel is equal to one-half of the 
peak linear fuel rod power (in kW/m).

The implementation of the fuel oxidation model in 
VICTORIA ensures that the amount of oxygen 
consumed in a given time step does not exceed the

amount available in the fuel clad gap. The fuel 
oxidation model also checks for internal convergence 
by subdividing the time step repeatedly until the 
oxygen removal from the foel-clad gap calculated in 
successive subdivisions agrees within the user-selected 
tolerance (see Section B.3.2). The fuel oxidation 
model returns the calculated deviation from 
stoichiometry, the new oxygen partial pressure, and 
the mass of oxygen transferred from the foel-clad gap 
to the foel matrix.

S.5.2.2 Fission-Product Release Rates from U 02+x

The enhanced diffusivity of fission gases in non- 
stoichiometric U 0 2 may be described using the 
method of Killeen and Turnbull (1987). They 
proposed three contributions to the observed diffusion 
coefficient, D in m2/s:

(1) Intrinsic diffusion, mainly observed at high 
temperatures,

D = 7.6 x 10~10 exp(-7 x 104/RT) , (5*59)

where R is the gas constant in cal/mol/K units.

(2) Irradiation enhanced (athermal) diffusion, at low 
temperatures,

D = 2 • lO-40?  , (5,6°)

where F is the fission rate in fissions/m3/s units.

(3) Irradiation-enhanced vacancy production, at 
intermediate temperatures,

D = s2 j v (V' -  Vu) , (5.61)

where s is the atomic jump distance (3 x 10"10 m); 
jv is the vacancy jump rate [1013 exp(-5.52 x 
104/RT) s ' 1] ;  V is the irradiation-induced vacancy 
concentration; and Vu is the uranium vacancy concen
tration.

The irradiation-induced vacancy concentration is given 
by (Sharp, 1989)

NUREG/CR-5545 66



Chemistry

V '  = («sS2 + ZVU)/(2Z)

[{■* 4KZ/ Jv “sS" + ZV„
0.5

-  1

(5.62)

where a. is the fixed sink strength (1015 m"2); Z is
the number of sites around a point defect from which 
recombination is inevitable (100); and K is the rate of 
defect production per atom (defect/s/atom).

In the model implementation in the ELESIM code, the 
rate of defect production, K, was 2 x 10"4 
defect/s/atom (Lewis et al., 1990). Since the defect 
production rate depends on the fission rate, K is 
defined as F/(6.0 x 1023) for implementation in 
VICTORIA. When F is zero, as in decay power 
accident simulations, V is also set to zero in 
VICTORIA. The uranium vacancy concentration as 
a function of the deviation from stoichiometry, x, is 
(Lidiard, 1966)

Vu = Sx2/Fq 0.5 + [F0 /x' 

,0.5
+ 0.5ll+4F0 /x"

(5.63)

where F0 is exp(-Q^RT); Qf is the Frenkel energy for 
the oxygen lattice (71.3 kcal/mol); S is exp(-Qs/RT); 
and Qs is the Schottky energy (147.2 kcal/mol).

This model returns a multiplier for the diffusion 
coefficient based on the deviation from stoichiometry. 
This model for vacancy concentrations is strictly valid 
only up to x =  0.25 and must be extrapolated for high 
values of x.

5.5.3 Zirconium Oxidation Model

5.5.3.1 Urbanic and Heidrick Experiments

Steam reacts with Zr to form a surface layer of Z r0 2- 
It was known that an intermediate layer of oxygen- 
stabilized a-Z r will also be formed when the 
temperature is above 1150 K, the (o +  p)/p phase 
transformation temperature, and that the mechanism 
which governs the reaction is diffusion of oxygen 
anions through the Z r0 2 lattice.

Urbanic and Heidrick performed experiments with 
Zircaloy-2 and Zircaloy-4 alloys to study whether the 
reaction rate could be affected by reducing the steam 
concentration, to measure the growth rates of the 
Z r0 2 and a-Z r layers individually, and to remove 
uncertainties in previously published data by obtaining 
data over a wide temperature range (1323 K to 
2123 K, just below the Zr melting point at 2140 K).

The experiment involved exposing heated Zircaloy bar 
stock (2.54 cm by 1.25 cm diameter) to pure steam at 
atmospheric pressure and constant temperature, and 
measuring the amount of hydrogen evolved as a 
function of time. The final amount of hydrogen 
collected was converted to the equivalent amount of 
Zr reacted according to the stoichiometry

Zr + 2H20  -  Z r0 2 + 2H2 (5.64)

and checked by measuring the weight gain of the 
sample; good agreement was always obtained.

The specimen surface temperature was measured with 
an optical pyrometer calibrated against the melting 
points of metals. The Z r0 2 and a-Z r layer 
thicknesses were measured and the metallography of 
both layers was studied in all specimens.

The square of w, the weight of Zr consumed per unit 
surface area exposed, was plotted against exposure 
time, t. At given temperature, the points correlated 
well with a straight line after allowing for transient 
heating effects in the early stages of the experiments 
done at higher temperatures. A rate constant, Kp, 
was determined from the slope of each line. Tne 
results are therefore consistent with

The oxidation model for zirconium in the fuel rod 
cladding tube is based on the work of Urbanic and 
Heidrick (1978). Their experiments and findings are 
summarized here.

w = v (5.65)

where Kp depends on temperature.
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The temperature dependence of the rate constants was 
studied on an Arrhenius plot (ln(Kp) versus 1/T, 
where T is absolute temperature).

A discontinuity was seen between the points at 1738 K 
and 1853 K. Above and below the discontinuity, the 
following equations were found to correlate the points 
well

(5.66a)
Kp = 29.6 e -16820/T

for 1323 K s T s 1738 K

and

Kp = 87.9 e "16610/T

for 1853 K s T  <: 2123 K ,

where the units of Kp is kg^m ^s'1.

Growth rate constants 6 a .Zr and &Zt0 2 were 

calculated from

(5.66b)

8<x-Zr “ 5a -ZrZt

and

1/2 (5.67)

6Zr02 " 5Zr02Zt
1/2

where $a .Zr and 5zr0 2 31-6 the measured thicknesses

of the a-Z r and Z r0 2 layers. On an Arrhenius plot, 
the growth rates were found to be well correlated by 
the following equations:

and

8Zr02 = 3.60x 10_4e '6793/T

for 1323 K £ 1738 K

»Zr02 = l-44x 10~3e"8007/T

for 1853 K s T ^ 2123 K ,

(5.70a)

(5.70b)

- 1/2and where the units of 6 a _Zr and &zr02 ms

The discontinuity in &zr02 coincided with Urbanic

and Heidrick's metallographic observations of smaller 
and less well-defined stringers and globules of a-Z r in 
the inner part of the Z r0 2 layer of the samples oxi
dized at and above 1853 K, and with the discontinuity 
seen in Kp. They concluded that this was consistent 
with the Z r-0  phase diagram which suggests that the 
Z r0 2 layer comprises Z r0 2 (tetragonal) below 
1850 K and is subdivided into Z r0 2 (tetragonal) and 
Z r0 2 (cubic) above 1850 K.

The measured growth rates o f the Z r0 2 and a-Z r 
layers were shown to be consistent with published data 
for oxygen diffusion in Z r0 2 and a-Z r. Urbanic and 
Heidrick concluded that the oxidation was indeed 
controlled by oxygen diffusion in the solid phase.

(5.68) S.5.3.2 Implementation of the Model

In VICTORIA, it is sufficient to calculate the takeup 
of steam by cladding oxidation. The heat generated 
and the oxide layer thickness are required in 
MELPROG (Dosanjh et al., 1989), but are not 
calculated here. VICTORIA assumes that there is no 
essential difference between the experiment and 
reactor situations.

i  _ -l qa _ in - 3 —9915/T t-------------------------
a-Zr u e  More recent publications (for example, Samsohov, 1982) show the phase

transition to occur at 1763 K. This is not inconsistent with the Urbanic
for 1323 K 5  T 5  2123 K (5.69) and Heidrick data.
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The model is based on the correlations for the rate of 
Zr removal, w, as defined in Equations (5.65) and
(5.66). The ranges of temperatures in the equation for 
Kp are modified to

Kp

29.6 e ' 16820/T for T s 1763 K

= 87.9e -16610/T for T 5 1763 K

(5.71a)

(5.71b)

The changes in nZr and n ^ o  and the number of 
moles of hydrogen in the gas region, n ^ ,  are then 
given by

AnZr -  AwA/mZr, A n ^ g  ~ 2AnZr, AnH2

-2 AnZr > (5.75)

(note that T can be as large as the melting point of 
zirconia at -2 8 0 0  K) and the equation for w is 
generalized to take account of changes in temperature. 
Taking the derivative of Equation (5.65) yields

where the amount of oxygen taken up as oxygen- 
stabilized a-Z r and in the inner p-Zr region is 
assumed to be negligible.

dw2
dt Kp

(5.72) 5 .5 .4  C hem iso rp tion  R eac tions

Discretizing this gives

Aw = w +
\ l /2

KpAt) -  w (5.73)

where w(t +  At) 
step.

w(t) +  Aw, and At is the time

This is assumed to apply irrespective of the steam 
concentration in the gas region. However, Aw is also 
limited by the availability of steam and zirconium and 
Equation (5.73) must therefore take into account the 
stoichiometric relationship, Equation (5.62). The 
modification of Equation (5.71) gives

Aw = min w2 +
\ l /2

KpAt)

-  w, nZ rmZ r/A, nH20mZr /2A| , (5.74)

where nZr is the number of moles of unreacted 
zirconium remaining in the cladding region, n ^ O  is

the number of moles of steam in the gas region, mZr 
is the molecular weight of zirconium, and A is the 
area of exposed cladding.

5.5.4.1 Tellurium-Cladding

Tellurium is predicted to evolve from degraded fuel 
either as elemental tellurium (Te), tellurium monoxide 
(TeO), tellurium dioxide (Te02), or as cesium 
telluride (Cs2Te) depending on the environmental 
conditions. Elemental tellurium is highly reactive and 
will react with various structural materials such as the 
Zircaloy clad. Bowsher and Jenkins (1991) performed 
experiments to measure the rate of Te absorption by 
cladding subjected to varying degrees of oxidation. 
Bowsher and Jenkins studied three types of coupon 
over which Te vapor was passed: 99.8% pure
zirconium, pre-oxidized zirconium, and Zircaloy-2. 
A fourth experiment was performed to investigate the 
reaction of Te with tin. Various carrier gases were 
used including pure argon, argon with 5% hydrogen, 
and argon with 5% hydrogen and 3% water vapor. 
The results were presented as tellurium vapor 
deposition velocities onto the various coupons. The 
experiments using tin coupons showed the lowest 
reaction rate of all with Te. Due to the rapid reaction 
with water vapor, only elemental analysis could be 
carried out.

A single equation for the vapor deposition velocity 
was derived for these experiments,
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l n t l o X ) _ (-4000+1000)

_ (4200+ 1200)x1/2 
™ T

+ (2 .0 ±  1.0) (5.76)

where x is the fractional degree of oxidation (x =  1 
when there is complete conversion to Z r0 2), T  is the 
absolute vapor temperature, and Vd is the vapor 
deposition velocity in m/s.

These experiments were performed under low-steam 
activities and in the temperature range of 875 K to 
1275 K. Bowsher and Jenkins note that Alexander 
and Odgen believe that Te desorption occurs above 
1675 K. In VICTORIA, warnings are printed to the 
TTY file when the clad temperature exceeds 1275 K 
and 1675 K. No reaction is observed below 775 K 
with Zircaloy, and this is thought to be due to a thin 
oxide layer which becomes ineffective at high 
temperatures due to enhanced diffusion into the bulk 
alloy. When x =  1 the observed vapor deposition 
velocities are believed to be due to the Te reaction 
with tin, but no detailed chemical analysis has been 
done.

Equation (5.74) is used to calculate the mass o f Te 
deposited into the Zircaloy clad for both the inner and 
the outer surfaces. The oxidation fraction is 
calculated from the mass fraction of Z r0 2/(Z r02+ Zr) 
for all the clad cells. This assumes oxygen diffuses 
from either surface to give a uniform clad oxidation, 
which is not true for the initial stages of oxidation. 
The model is only used if the fuel temperature is 
above 775 K and warnings are given when the fuel 
clad temperature exceeds the temperature range of the 
experiments and the chemi-desorption temperature. 
The current model will absorb Te at temperatures 
from 775 K up to the clad melting temperature, 
2415 K, since nothing is currently known about the 
desorption of Te.

5.S.4.2 CsOH-Structural Material

A kinetic deposition model that qualitatively describes 
the results of both the Winfrith and Sandia CsOH 
deposition experiments has been implemented (Vine

and Clough, 1991). The model takes account of both 
the formation of a water soluble CsOH film, and 
formation of the chemical species resulting from the 
reaction of CsOH with structure-oxide material.

It has been assumed that the rate of mass transport of 
CsOH through the boundary layer, to the surface 
region is fast by comparison with the surface reaction 
kinetics. Thus, the mass transport rate term has been 
assumed to be infinite. This is in agreement with 
calculations made at Sandia (Elrick et al., 1984), 
which have shown from their experimental conditions 
and the geometry of their deposition tube, that the 
mass transport rate term is about 50 times greater than 
the surface chemical reaction rate.

It has been assumed that the rate of CsOH deposition 
follows first order kinetics, thus

dmd /dt = Vd Cg (5.77)

where md is the mass deposited per unit area 
(kg m '2), t is time (s), Vd is the 1st order rate 
constant (m s '1), C„ is the bulk gas phasec g
concentration (kg m ).

Assuming constant rate deposition, ideal behavior of 
all gaseous species, and an excess of carrier gas 
relative to gaseous CsOH, then

Vd = m d T d q /^ T q ) , (5.78)

where q is the carrier gas flow rate (m3 s '1), niy is 
the total mass of CsOH vaporized (kg), Td is the 
structural temperature (K), Tq is the gas temperature 
(K) at which flow rate was measured.

The temperature dependence for the rate constants are 
given by the equations

ln J lO ^ )  = 4330/T -  7.91 , (5.79)

for the soluble cesium species (correlation coefficient 
=  0.78), and

InflO ^d) = -i non + 2.63 (5.80)
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for the insoluble cesium species (correlation 
coefficient =  0.99), where T is the absolute 
temperature (K).

Thus, two deposition masses are calculated, 
corresponding to the formation of both water soluble, 
and insoluble CsOH products. The water soluble 
CsOH deposit has been placed in condensed form into 
the VICTORIA surface film. Here it is included in 
subsequent equilibrium calculations, which therefore 
allows the possibility of CsOH reentrainment into the 
vapor phase.

Precise details of the chemical species formed 
from CsOH interactions with surface oxide material

have not been included in this model. Instead the 
water insoluble deposit has been effectively placed 
in a separate model compartment, thus becoming 
isolated from subsequent equilibrium calculations. 
Resuspension of these insoluble products has therefore 
been ignored. In physical terms this is equivalent 
to treating the structure as a large sink for water 
insoluble CsOH deposits. In Vine and Clough's 
(1991) analysis, they determined that die structure 
(taken at a depth o f 10-100 pm) was unlikely, over a 
potential accident time scale, to become saturated 
with the chemical species resulting from this 
interaction.
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6.0 Radioactive Decay Heating

During a reactor accident vapors and aerosols, which 
contain fission products, generally deposit onto 
structural surfaces. One consequence of this is that 
the radioactive decay of the fission products may heat 
up structures. This heat-up may induce some
revaporization of the deposited material and, in severe 
cases, may lead to die failure of the structure. 
Revaporization of deposited fission products is a chief 
concern in the late stages of an accident in which the 
reactor containment is likely to have failed. If the 
containment has failed, there is a direct path for 
fission products that are left in the RCS to reach the 
environment. Revaporization is the primary
mechanism by which this can occur.

VICTORIA'S treatment of the heating of the primary 
circuit by the decay o f radioactive species is described 
in this section. Decay power is treated only for those 
species that are available in the code; other radioactive 
species that may be associated with the fuel but are 
not tracked by VICTORIA must be treated by some 
external means.

Decay heating produces a temperature feedback effect 
between the fission product species and the primary 
circuit. These temperatures may effect the hydraulics, 
but no such coupling is allowed in VICTORIA as 
explained in Section 1. The release of radioactive 
species from the fuel rods decreases the decay heating 
levels in the fuel, changes its temperature profile, and 
thus affects the species release via the temperature- 
dependent chemistry and transport coefficients. Once 
released from the fuel, the same chain of events is 
again repeated as the radioactive species heat the bulk 
gas, aerosols, and structural surfaces. It should be 
noted that although VICTORIA does calculate the 
geometric distribution of decay powers, the code only 
provides for coupling the temperatures of structural 
surfaces with decay heat produced by deposited fission 
products. Other effects, such as fuel and gas 
temperatures, have to be calculated externally and 
input to VICTORIA.

Data are generally available for the decay heat 
produced per mass of an isotope (ANSI, 1979). Data 
on the relative abundances of isotopes in a normally 
operating nuclear reactor are also available (Bennett, 
1979). These data have been combined to describe 
the amount of decay heat per mass of each element as

a function o f time after reactor shutdown (Ostmeyer, 
1984). This information is the basis used here to 
prescribe the heat source resulting in the local heat-up 
of structures due to decay heating of deposited fission 
products.

Additional heat transfer information is needed to 
describe the transient thermal conditions caused by 
decay heating on a structure. These include density, 
heat capacity, and the thermal conductivity of the 
condensate film and of the structure upon which it 
resides; thermal conductivity o f the insulation 
surrounding the structure; the ambient temperature in 
the containment; a heat transfer coefficient for heat 
losses to gas flowing within the structure; and the 
temperature o f that gas. Many o f these parameters 
must be prescribed, either explicitly or implicitly, as 
part of the input data. However, much of the 
information needed to calculate the heat transfer to the 
gas is already embedded within VICTORIA.

With all of the relevant heat transfer parameters 
prescribed, the transient thermal response of the 
structure can be determined. If the structure exceeds 
a failure temperature, the geometry and response of 
the reactor coolant system (RCS) would undergo an 
abrupt change. Thus, it would make no sense to 
continue the analysis using the original geometry and 
flow conditions. Instead, VICTORIA stops in order 
to allow the user to restart the calculation with a 
different geometry and set of thermal-hydraulic 
conditions.

The following sections describe the mathematical 
model and implicit assumptions used to determine the 
thermal response of a structure containing deposited 
fission products, the data that is needed to perform the 
analysis, and some practical aspects of the model.

6.1 Assumptions and Mathematical 
Model

Several simplifying assumptions are made in the 
mathematical model described below and in the 
implementation of this model in VICTORIA. These 
assumptions are:
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1. All isotopes of an element have the same diffusive 
and transport properties. Thus, the relative 
abundance of isotopes is the same everywhere in 
the RCS. This allows local decay heating to be 
determined as a function of the mass of each 
element (rather than the mass o f each isotope) that 
has been deposited and the elapsed time since 
reactor shutdown.

The equations for modeling heat-up of the deposited 
film and structure are, respectively,

e P p C p p ^  « Q -  L j -  L j  , (6 .D

and

2. Heat generated by gamma radiation is absorbed 
within the surface film. Obviously, in many cases 
this is a bad assumption, but to determine where 
gamma radiation would be absorbed is extremely 
complicated in all but the simplest of domains.

3. While an overall recirculatory flow may exist in 
the RCS, recirculation does not occur within an 
individual cell. In other words, flow is 
unidirectional in all pipes and channels where 
decay heating occurs. This facilitates the 
estimation o f heat transfer conditions.

4. A uniform temperature exists within the structure. 
Likewise, a uniform temperature exists in the 
deposited fission product film.

5. Thermal conductivity of the insulation and thermal 
properties of the structure and film are 
independent o f temperature.

6 . The ambient temperature outside the external 
surface of the structure is constant.

7. Heat transfer to the gas has a negligible effect on 
the gas temperature.

8 . Radiation between the gas and the structure film 
is negligible. This is generally a good assumption 
unless the opacity of the gas is large due to 
suspended aerosol particles.

9. Radiation losses through gaps in the RCS 
insulation are ignored.

Some of these assumptions, especially those involving 
constant properties, could easily be eliminated. 
However, the benefit of keeping the input require
ments and additional coding simple is viewed to 
outweigh the benefit of additional generality of the 
model.

WPsCPs-dT = 1/2 "  L3 ' (6*2)

Here, e is the thickness of the structural film, w is the 
wall thickness o f the structure, p is density, Cp is heat 
capacity, T is temperature, t  is time, Q is the rate of 
heat generation per unit area due to decay heating 
within the deposited film, L 2 is the heat flux to the 
gas flowing within the structure, L2 is the heat flux 
from the surface film to the adjacent structure, and L3 
is the heat flux through a possible insulating layer 
surrounding the structure. The subscript F indicates 
a film property and the subscript S indicates a 
structural property. Each o f the fluxes is based on the 
area of the inside of the structure.

The rate of heat generation due to decay heating is

Q = eSqjW M jEajini . (6.3)
j 1

Here, the first summation is over the set o f elements 
(j) and the second is over the set o f species (i). The 
rate of heat generation by atomic fission per unit mass 
of element, j ,  as a function o f time, is q:(t); is the 
number o f moles of element i contained in one mole 
of species j ,  and i is the molar concentration of 
species i in the film. The data used for qj(t) are 
discussed in Section 6.3.

The heat loss to the flowing gas within the structure 
is

= h ^ p  -  Tg ) . (6.4)

Here, h j is a heat transfer coefficient that depends on 
thermal and geometric properties and TG is the
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temperature in the gas. If the heat transfer is at a 
radial surface, then the following definition applies:

h! -  IIJ riS - 6
™ ris -  e -  6

*

(2riS ~ 2e,
r;

^iS

-l
iS (6.5)

otherwise, if the heat transfer is along an axial 
surface, then

e
2ih

-1
(6.6)

Finally, the heat loss through the structural insulation 
is

h  • i>3 (r$ - t a) •

On a radial surface, h3 is

In
v °S .

is

+ In
2roS

roS + riS
riS

on an axial surface it is

(6.10)

(6.11)

Here, riS is the inner radius of the structure, k_ is the 
thermal conductivity of the gas and 6 is the mermal 
boundary layer thickness in the gas.

The heat loss from the film to the structure is 

L2 = h2(TF -  Ts ) . (6.7)

Here, h2 is the heat transfer coefficient between the 
film and the structural material. On a radial surface, 
it is

h2 = In
2r;iS

+ In

2riS - E

riS + roS

iS

riS
2riS

-1
(6.8)

and on an axial surface, it is

h2 "" 2kr

Azj

2k,

-1
(6.9)

Here, roS is the outer radius of the structure and Az§ 
is the axial thickness of the structure.

h-» =
&1 + 
kT + 2kc

-1
(6.12)

Here, AZj is the axial thickness of the insulation, kj is 
the thermal conductivity of the insulation, Ts is the 
temperature of the structure, TA is the ambient 
temperature external to the structure, and rj is the 
outer radius of the insulation.

Equations (6.1) through (6.4), Equations (6.7), and
(6 . 10), along with the definitions of the heat transfer 
coefficients in Equations (6.5), (6 .6), (6 .8), (6.9),
(6 . 11) and (6 . 12), form a complete set of equations to 
describe the heat-up of a surface film and underlying 
structure. Normally, these equations would be solved 
numerically at each time step. However, the explicit 
implementation o f these equations proved to be 
unstable. The reason for this is that the initial mass 
of the film is very small, and thus its thermal mass is 
very small. Heat transfer to or from the gas, or heat 
generation due to decay heating can cause substantial 
changes in temperature in the film over a single time 
step. There are three alternatives to the explicit 
implementation: (1) an implicit numerical implemen
tation; (2) a numerical procedure using a sub-interval 
time step; and (3) an analytic solution of the 
equations. The third alternative was chosen because 
it is the most efficient and the most robust of the 
available choices.
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Equations (6.1) through (6.4), and Equations (6.7), 
and (6 . 10) form a set of two coupled ordinary 
differential equations, which can be solved by 
standard methods. The solution has the following 
form:

tF = cl®rit + c2ef2t * dl > (6.13)

The coefficients in Equations (6.13) and (6.14) are 
defined as follows:

, (6.20)
t t n / *| 2 f t *

hl+h2~h2"h3 +4h2h2

Ts = c3er!1 + c4er2t + d2 (6.14) -h2 [Ts(tn)-d2] >(r i +h; 4 1 ' ) ^  QU X 
°2     " "  . —    1

"r ,  .....„  , 1 2 - »
X [hl *^2-h2 ~^3 +4h2h2

’ (6.21)

The exponents in Equations (6.13) and (6.14) are 
defined as follows:

r i 2 = ~ K  * h2 + h2 + ha)

' ' ' '  '12 ' "

^1 + ^2 "  ^2 ~ ^3 + 4h2li2

(6.15)

rl + hl + h2
'1 »

r2 + hl + h2 
c4 = -----;---- °2

(6.22)

(6.23)

Here, the subscripts 1 and 2 refer to the plus and 
minus, respectively. The primed quantities are related 
to the heat transfer coefficients defined above as 
follows:

_ K  * h3)(Q' * h'lTo) * W a

hlh2 + hlh3 + h2h3
(6.24)

h, = ----- —  ,
eppCpp

(6.16)
and

h 2 '  = eppCpp

hn

wpsCps

and

(6.17)

(6.18)

i4 '(Q ' ♦ h'lTo) . ( h j

^ 1^2 + ^1^3 + ^2^3
(6.25)

Here, Tp(t°) and Ts (t°) refer respectively to the film 
and structural temperatures at the beginning of a time 
step (in essence, the initial conditions) and

wpsCps
(6.19) Q' =

eppCpp
(6.26)
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6.2 Data Internal to Code

Some of the parameters that appear in Equations (6.1) 
through (6.5) are given in data statements or are 
evaluated within the code, while others must be 
supplied by the user for each problem. This section 
describes the parameters that are defined within the 
code. Section (6.3) describes the additional input data 
needed for this model. The parameters are discussed 
in the order that they appear in the equations.

The thickness of the structural film, e, in Equations
(6.1) and (6.3) is defined in a data statement to be
0.5 mm (see Figure 4.1). Molar concentrations of 
species, nj, which appear in Equations (6.2) and (6.3), 
are determined as part of the solution. Molecular 
weights of the species, Mj, which appear in Equation
(6 .2), are calculated within the code from the atomic 
weights of the elements, Mj, and from the coeffi
cients, 3jj, which appear in Equation (6.3) and are 
defined in data statements. Densities, p, heat 
capacities, Cp, and thermal conductivities, k, of the 
film and structural materials are defined in data 
statements within the code. Their values are given in 
Table 6.1.

Values for q are tabulated in Ostmeyer (1984) for 
29 elements that produce more than 99 percent of the 
decay heat in a LWR for the first two days after 
reactor shutdown. Only a subset of these elements 
are represented in VICTORIA. Data from Ostmeyer 
(1984) was extracted for each fission product in 
VICTORIA for times after reactor shutdown from 0 
to 20 hours. The values used in the code are reported 
in Table 6.2 and from MATPRO (Hohorst, 1990).

Two points concerning Table 6.2 are noteworthy. 
First, the data represent not only decay heat produced 
by the parent radionuclide, but also by daughters, 
granddaughters, and so on. This is appropriate for 
VICTORIA since no explicit accounting of decay 
chains is performed, and accounts for the fact that 
some of the data in the table do not decrease 
monotonically with time. Second, the data have been 
normalized by decay power prior to reactor SCRAM. 
The rationale for this normalization stems from the 
following assertions that are made in Ostmeyer 
(1984):

1. Unstable isotopes of fission products reach steady 
concentration levels within a few days after

reactor start-up and remain level during normal 
reactor operation. These levels are insensitive to 
time during the annual operating cycle, the type of 
rector (i.e., PWR versus BWR), or issues o f fuel 
management history.

2. Stable isotopes gradually build up during the 
annual operating cycle. Their concentrations are 
sensitive to fuel management history and type of 
reactor.

3. Inventories of unstable isotopes of fission products 
depend mainly on operating power prior to reactor 
shutdown, provided that reactor power was held 
level long enough for a steady state to be 
achieved.

It follows that the data in Table 6.2 must be scaled 
according to reactor power prior to shutdown and 
according to the abundances of each of the fission 
products. The manner in which these scalings are 
performed is described in Section 6.4.

6.3 Additional Input Data

Equations (6.1) through (6.5) use a number of 
parameters that are not currently available, either as 
part of the input or part of the internal data, in 
VICTORIA. Some of these parameters, plus some 
information to tell VICTORIA where heat-up calcula
tions are to be performed, must be included in the 
input file (Appendix B). The additional data needed 
to run the decay heat and structure heat-up 
calculations are discussed in this section.

Keeping with the current modular style of 
VICTORIA, heat-up o f structures is treated in a new 
module named HEATUP. Thus the first input 
parameter that is required is a flag to tell the code 
whether or not heat-up calculations are to be included 
in the analysis. If this flag is set to zero, no decay 
heating calculations will be performed; if it is set to 
one, decay heating calculations will be performed. If 
the flag is set to two, decay heating and coupling 
between decay heating and local temperatures are both 
calculated.

When the flag is set to 1 or 2, some additional input 
data are expected by the code. When the flag is set to 
1, two additional lines of data are required. These 
lines consist of four parameters: the ambient
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Table 6.1 
Density, heat capacity, and thermal 

conductivity evaluated at 700 K for four structural materials 
and for the deposited film (Hohorst, 1990; Schmidt et al., 1991)

Heat Thermal 
Densitv capacit conductivity 

Number Name (kg/nr) y (W/mK)
(j/kgK)

1 Zircaloy-4 6550 340 18

2 Inconel 600 8420 900 15

3 Stainless Steel 7930 800 15

4 Inert (Z r02) 5700 570 1.7

Film (Fe2 0 3) 950 3.4

temperature inside the containment, in units o f K; 
elapsed time from reactor SCRAM to t =  0 for the 
VICTORIA calculation, in units of s; the mass of 
uranium per unit of thermal energy produced by the 
reactor just prior to reactor SCRAM, in units of kg 
uranium per kW thermal; and • structure failure 
temperature, in units of K. Only the second and third 
of these parameters are used in the code when the 
decay heat flag is set to 1; all of them are used when 
it is set to 2. Harris et al. (1986) provide guidance on 
the selection of appropriate values for structure failure 
temperatures.

Additional data are needed when the decay heat flag 
is set to 2. A flag array must be set to tell the code 
in which volumes to perform heat-up calculations. 
Usually heat-up calculations are needed in only a few 
of the volumes. Because of the thermal models that 
are used to determine heat losses to the ambient and 
to the gas flowing within the structure, heat-up of 
structures is allowed only along the perimeter of the 
domain. Thus the data needed for this and the 
following arrays should have as many values as the 
problem has perimeter cell edges (the data structure is 
the same as for boundary conditions).

Structural materials, such as those considered here, 
can be specified to be made up of Zr-4, Inconel-600, 
304 stainless steel, or inert material. The choice is of 
materials made by the structure identification flags

that are part of the existing input file. The choice of 
material will affect the heat capacity and density of the 
structural surface, as shown in Table 6.1. Although 
it is possible to select Zr-4 as a material on the 
perimeter of the domain, this is not recommended 
when performing heat-up calculations, for reasons 
explained below.

Three additional pieces of data are required at each 
perimeter cell edge. These are the thickness of the 
structural wall, w, expressed in m; the thermal 
conductivity of the insulation, kj, in W/mK; and the 
insulation thickness in m.

All of the data needed to calculate the losses to the 
flowing gas, defined in Equation (6.5), are already 
embedded in the code.

6.4 Practical Aspects of the Model 
Implementation

As mentioned in Section 6.3, the data in Table 6.2 
need to be scaled before they can be used to calculate 
decay heating. This scaling is done in two parts. The 
first part of the scaling is to calculate the thermal 
power of the reactor prior to shutdown by taking the 
ratio of the mass of uranium initially in the fuel to 
the parameter defining the mass o f uranium needed to 
generate a unit of thermal power. From this, the
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Table 6.2
Normalized decay powers as a function of elapsed 

time since reactor SCRAM. Units are  W /kW y,.

Element Time After Reactor SCRAM(s)

0 6 12 18 30 60 120 240 600 1200

Cs 4.4 3^2 3.2 2.9 2.8 2.3 1.9 1.6 1.2 0.91
I 4.7 4.1 4.2 3.8 3.5 3.3 2.9 2.8 2.6 2.4
Ba 2.6 2.2 2.0 1.8 1.6 1.4 1.2 1.2 1.0 0.79
Sr 3.4 2.6 2.4 2.3 2.1 1.8 1.3 1.3 1.1 0.88
Zr 2.3 2.5 2.1 1.8 1.3 0.91 0.64 0.64 0.67 0.67
Sn 0.44 0.38 0.35 0.35 0.32 0.29 0.17 0.17 0.12 0.10
Te 2.1 1.8 1.7 1.6 1.4 1.3 1.1 1.1 1.1 1.0
U 1.2 1.2 1.2 1.2 1.2 1.2 1.1 1.1 0.91 0.70
Kr 2.4 1.9 1.7 1.6 1.5 1.3 0.97 0.97 0.79 0.76
Xe 2.4 2.1 1.9 1.8 1.7 1.5 0.94 0.94 0.70 0.53
Mo 1.9 2.1 2.1 2.1 2.0 1.8 1.2 1.2 0.85 0.61
Ru 0.53 0.53 0.56 0.56 0.59 0.59 0.50 0.50 0.44 0.38
Sb 1.8 1.6 1.5 1.5 1.5 1.4 1.0 1.0 0.67 0.50

Element Time After Reactor SCRAM (hr)

1 1.5 2 4 6 8 10 12 15 20

Cs 0.38 0.23 0.15 0.07 0.06 0.06 0.06 0.06 0.06 0.06
I 1.9 1.6 1.5 1.0 0.82 0.70 0.62 0.53 0.47 0.38
Ba 0.47 0.38 0.35 0.27 0.25 0.26 0.27 0.29 0.32 0.35
Sr 0.76 0.73 0.70 0.62 0.53 0.44 0.39 0.32 0.27 0.21
Zr 0.73 0.79 0.79 0.82 0.79 0.76 0.70 0.67 0.62 0.56
Sn 0.07 0.05 0.04 0.01 0.007 0.004 0.004 0.003 0.003 0.003
Te 0.85 0.79 0.76 0.64 0.64 0.64 0.64 0.64 0.64 0.62
U 0.22 0.10 0.05 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Kr 0.70 0.62 0.53 0.32 0.18 0.11 0.07 0.04 0.02 0.01
Xe 0.29 0.20 0.15 0.09 0.08 0.08 0.07 0.07 0.07 0.06
Mo 0.25 0.19 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.16
Ru 0.35 0.35 0.32 0.29 0.28 0.26 0.25 0.23 0.23 0.22
Sb 0.26 0.18 0.13 0.08 0.06 0.05 0.04 0.03 0.03 0.02
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amount of decay heat produced by each fission 
product listed in Table 6.2 can be calculated. In the 
second part of the scaling, VICTORIA converts the 
total amount of decay heat produced by an element to 
that produced per unit mass. This is done by dividing 
the total decay heat produced by an element by its 
initial mass in the fuel. This makes the tacit 
assumption that all fission products start out in the 
fuel at the beginning of a calculation. Once the data 
are scaled for the current problem, they are inter
polated logarithmically to determine decay heat as a 
function of time.

Typical values for the amount of mass needed to 
produce a unit of thermal energy during normal power 
plant operation are 26 x 10"3 kg/kW for a PWR and 
38 x 10'3 kg/kW for a BWR. However, if the plant 
is not operating normally prior to reactor shutdown, 
these values should be modified to reflect the percent 
of capacity prior to shutdown.

Although there are four choices of materials, it is 
not advisable to perform heat-up calculations for 
structures made of Zircaloy-4. TTie problem is that 
both Zr and Sn, which are the main elements in

Zircaloy-4, produce decay heat. VICTORIA has no 
mechanism for tracing the origin o f an element, and 
thus does not distinguish Zr and Sn that originated in 
the fuel from that which originated in the structure. 
This problem does not arise for the other three 
materials since they do not contain elements that 
produce decay heat.

When the decay heat flag is not set to 2, thermal 
transients for structures are determined by inter
polating data from the input file. When the decay 
heating flag is set to 2 , only the initial temperature is 
taken from the input file for the cells where decay 
heating is calculated. Afterward, Equations (6.1) and
(6 .2) are used to calculate the transient thermal 
response o f the film and structure.

As mentioned above, the calculation is stopped if the 
user-specified, structure-failure temperature is reached 
because the geometry and thermal-hydraulics would 
likely change dramatically at this point. Continuing 
the calculation would probably not make sense. 
However, the user can overcome this feature by 
simply setting the failure temperature to be artificially 
high.
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VICTORIA uses the CHARM model developed by 
Wheatley (1988b) for aerosol species and transport. • 
CHARM models aerosol behavior in a single compu
tational cell; time-varying external conditions are 
assumed to have been calculated in advance and are 
supplied as data to the model. The aerosol particles 
have a single, constant composition and can 
agglomerate, deposit on surfaces, and leak from the 
cell. The transport of aerosol particles between 
adjacent cells provides a time-varying source and sink 
of particles for each cell. A combination of the 
agglomeration and deposition models from MAEROS 
(Gelbard, 1982) and TRAP-MELT2 (Jordan and 
Kohlman, 1985) have been used in VICTORIA. In 
addition, models have been added to treat additional 
deposition by turbulence and to estimate boundary 
layer thicknesses and turbulence properties of the flow 
field.

7.1 Description of the Model

The governing equation of the aerosol phenomena 
treated by the aerosol model:

dC(m,t)
dt

= 1 JJJ K(o*m -  (4 t)C(<4 t)C(m -  <*t) d<o

-  C(m,t)J“  K(<4m,t)C(<4t) da>

-  R(m,t)C(m,t) + S(m,t)

Drake (1972) gives an excellent survey of the 
properties of Equation (7.1).

C(m,t) is the aerosol number concentration 
distribution. Hence, C(m,t)dm is the number of 
particles per unit volume with mass in the range m to 
m +dm  at time t.

K is the agglomeration kernel; it is symmetric and 
takes into account particle-particle collisions due to 
Brownian motion, differential gravitational settling, 
and turbulence. The integral of the first term with K

corresponds to the production of particles o f mass m 
due to collision and coalescence of particles o f masses 
m - 8> and 8>. The integral of the succeeding term 
corresponds to the destruction of particles of mass m 
due to collision and coalescence with particles of mass 
8>. K can depend explicitly on time through changes 
in the external conditions; gas temperature, pressure, 
and velocity are particularly important.

R is the removal rate for particles of mass m. 
Leakage and deposition onto surfaces induced by 
thermophoresis, difiiisiophoresis, gravitational settling, 
Brownian diffusion, and turbulence all contribute to R 
which, like K, may be time-dependent.

S is the number concentration source rate for particles 
of mass m.

Implicit in Equation (7.1) are four assumptions. First, 
the aerosol is well-mixed throughout the cell. This 
may require that the flow in the cell be turbulent in 
order to promote mixing, or it may require the cell to 
be a small part of a larger region within which the 
aerosol exists and the aerosol has nearly uniform 
properties within this cell by virtue of its small size. 
Second, particles are characterized by their mass only, 
that is, particles can have a shape which is a function 
of m, but particles of given mass all have the same 
shape. Clearly, this assumption is invalid because 
actual particles having the same mass will have 
different shapes, which affects agglomeration and 
deposition rates. Such dependence, however, would 
be extremely difficult to treat computationally. Third, 
boundary layers and their effect on deposition are not 
treated in detail. Fourth, particles do not break-up 
into smaller particles.

Detailed expressions for K, R, and S will be 
considered in succeeding sections where the primary 
aim will be to give formulae in detail and to reference 
their origin. Ranges of validity and possible 
uncertainties will be indicated where appropriate. SI 
units are used throughout, except for molecular 
weights which have units of kg/kg-mole.

7.1.1 Gas Properties

Agglomeration and deposition rates depend on the 
properties of the gas in the cell. The VICTORIA code

NUREG/CR-5545 80



Aerosol Behavior and Transport

calculates the viscosity, thermal conductivity, diffusion 
coefficient, mean free path and concentrations based 
upon mass fractions of the species in the bulk. To a 
first approximation the bulk is composed of steam and 
hydrogen, hence default values use this assumption. 
This section details the formulations used for the gas 
thermophysical properties; unless otherwise noted they 
have been taken from Bird, Steward, and Lightfoot 
(1960).

The dynamic viscosity of the bulk gas, is based on 
Chapman-Enskog kinetic theory:

^  = 2.6693-10" v/M|T (7.2)

where is the molecular mass, Oi is the Lennard- 
Jones collision integral, and is the viscosity 
collision integral. This formulation is used for all 
species except for steam, where the Meyer correlation 
is used (Meyer et al., 1967).

MH20  ~ *** 2Z-1
Tr

(7.3)

The calculation of the thermal conductivity is also 
based on Chapter-Enskog kinetic theory:

=
0.083224 ^T/Mj

o? Op
(7.6)

where the terms have the same meaning as in 
Equation (7.2). Inserting Equation (7.2) into (7.6) 
yields a formula that is only valid for monatomic 
molecules and is therefore replaced with the Euchen 
correction (Bird et al., 1960) for both monatomic and 
polyatomic molecules

ki = CPi ♦ 5 R, 
1 4 M:

(7.7)

The molar specific heats are determined from classical 
theory (Lee, Sears, and Turcotte 1963) as

CP, =
n ATOM + 3 R

Mi ’
(7.8)

where NATOm  *s * e number ° f  atoms in species i.

where p r and Tr are constants with the values 3.082 
10"6 Pa-s and 151.4 K, respectively. The code uses 
the Wilke semiempirical formula for a mixed gas,

This formulation is used for all speices except for 
steam, where the MATPRO (Hohorst, 1990) 
correlation is used,

NO X,Pi 

M“ ix " i?! NG
XJ «*j

J=1

(7.4)
kH2o  = 1.76-10-4 + 5 .87-10 '5 -T

+ 1.04-10 '7T2 -  4.51-10"11T3 , 

T  <  973 ,
(7.9)

where and

*y =

1 + Vi
0.5

h i

12
0.25

W M:

vr
1 +

M

M

1/2
(7.5)

and NG is the number of vapor species.

kH2Q = 1.283668-10"3 + 4.44-10"6  • T 145 ,

T  >  973 , 

where T is the temperature in centigrade.

(7.10)

The mixture conductivity also used Wilkes method of 
Equations (7.4) and (7.5).
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The mean free path, lp, is calculated from kinetic 
theory as

2Pps

1/2
(7.11)

for the aerodynamic effects associated with 
nonspherical particles. A value for the shape factor 
can be supplied by the user; the default value of 1.0 
represents spherical particles.

C_ is given by

where P is the pressure, and pg is the gas density.

7.1.2 Aerosol Properties

The Schmidt and Knudsen Numbers, as well as the 
particle mobility with the slip correction 
(Cunningham, 1910) must be determined in order to 
evaluate the aerosol behavior.

The particle density, pp, is calculated from a weighted 
average of the condensed species in a cell. The 
densities of the species are set in data statements and 
can be modified by the user for all cells or modified 
for particular cells in the input as discussed in 
Appendix B.

The particle radius, rp, is determined from the ratio of 
the average mass at the collocation point to the 
particle density.

The particle Knudsen number, Ky, is the ratio of the 
mean free path, 1 , to the particle radius, r ,

(7.12)

Cn = 1 + kgKn + kqKn e 1%/Kn (7.15)

where Kn is the particle Knudsen number and kg, kq, 
and kb are empirical dimension!ess constants. Values 
for these constants can be supplied by users in the 
input deck. Default values used for kg, k , and 1^ 
(1.25, 0.41, and 0.88, respectively) are from Davies 
(1966).

The particle Schmidt number, Sc, is determined from

Sc =
PgDp ’

where Dp is the particle Brownian diffiisivity,

(7.16)

Dp = kTB (7.17)

Here, k is the Boltzmann constant and B is the 
mobility.

The particle conductivity, kp, is a weighted average of 
metal (20 W/m°K) ami nonmetal (0.6 W/m°K) 
values.

The particle mobility, B, is determined from Stokes' 
mobility law, BSt, and Cunningham's slip correction 
(Cunningham, 1910), Cn, as

B -  Bo. C,St v n (7.13)

BSt is 

Bst =
6*Xdiyp

(7.14)

where the dynamic shape factor, %d, is an empirical, 
dimensionless correction factor introduced to account

7.1.3 Flow Properties

The turbulence parameters of the bulk flow are needed 
for estimating agglomeration and deposition rates. 
Viscous and diffusion boundary layer thicknesses are 
needed for estimating thermophoretic deposition.

The friction velocity, v*, is calculated from formulae 
based on those given in Schlichting (1979) for flow 
through a cylindrical pipe of any aerodynamic 
roughness, and other formulae for flow through 
aerodynamically smooth pipes o f arbitrary cross- 
sectional shape. By definition, v* in terms of the 
Fanning friction factor, f* (see below), is
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11/2

v * = v g
(7.18) A  -  4 Adh = —  » (7.21)

where vg is the mean flow speed of the bulk gas in the 
cell relative to surfaces in the cell, usually the cell 
walls.

The Fanning friction factor, f*, is determined from a 
correlation established by Colebrook (1939) for 
turbulent flow through cylindrical pipes o f any 
aerodynamic roughness. The correlation is

1

2 , / r
= 1.74

2 log10
2ZC 18.7

R eZ ^fT
(7.19)

where zs is the equivalent sand roughness of the pipe 
surface adjacent to the flow, dh is the diameter o f the 
pipe, and Re, the pipe Reynolds number is given by

Re = Pgdhvg/Mg

It is assumed that f*= 0  when Re <2300 (laminar 
flow).

Equation (7.19) reduces to the quadratic resistance 
formula for completely rough pipes derived by von 
Karman (p_zsv*/pg >  70), and Prandtl's universal 
law of friction for smooth pipes (pgZsv*/Pg <  
VICTORIA uses an equivalent roughness of U.O 
smooth pipe resistance.

5). 
or a

The hydraulic diameter, dh, is typically the diameter 
of the pipe. Additionally, experiments by a number 
of authors have shown that the Fanning friction factor 
of aerodynamically smooth pipes of non-circular 
cross-section (such as square, rectangular, triangular 
and annuli) equals that of circular pipes over a wide 
range of Reynolds number when dh is generalized as 
given in Equation (7.21). This is the despite the 
complications of secondary flows induced in 
non-circular pipes. The hydraulic diameter is given 
by

where A is the cross-sectional area and p is the 
"wetted" perimeter of the pipe perpendicular to the 
flow. This generalization is also used for 
aerodynamically rough pipes, even though it has only 
been verified for smooth pipes.

The Nusselt number, Nu, variation with flow uses the 
models explained in the TRAC Correlations and 
Models document (Liles et al., 1988). In these 
correlations the Prandtl number, is assumed to be 1.0.

Pr kg/pgcp (7.22)

For forced convection in turbeulent flow 
(Re >  3000),

Nu = 0.023 Re'0.8 (7.23)

(7.20) in laminar flow (Re <  2000),

Nu = 4 (7.24)

and the Nusselt number is linerly interpolated 
between. For natural convection in laminar flow 
(Ra <  109),

Nu = 0.59 Ra0 25 ;

in turbulent flow (Ra >  109),

(7.25)

Nu = 0 .1  Ra'0.333 (7.26)

VICTORIA uses the maximum value o f Equations 
(7.23) through (7.26) as a function o f flow regime.

Ra is the Rayleigh number defined as
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r Scf^s "  Pg djj
Ra =

h2 t s

(7.27)

A set of boundary layers are also calculated. First a 
thermal boundary layer, AT, is determined from,

Nu
(7.28)

The diffusion boundary layer, AD, is set to the 
thermal boundary layer if the flow is laminar. For 
non-laminar conditions AD estimated from Keller 
(1973) and assuming that the Prandtl number is 1.0, 
is determined from

An -
Sc'.0.333

(7.29)

Sc is the particle Schmidt number. The thickness of 
both these layers may be set in the input to constant 
values, as discussed in Appendix B. AD is the film 
thickness used in Section 4.2.

7.1.4 Aerosol Deposition Rates

VICTORIA has five aerosol deposition mechanisms: 
gravitational setting, turbulent flow of submicron and 
supermicron particles, laminar induced deposition, 
flow particle diffusion or Brownian motion induced 
deposition, themophoretic deposition, and inertial 
deposition due to flow irregularities. VICTORIA also 
treats entrainment (see Section 7.1.6) and vapor 
deposition (Section 4.1). All o f these mechanisms are 
shown in Figure 7.1.

The deposition velocity due to gravitational settling, 
Uq , is given by

Uq  = gmB , (730)

where g is the acceleration due to gravity. Strictly, a 
term (pp - pg)/pp should appear as a multiplicative 
factor in this equation, but this small error is ignored.

The deposition of aerosol particles from turbulent flow 
can be divided into supermicron and submicron 
deposition.

For superm icron particle deposition, a correlation 
derived by Sehmel (1970) from data for particles with 
diameters greater than one micron is used. This 
correlation is given by

u*! = 1.47 x 10 -16
1000.

1.01

R 21  Re3 02 Vi
(7.31)

where pp is the particle density, and R is the ratio of 
the particle diameter in pm to the hydraulic diameter 
in cm. This ratio is

= (2rp x 104)l/dfc
(7.32)

A theoretical model by Davies (1966) is used to 
calculate the deposition o f subm icron particles from 
turbulent flow. This model was derived for particle 
deposition onto smooth surfaces and assumes that the 
particle transport can be described as the sum of the 
particle Brownian diffusivity and the turbulent 
diffusivity o f the fluid. The formula is given by

Sc-2/3,
u *2 a

14.5 i ln (1 +*)2 +_Ltan“l 24>-l +JL
6 i -4>-h|>2 v/^ l i / i J

(7.33)

where <|> =  (Sc1/3/2.9) and Sc is the Schmidt number 
from Equation (7.15).

To calculate the turbulent deposition velocity for both 
particle sizes, these two values are added, giving

u* = U*i + u *2 (7.34)
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TCOLD

1. Gravity
2. Turbulence
3. Brownian Motion
4. Thermophoretic
5. Vapor Deposition
6. Inertia(Bends)
7. Irregularities
8. Re-entrainment

Figure 7.1 VICTORIA aerosol deposition mechanisms.
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Particle deposition from  lam inar flow is a 
well-analyzed phenomena. The deposition velocity is 
calculated as

UL - S - i
<ih
L~ Vg

(735)

where Ln is the length of the cell and the fraction of 
particles deposited from the bulk flow. CQ/C, is 
determined from the data o f Gormley and Kennedy 
(1949): when h >  0.0156 then

—  = 0.8191e~7l314h * O.OOlSe"44'611

+ 0 .0325e '114h ;
(736)

when h <  0.0156 then

C 
C
—  = 1 -  4.07 h2/3 + 2.4 h

+ 0.446 h4/3 (737)

thermophoretic force arises from collisions between 
the aerosol particles and the fluid molecules. Since 
the mean momentum transfer due to these collisions is 
proportional to the square of the gas temperature, 
there is a net force exerted on the aerosol in the 
direction o f the lower temperature region.

The hydrodynamic analysis of this phenomenon was 
performed by Brock (1962). The derived formula is 
still regarded as being the most reliable and is used by 
most aerosol physics codes. The Brock formula for 
the thermophoretic deposition velocity, uTs, for a 
particle of radius rp upon a surface s, is

-2C .
(kg , x 'nMg T -T _

p„ TA r

1 + 3 C „ K n (rp)) 1 .2  ^ .2 C ,K „ ( r p)

(739)

where Kn is the particle Knudsen number, AT is the 
thermal boundary layer thickness, and k_/k_ is the 
conductivity ratio, set in VICTORIA to 0.01.

In C/CQ, h is a measure o f the diffusive-to-convective 
transport and is determined from

h =
2 Dp 

dh Vg
(7.38)

D was defined in Equation (7.16).

Equation (7.38) can give unrealistic results for low 
values o f the velocity, V_, and therefore h must be 
less than 0 .10.

The thermal slip coefficient, Cs, is set to 0.75, as first 
obtained by Maxwell (Kennard, 1938). The thermal 
accommodation coefficient, Ct, derived from kinetic 
theory, is given the value 2.49, and the momentum 
accommodation coefficient, Cm, is set to 1.0. More 
refmed kinetic theory analysis (Loyalka and Ferzinger, 
1967; Loyalka, 1968) and comparison with experi
mental data (Ivchenko and Yalamov, 1971) have 
shown these coefficients to be in error. In 
VICTORIA, the default input values for these 
coefficients use this new information,

Cs =  1.17, Ct =  2.18, and Cm =  1.14

Therm ophoretic deposition, or the motion of aerosol 
particles due to a thermal gradient, was first reported 
by Tyndal (1870), who observed a dust-free zone 
surrounding a hot body. Under the influence of a 
thermal gradient and friction in a fluid, in the steady 
state, aerosol particles are observed to move with 
constant velocity toward the lower temperature. The

According to Talbot et al. (1980), the agreement 
between the theoretical thermophoretic deposition 
velocity calculated with these new coefficients and 
experimental data is good over the entire range of 
Knudsen numbers 0 s  Kn(r|) u <». At most, these 
predictions will only be 50 percent greater than those 
calculated using the earlier coefficients.
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The models of aerosol deposition due to geometric 
irregularites include aerosol deposition in bends, in 
an abrupt pipe contraction, in a steam separator, and 
in a steam drier. The user can designate only one of 
these models per cell (see Section B.2.3.1). The 
effect of these models is to increase the average 
deposition in the fluid cell where the bend is located.

The ability to model the behavior of aerosols as they 
are transported through 90° changes in the flow 
streamlines is based on experimental and theoretical 
work by Pui, Romay-Novas and Liu (1987). Their 
experiments included a range of pipe diameters and 
surface materials, and also covered flow Reynolds 
numbers in the range 100-10,000. Monodisperse 
aerosols were generated using a vibrating orifice 
device. The results were in good agreement with the 
theoretical predictions of Cheng and Wang (1975, 
1981) for turbulent conditions. An exponential curve 
of deposition efficiency versus Stokes number was 
fitted to the experimental data, and a theoretical 
justification of the form of the curve is given in their 
paper.

The Pui model gives the deposition efficiency, tij, of 
aerosols in turbulent flow within a bend with small 
and intermediate radius of curvatures as

ni(rp) -  1 -  10"0'963 *lrr) . P - 40)

St(rp) is the particle Stokes number, defined as

W , \ = 4 Cn PP FP V8 (7.41)
bVP) 9 p d h ’

where Cn is the Cunningham slip correction factor.

For laminar flow conditions, the bend deposition 
efficiency is based on the data of Cheng and Wang 
(1975, 1981) for a Reynolds' number of 1000. These 
data indicate that the efficiency, r^, equals 1.0 
for Stokes numbers greater than 1.0 and gradually
decreases to zero as the number falls to 0.15.
VICTORIA uses a data table to implement this 
efficiency information.

We developed a correlation in order to include the 
effects of an abrupt reduction in pipe diameter on 
aerosol behavior (see Figure 7.2). Such a contraction 
might be found, for example, in the inlet plenum of a 
PWR steam generator, or in experimental aerosol 
sampling devices.

Ye and Pui (1990) studied numerically the particle 
deposition arising from  a  sudden contraction in pipe 
diameter, and compared their results with available 
experimental data. A fluid-flow code, SIMPLE 
(Patankar, 1980), was used to predict particle 
trajectories in the vicinity o f the contraction. The 
SIMPLE computer code solves the partial differential 
Navier-Stokes equations over a two-dimensional grid. 
Attention was paid to reducing both the discretization 
error and computing costs, and this was achieved by 
reducing the pipe length under consideration and by 
taking advantage o f nonuniform grids.

Particle trajectories were calculated by assuming that 
the particles were spherical and did not significantly 
affect the fluid flow field. The only significant force 
considered in tracing the particle trajectories was that 
arising from particle drag. Once the particle 
trajectories had been determined, the deposition 
efficiency due to particle impaction and interception 
was calculated. It was noted that a recirculation eddy 
was predicted to exist at the outer comer of the 
contraction and that large particles drawn into this 
eddy were predicted to be deposited. The recircula
tion region was observed to grow with both high 
contraction ratio and Reynolds number. However, the 
effect o f this eddy is only o f secondary importance 
compared to inertial impaction at the contraction.

Parametric studies were then undertaken to derive a 
general correlation to characterize particle deposition 
as a function o f modified Stokes number. The 
deposition efficiency was found to be a function of 
both the Stokes number and the pipe diameter 
contraction ratio, but is only weakly dependent on the 
Reynolds number.

The deposition efficiency, r^ , is given by the 
expression
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Deposition Zone

Critical Particle Trajectory

Transmission Zone

Figure 7.2. Model for abrupt reduction in pipe diameter.

NUREG/CR-5545 88



Aerosol Behavior and Transport

W  = 1-
2

j _ e(l.721 -8.557x +2.227x2)

l Dej
(7.42)

The ratio Rj/Rs can be determined from the values of 
a function of Rj/Rs given in Table 7.1 and is defined 
as

R,
= 1.29228 St(rp) cot26 (7.45)

where De is the diameter at the entrance, DQ is the 
diameter at the outlet, x is the modified Stokes 
number given by

x = St(rp)0"5 (D0 /De)0'31 C7-43)

where St =  Stokes number from Equation (7.41).

The theoretical model is said to be in good agreement 
with available data for laminar flow conditions and 
has been applied successfully in predicting particle 
deposition in various experimental aerosol sampling 
systems. Ye and Pui are in the process of extending 
these studies to include the effects o f contraction angle 
and fluid turbulence, and these VICTORIA develop
ments will need to be updated at a later date to reflect 
the new models as they become available.

VICTORIA has included several models for geometric 
irregularities from the RAFT computer code (Im 
et al., 1987). The report has a model to calculate 
aerosol deposition in an upcomer cyclone-type 
steam separator (see Figure 7.3). The centrifugal 
force for the inertial collection of particles arises from 
the rotation imparted by the guide vane. The axial 
and tangential components of gas velocity are related 
through the vane angle.

The deposition efficiency, is given by the 
expression:

ntfrp) - 1 -  ^  . <7 -“ >
Rs

where Rs is the radius of the vortex tube, and Rj is 
defined as the radius within the tube such that a 
particle originating at Ri will just reach the wall 
before the end of the vortex tube.

where St is the Stokes number o f Equation (7.40) with 
the hydraulic radius equal to Rs, H is the vortex tube 
length, 6  is the vane angle.

As formulated, the collection efficiency of the 
separator is insensitive to the radius and penetration of 
the finder tube. No credit has been taken for particle 
capture in the imminent recirculation field set up in 
the penetration region and no allowance has been 
made for the degradation of deposition efficiency due 
to turbulent eddies reentraining the particles that 
would otherwise have been centrifuged onto the wall 
of the vortex tube.

Table 7.1 
Data for determining Rj/Rj

fW w w
0. 0.70218 0.05 0.69925

0.10 0.69205 0.15 0.68194

0.20 0.66958 0.25 0.65529

0.30 0.63923 0.35 0.62140

0.40 0.60176 0.45 0.58014

0.50 0.55634 0.55 0.53002

0.60 0.50077 0.65 0.46800

0.70 0.43095 0.75 0.38853

0.80 0.33921 0.85 0.28073

0.90 0.20955 0.95 0.11972

1.00 0.0

The RAFT computer model also has an expression 
used to calculate aerosol deposition in steam  driers. 
The drier, depicted in Figure 7.4, is modeled as a 
series o f N bends each with a turning angle i|f-. The 
deposition efficiency, t| j, is given by
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6  = vane angle

Figure 73 .  Upcomer cyclone-type steam separator.
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T)i(rp) = 1 -  [0.24(5.17 -  cos*)

-  2.3(1 -  cos*)St(rp)] , <7 -46>

where N is the number of bends in the drier, St is the 
Stokes number of Equation (7.40) with the hydraulic 
radius replaced with the bend pitch, and *  is the 
bend angle.

The geometric irregularity deposition efficiencies are 
then converted into a deposition velocity given as

Uj -  1 i(rp) v g / (  ■ <7 -47>

where t  is the cell length, and Vg is the bulk gas 
velocity.

The calculated deposition rate is added to the total 
wall deposition rate for that control volume. Users 
can identify those control volumes incorporating 
bends, abrubt pipe contractions, steam separations, or 
steam driers with a flag in the input data (see 
Appendix B).

The net deposition velocity to any surface, us, is 
estimated by combining the contributions in the 
following way:

ucl = UL + u * + uTcl + uDcl "  UG > <7 -48)

uw = UL + u * + uTw + uDw + ui . <7 -49>

and

ufl = UL + u * + uTfl + uDfl + UG • (7.50)

Note that since either or both uTs and uDs could be
negative (that is, when Ts is greater than T, or dcs/dx 
is negative) and uG is subtracted in Equation (7.48), 
some of the us may be negative. The equations 
above are only applied when the result for us is 
positive, otherwise, us is set to zero.

The deposition rate to a surface per unit cell volume, 
Xs, is given by

Xs = u sAs/V , (7.51)

where As is the area of surface, s, exposed to aerosol. 
R(m,t) is then

R(m,t) = Xc + Xw + Xf . (7.52)

All possible deposition mechanisms have not been 
included in this treatment. Some of the mechanisms 
that were left out are deposition mechanisms 
associated with electrostatic  charges and 
photophoresis.

7 .1 .5  A gg lom era tion  R a te s

Mechanisms that result in the collision and subsequent 
coalescence o f particles may be classified as 
agglomeration processes. Three agglomeration 
processes are considered by VICTORIA: Brownian 
motion, gravity, and turbulence (see Figure 7.5). 
Each of these processes cause particles of different 
masses to have non-zero relative velocities and 
therefore to collide. In VICTORIA, a particle-to- 
particle sticking efficiency, es, is included in the 
equations to provide the coalescence probability. The 
equations also include a collisional shape factor, xc> 
for non-spherical particles. Both the shape factor and 
efficiency may be modified in the input. The code 
uses default values of 1.0 for es and xc-

For notational convenience the agglomeration rate 
formulae are given corresponding to the j *  and k *  
collocation points (see Section 7.2.1 for their 
definition).

The Brownian agglom eration rate, 4>q , is estimated 
as

♦B(mj,mk) -  4nkT (Bj .  b J  ^ ( i j  * rk) ^  

•Fu(mj,mk) ,

where Bj and Bk are the particle mobilities, from 
Equation (7.9), at the j *  and k *  collocation points, 
respectively. Fu is a factor introduced by Fuchs 
(1964) to extend the particle range. The Fuchs 
interpolation factor provides a transition from small
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Figure 7.4 Steam dryer. 
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1. Brownian Motion
2. Gravity
3. Shear
4. Inertia

Figure 7.5. Agglomeration mechanisms.
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molecular-sized particles determined from kinetic 
theory to particles larger than the mean free path, 
determined from diffusion theory. Fu is given by

l/Fu^m ^rn^ = l/F u^nij.m jjJ  + 1/Fu2 ^mj,mic|  ,

(7.54)

F u j, from kinetic theory, is

Fui(mj,mk) = es rj + rk

^ B j+ B k )

8kT 1 + 1
it ^  + mkJ

1/2

and Fu2, from diffusion theory, has been modified 
according to Sitarski and Seinfeld (1977) and is

Here a is

(7.56)

*G(mj ’mk) = ” esePKXc2 (7.59)

• (rj + rk f  I vc(mj) -  vo(mk)l •

The agglomeration rate arises from collisions of 
particles travelling under the influence o f gravity at 
different velocities. The terminal velocity, vG, is due 
to the gravitational acceleration o f a particle of mass, 
m, and is estimated as

vG(mj) = gc* jBj
(7.60)

Notice that this is just uG from Equation (7.29), but 
a different symbol is used here to avoid confusion. 
As with uG, a factor (Pp'PgVPp could be included but

(7.55) would only result in a minor correction.

The collision efficiency, epk, is a correction factor 
which is applied to account for the deflection o f the 
particle stream lines from straight lines when they 
approach one another. For the collision efficiency, 
ePK» VICTORIA follows the Dunbar et al. (1984) 
recommendation to use the Prupacher and Klett 
formulation which is,

ePK(mj,mk) -  \
1 min|rj,rk)2

(7.61)

■j

and

a j - Bj
2kTmj

1/2

(7.57)

(7.58)

The gravitational agglomeration rate, <t>G, is 
estimated as

where min stands for the minimum value o f ij and rk. 
The terms ij and rk are the radii of the equivalent 
spherical particles evaluated at the j *  and k *  
collocation points, respectively.

The turbulent shear agglom eration rate, <j>*s , is 
estimated from Saffman and Turner (1956) as

4>*s(mj,mk) = ePKesXc3 (rj  + rkf

11/28pj«eDP
(7.62)
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where eg is the input particle sticking efficiency and 
Xc is the input collision shape factor. The turbulent 
energy dissipation rate per unit mass, eDp, is 
estimated from Deliachasios and Probstein (1974) as

0.03146 v'
DP

g
dk Re'0.375

This agglomeration mechanism accounts for the action 
of turbulent shear which causes particles that follow 
the instantaneous stream lines to collide with one 
another.

The turbulent inertia agglomeration rate, 4>*j, is also 
estimated from Saffrnan and Turner (1956) as

4>*l(mj,mk) = epKesx^ (rj + rk);
Siapgi^e^p

1/4

15h

IvgH  • VoKjl/gc • (7-64)

It accounts for particles colliding with one another 
when, due to their inertia, they are unable to follow 
the instantaneous stream lines.

The total agglomeration rate combines the above 
contributions as

Note that all possible agglomeration mechanisms have 
not been included. Mechanisms not accounted for 
are, for example, agglomeration in laminar shear 
flows and body force effects (such as, van der Waals 
and electrostatic forces).

(7.63) 7.1.6 Resuspension of Deposited Aerosols

Turbulent resuspension o f deposited aerosol particles 
has been observed by many researchers and has 
recently been characterized by Wright et al. (1992)6 
at the ORNL Aerosol Resuspension Test (ART) 
Facility. The resuspension model in VICTORIA is 
based on a power law curve fit of their data. The fit 
is the same type used to correlate the swiss 
"PARESS" resuspension data (Fromentin, 1989) and 
is the model recommended by Reeks-Reed-Hall 
(1988). It is mathematically expressed by the 
following relationship:

F = 0

when NRe <  2300 or t = 0 ,

F = atb

when NRe _> 2300 and t >  0 .

(7.66)

(7.67)

Here, F is the fractional rate of resuspension in units 
o f reciprocal time, a =  0.05v*, b =  -1.25, v* =  
vg(f*/2)1/2, t is time, and f* is the Fanning friction 
factor from Section 7.1.3.

K(mj,mk,t) = *B(mj,mk) + 4ta(mj,mk)

- {<t>*s(mj»mk)2 + <t>*i(mj,mk)2}1/2 .
(7.65)

According to Saffrnan and Turner (1956), the 
turbulence contributions are added in a quadratic 
form. However, Dunbar, et al. (1984) point out that 
the reasoning used by Saffrnan and Turner also.applies 
to the gravitational contribution which should 
therefore be added to K(nL,mk,t) in the same way. 
VICTORIA follows the Saffrnan and Turner 
recommendations.

In the experiments done in the ART Facility, a layer 
o f aerosol was deposited in a pipe, then gas was 
forced through the pipe at a prescribed velocity. The 
time, t, referred to time elapsed since gas flow was 
initiated. In VICTORIA, the situation is complicated 
by the fact that deposition and resuspension occur 
simultaneously. A further complication is that the 
velocity field may undergo transients that differ from 
a simple step function. Another issue is how to define 
the composition and size distribution o f the

^Wright, A. L ., W. L. Pattison, and J.-Y. King, 1992, "SERIES-2' 
Aerosol Resuspension Test Data Summary Report," Oak Ridge National 
Laboratory, Oak Ridge, TN, unpublished.

95 NUREG/CR-5545



Aerosol Behavior and Transport

resuspended aerosol when aerosol properties are 
transient.

In view of the above discussion, a number of 
simplifying assumptions are needed to make the 
resuspension model tractable for its implementation in 
VICTORIA:

1. All aerosol particles are taken to have the same 
properties o f adhesion to the substrate on which 
they are deposited. In other words, resuspension 
rates are independent o f aerosol composition and 
o f the properties o f the substrate.

2. Once aerosol particles are deposited they are taken 
to be immediately well mixed with previously 
deposited particles. Thus resuspended particles 
have the same composition as the surface film 
from which they are removed.

3. Resuspended particles have the same size 
distribution as the aerosol currently within the 
same cell. This assumption is necessary because 
VICTORIA does not retain information about 
aerosol size distribution after deposition occurs.

4. The elapsed time in Equations (7.66) and (7.67) is 
defined as the difference between current time and 
the point at which the Reynolds number first 
exceeds 2300 in the current cell.

The ORNL resuspension model is implemented in 
VICTORIA with the assumptions listed above. In the 
code, deposition onto surfaces is calculated first, then 
the fraction o f aerosols resuspended is determined 
using Equations (7.66) and (7.67). The error in this 
model may be an order of magnitude o f any test flow 
velocity, however, Wright7 (1992) does not believe 
that the available data does not justify a more 
sophisticated model at this time.

7.1.7 Source Distributions

For convenience, analytic formulae are used for the 
input aerosol source distributions, although more 
general formulations could be accommodated. The

7Wrigfat, A. L ., W. L. Pattieon, and J.-Y. King, 1992, "SERIES-2* 
Aerosol Resuspension Test Data Summary Report," Oak Ridge National 
Laboratory, Oak Ridge, TN, unpublished.

source number concentration distributions are chosen 
to be log-normal. Consequently, the source density 
distribution, ms(m,t), is given by

ms(m,t) = dC/dt

(2«)1/2 In (a3)
(7.68)

where C is the aerosol number concentration, m_ is 
the geometric mean mass, and o is the cube root of 
the geometric standard deviation with respect to mass.

C and mg are defined in terms o f pp and r50 as

4 3
m50 ~ 3 ”Pp r50

dC _ dp/dt -  in V V zdT m ~ s r

and

(7.69)

(7.70)

mg = m50 e I n V ) (7.71)

In Equation (7.69), (7.70), and (7.71), r50 is the 
radius of the spherically equivalent particle of mass 
m ^  and density pp . dC/dt is the number concen
tration generation rate (the number generation rate 
divided by the cell volume) and dp/dt is the density 
generation rate (the mass generation rate divided by 
the cell volume) o f the source. The default values 
r50 =  0 .5 pm , and o =  2.0  are set in data statements 
and correspond to a mean mass bin o f 10"16 kg. As 
discussed in Appendix B, the user provides values 
for these parameters when inputting a particular 
aerosol distribution. The effect o f evaporation and 
condensation on the aerosol is modeled using the 
Fuchs-Sutugin [Hidy and Brook, 1971] growth law as 
discussed in Section 5.3.1.
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7.2 Numerical Method

The model describing aerosol behavior in VICTORIA 
must be converted to a form suitable for implemen
tation in a computer. Here we describe the discreti
zation o f the equations and method of solution used in 
the program.

7.2.1 Discretization of the Governing 
Equations

Equation (7.1) is discretized with respect to mass 
using the collocation finite-element method. In this 
method, the governing equation is required to hold 
only at a set of collocation points (n in total). A 
finite-element expansion based on values of variables 
at the collocation points is used. This will be needed 
for estimating the agglomeration integrals.

The particular method used is an extension o f that 
studied by Wheatley (1988a), who showed that 
accurate solutions to the equations could be obtained 
with a small number of collocation points and the 
agglomeration kernel evaluated on the n2 pairs of 
collocation points only. The extension used is similar 
to that performed by, and enables calculations to be 
performed with, a multi-component aerosol. This 
allows the compositions of the aerosol to vary across 
the collocation points rather than the fixed com
position previously imposed. The user can choose a 
single component aerosol and has the advantage of 
being much faster than the multi-component option 
due to the smaller number of equations solved.

Using a logarithmic scale, the particle mass, m is 
discretized as

In = In (m ^ + (i -  l)h,

where i = 1 . . . n . (7.72)

where h is a constant that can be found from m ^  and 
my, the smallest and largest values o f discretized mass 
respectively, and n. h is chosen to be constant.

With this choice o f m  ̂ it is convenient to choose the 
mass distribution, given by Y ^ . t )  =  mjC(mj,t), as 
the dependent variable in Equation (7.1). Then, 
representing the mass distribution of the q *

component of the aerosol as Yq, and Y as the sum of 
Yq over all components, Equation (7.1) can be written 
as

8Ŷ m,t) = J™ K(<Am -  <At)Y(<4t)

• Y ^m  -  <*t) dln(<4

-  yq(m ,t)J”  K(<*m,t)Y(c*t) dln(<4

-  R(m,t)Yq(m,t) + mSq(m,t) , (7*73)

Sq(m,t) represents the source rate of the q *  
component o f the aerosol, K(8>,m-8>,t) =  K(m-S>,&,t) 
and, for economy of display here and later, the 
integration limits are shown for rather than ln(fo).

When this equation is evaluated at the points m^ i =  
l...n , the extended trapezoidal rule could be used to 
estimate the second integral on the right hand side, 
however, the first integral will be troublesome. 
Therefore, a finite-element expansion is used for the 
first integral. The integrand is expanded as

K forn -  <*t) Y(<*t) Y V  -  <4 t) =

E  Kjk Yj Y j gj(ln (<4)gk(ln (m -< 4) , (7*74)
j.k

where Y| and Kj: are shorthand for Y(mj,t) and 
K(mj,mj,t), respectively. The 1th element gi is defined 
in terms o f a basic element g, by

gi(ln (m)) = g(ln (m) -  In (m jj/h . (7,75)

The precise form o f g will be discussed later, but note 
that it is always chosen so that g(0) =  1 and g (±  1), 
g (± 2 ), g (± 3 ), ... =  0. This guarantees that the 
expansion in Equation (7.76) is consistent in the sense 
that the equation is satisfied identically when 8> and 
m-8> are located at any o f the collocation points.

The particular expansion in Equation (7.74) was 
chosen for three reasons. First, the agglomeration
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kernel needs to be evaluated only at the collocation 
points. Second, since K and Y have not been 
expanded separately, the summations which result in 
the discretized equation are at most over two indices. 
This reduces computational labor. And third, the 
same result for the second integral in Equation (7.73) 
is obtained as it would be by applying the trapezoidal 
rale.

Substituting Equation (7.74) into Equation (7.73) and 
evaluating at the i*  collocation point gives the 
following discretized form of the aerosol equation:

dY? :

T - ?  lt S ‘ YJYij,k

- Y ? £  D j K i j Y j  
j

-  Rj Y? + . (7-76)

Rj and Sq are shorthand for R(nij,t) and Sq(nij,t) 
respectively, and gj(xk) =  fijk, where S;k is the 
Kronecker delta function. The terms with P jk and Dj 
correspond to the particle production and destruction 
terms, respectively, on the right hand side of 
Equation (7.73). The indices in Pjk and D | ran from 
1 to n.

Pjk - h " i k p . .  e » ) g 4  Inll  
h dy , 

(7.79)

where j  =  i - j  and k =  i - k. The integral must be 
calculated numerically and the integration range must 
be divided into subranges since g is generally not 
smooth. The indices in the coefficient Pjk, in 
principle, take all values from 1 ...n; however, only 
a small fraction o f the coefficients are non-zero. It is 
straightforward to find the conditions on i, j ,  and k for 
this to be so. It can be shown that they depend only 
on j  and k. The non-zero values of the coefficients 
are conveniently stored consecutively using an 
indexing based on the derived conditions.

The multiplicative factor, njk, is introduced as a 
correction to conserve mass. By integrating 
Equation (7.73) with respect to m from 0 to <*> the 
following mass balance equation is obtained:

^  = -Jq  R(m,t) Yq(m,t) dm 

+ J ”  mSq(m,t) dm . (7.80)

In Equation (7.76),

Dj = / ”  gj(ln (<*) dln(<4

= h g(x) dx = h , (7*77)

as desired, where g(x) must be chosen such that 
g(x)dx =  1. And,

pjk = njk gjOn (<4)gk(ln (mj -  o$) dln(o> .

(7.78)

The particle production term is simplified somewhat 
by making the transformation y =  ln(S>/nij)/h to obtain

This equation, multiplied by the cell volume, 
states that the rate of increase o f airborne mass of 
aerosol component, q, equals the rate supplied by the 
sources of component q less the rate removed by 
deposition and leakage. Clearly, the agglomeration 
terms have cancelled as one would expect. However, 
this is not the case for the discretized equivalent to 
Equation (7.80) without the factor njk in Pjk. In 
many applications, the removal and source terms in 
Equation (7.73) can be small compared to the 
agglomeration terms. Therefore it is important that 
the agglomeration terms cancel exactly to ensure that 
the removal and source terms are not swamped by 
cancellation errors.

The trapezoidal rale is used to estimate p , Equation
(7.91), from which the discretized form o f the mass 
balance equation is
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dp**
3t

= h E  ”>i Pjk Kjk Yj Yj
ij.k

' E  m Dj K,j YH Yj
l j

- E  mi Ri Y?

E

(7.81)

The first two terms on the right hand side must cancel 
exactly, whatever the values of Y, for i =  1 ...n  and 
for each Y^. A sufficient condition is, therefore, to 
require that the sum of all coefficients o f terms 
involving YfY^ for all r, s, and q must be equal to 
zero. This leads to this relationship for Pjk and Dj,

E  "“i Pre = “s Dr = hms (7.82)

Three options for g are provided in the input to 
VICTORIA. Wheatley (1988b) has shown that g(x) 
gives the best results when n is small and x is 
evaluated in a piecewise linear form as

g(x) = 1 -  | x | ,  |x |  <  1

g(x) = 0 -  , |x | _> 1

(7.83a)

(7.83b)

This can be chosen as option 2 in the input, which is 
the default value.

This choice gives rise to continuous piece-wise linear 
finite-element expansions. Equation (7.83) has the 
advantage here that g  is non-negative everywhere and 
therefore all the PL  are non-negative. This is 
sufficient to ensure that no component of the solution 
of the discretized equation changes sign, which must 
be the case because o f physical considerations.

7.2.2 Solution Method

The ODE's are solved with the SLATEC 
mathematical software package (Buzbee, 1984), 
DEBDF, described in Appendix C. For each aerosol 
component n +  5 coupled ODE's are solved. The 
additional five equations are integrators for the source 
mass and the masses deposited on the wall, floor, and 
ceiling. The total number of equations solved is 
therefore Q (n+5), where Q is the total number of 
aerosol components. As the time spent in the solver 
routines is approximately proportional to the number 
o f equations squared, it can be seen that a significant 
computational price is paid for using the 
multi-component facility.

The local absolute error in Yj is constrained during 
the integration to be

8yj <  e/h minimum^N.p/mjiJ (7.84)

where e is a relative tolerance parameter supplied by 
the user. This test is designed to result in estimates 
for N and p with a relative accuracy equal to or less 
than e.

7.2.3 Moments of the Discretized Distribution

The moments considered are p , the aerosol density; 
N, the aerosol number concentration; m ^ ,  the mass 
median mass; m , the geometric mean mass; and o , 
the cube root of me geometric standard deviation with 
respect to mass. These moments are defined by

p = J “  mY(m,t) dln(m) 

N = J “  Y(m,t) dln(m) ,

(7.85)

(7.86)

p/2 = J™50 mY(m,t) dln(m) , (7.87)

N In (mgj = J ”  In (m) Y(m,t) dln(m) , (7.88)
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P In2 (o3) = f "  In2 (m/mm) m Y(m,t) dln(m) ,
0 (7.89)

The cube power of o is the conventional parameter, 
and mm, the mass mean mass, is calculated as

p In = J ”  In (m)m Y(m,t) dln(m) , (7.90)

One departure from the CHARM (Wheatley, 1988b) 
method is the calculation o f geometric standard 
deviation on mass rather than number. This change 
was made to avoid confusion, as experimental values 
for geometric standard deviation are always calculated 
on mass.

The total airborne aerosol mass is p times the cell 
volume. Similarly, N times the ceil volume is the 
total number o f airborne aerosol particles. The mass 
median particle mass, is sometimes called m50. 
(Approximately half the airborne particles have mass 
less than mg.) o is a measure of the spread of the 
distribution. For a log normal number distribution. 
68% of the particles have masses in the range m /o 3 
to m_o3 and 68% o f the airborne mass derives from 
particles with masses in the range m50/o 3 to m ^ o 3. 
These relationships hold reasonably well for 
distributions found in practice.

The numerical estimation o f these moments is now 
considered. Their evaluation with the extended 
tf*peeoidal rule is straightforward for all except m50 
m i  flhistrated only for p. The estimate for p is

(7.91)

where Yj is shorthand for Yfrn^.t) and the summation 
attends over all values for which the indicated index 
is defined. Y(m,t) has been assumed to decrease to a 
negligible value between m } and m je 'h and between 
m,, and nige*1.

The integral in Equation (7.87) is estimated by using 
a finite-element expansion for the integrand because 
m50 generally lies between adjacent grid points. 
When the linear finite-element is chosen, this is 
equivalent to using the extended trapezoidal rule to

estimate the contribution to the integral up to the grid 
point immediately below m50, and then using linear 
interpolation between the grid points on either side of 
m50 to estimate the remainder.

7.2.4 Aerosol Transport

The modeling o f between-cell aerosol transport is 
similar in approach to the modeling for bulk gas 
transport described in Chapter 4. The main difference 
between these approaches is that there is no transport 
of aerosols to surfaces, as this is calculated in the 
deposition and agglomeration modeling detailed in the 
previous sections.

Following the equations detailed in Chapter 4, the 
aerosol transport would be described by the general 
Equation (4.2). VICTORIA then assumes that there 
is no aerosol diffusion between cells and, with the 
diffusive transport to the surfaces removed, only the 
chemistry source and the convective fluxes between 
cells remain (Dx =  0.0 for all x 's). Therefore, only 
Equations (4.4), (4.6), (4.7), and (4.16) need to be 
substituted into Equation (4.1). With this develop
ment the same solution technique was chosen, where 
now a five-stripe matrix has developed. The cell 
numbering is the same as that used for the vapor 
transport.

In order to model settling between control volumes, 
VICTORIA provides an input settling flag to modify 
the bulk gas velocity, which determines the aerosol 
transport within the bulk gas. In this option, the gas 
velocity is modified by the aerosol settling velocity, 
calculated as part o f the in-cell aerosol calculations. 
The user specifies whether this settling velocity is 
added or subtracted from the bulk gas velocity as a 
function of the orientation o f the problem. Generally, 
the settling velocity would be subtracted from the bulk 
gas velocity. With this facility, it is possible to 
have aerosol particles o f certain sizes falling in one 
direction while other particles o f certain sizes are 
moving in the opposite direction. This will be useful 
in modeling certain situations in which small particles 
move up with the flow and larger ones settle down 
against the flow.

Because there are no diffusive terms in the aerosol 
transport, the five-stripe matrix is the same for all 
species. The solution scheme uses this fact to save 
computer time by only decomposing this matrix area.
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During the course of a severe accident the core 
geometry may degrade. In particular, a depres- 
surization sequence or a reflood sequence will cause 
the hot portions of a core to rubblize. In sequences 
without cooling the core is expected to melt and 
relocate to the down portions of the core and vessel. 
VICTORIA includes models to account for beds of 
rubble and molten pools.

8.1 Rubble Beds

For the rubble bed model, and in keeping with the 
basic structure o f the VICTORIA code, the following 
assumptions are made:

Release from the fuel is handled just as for the case 
of an intact rod but with the following exceptions: 
(1) species released from the fuel comprising the 
rubble bed are seen as sources for the rubble bed 
transport routines, and (2) each axial fuel node is 
treated as being disconnected from its neighbor 
elements; axial transport o f fission products occurs 
only through the porous medium of the rubble bed.

We assume continuity for the fission-product species 
transport in the rubble bed:

= -V • J + Qs , (8.1)
dt

1. Only gaseous phase species are deemed mobile. 
Condensed phase species cannot move.

2. The rubble bed section of the core is contiguous;
i.e., intact fuel cannot exist within the rubble bed 
section.

3. At the time a particular section is flagged as part 
of a rubble bed, the cladding for that section is 
assumed to be gone, i.e., the rubble bed is 
assumed to consist o f bare fuel sections.

4. Node size and time step are such that properties 
within a node can be considered constant within a 
given time step.

5. VICTORIA does not handle relocation of materials 
in the core or changes in thermal-hydraulic 
conditions due to the formation of a rubble bed 
region.

6 . Rubble beds are formed on crusts or other flow 
blockages, therefore bulk gas convective flow 
through the bed is not allowed.

where Qs is the source provided by the fuel release 
models in VICTORIA, and J ,  the current, is given as

J -  VDC , (8.2)

In Equation (8.2),

VD = --V p  , (83 )
1*

and

|i  -  2.6693 • 10"6 H L  . (8.5)

A

The terms in Equations (8.2) to (8.5) are:

Initiation o f rubble bed conditions in the core is 
accomplished via user input flags for a given (i,j) 
region. Upon receipt o f the flag indicating a rubble 
bed condition in a particular fuel region, the height of 
the rubble bed is calculated using the supplied porosity 
value. In addition, the remaining gases in the fuel 
open porosity are expelled into the bulk gas.

VD =
K =
r  =  
H =

e
T

Darcy velocity in m/s, 
permeability in m2, 
hydraulic radius in m, 
coefficient o f viscosity given in 
Kg/m-s,*^ 
porosity,
temperature in °K,
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a =  characteristic diameter in A,*
M =  molecular weight o f the diffusing 

species,
=  is a slowly varying function of the 

dimensionless parameter icT/e.

Terms with an asterisk may be changed on input.

From Equations (8.2) and (8.3) we obtain

W * V . ( - ^ ) C Q S . (»•«

The procedure used in the mechanistic release routines 
is to substitute the partial derivative in z (one
dimensional solution in the axial direction) by 
difference quotients for concentration and pressure 
gradients on a grid o f points representing the axial 
noding of the rubble bed region in order to solve for 
the concentration in each node. Transport to the top 
of the rubble bed is accomplished via a node-to-node 
coupling inherent in the solution scheme. The gas 
pressure, P, is determined from the amounts o f gas 
calculated to exist in the rubble-bed porosity and the 
ideal gas law. The amount in the porosity is the sum 
of the input (see Section B.3.6) and the flow through 
the rubble.

The mechanistic release routines calculate the 
transport through the rubble bed region to the top for 
the inert fission-product species (Xe, Kr). Releases of 
non-inert species are obtained by multiplying the 
fractional release for the noble gases by the 
concentrations o f the other mobile species. Retained 
and released quantities o f all species are updated by 
the appropriate values, thus preserving the mass 
balances.

Once the releases are calculated from the top of the 
rubble bed, these quantities are then converted into a 
concentration source term and added to the bulk gas 
concentrations o f the cell directly above the rubble 
bed. From there, bulk gas transport is calculated.

8.2 Molten Pools

For the implementation o f the molten pool model the 
following assumptions are made:

1. Since all fuel rods in a given (i,j) computational 
element are assumed to have the same properties, 
all rod sections for the given (i,j) element become 
molten at the same time.

2. The molten section of the core is contiguous, i.e., 
intact fuel cannot exist within the molten section.

3. Only gaseous phase species are deemed mobile. 
Condensed phase species cannot move.

4. Node size and time step are such that properties 
within a node can be considered constant within a 
given time step.

5. VICTORIA does not calculate the relocation of 
molten core materials. The transport o f gas atoms 
and bubbles upward from one axial node to 
another uses the assumption that the cross-sectional 
area o f the molten pool is the same as that of the 
given (i,j) core region, and that the characteristic 
length o f each axial node is equal to the radius of 
the rod prior to melting. There is no radial 
transport in the molten pool.

6 . VICTORIA does not calculate the relocation of 
materials in the core or changes in thermal- 
hydraulic conditions due to the formation of a 
molten region.

7. Molten pools are formed above blockages that 
preclude bulk gas convection.

8 . Fission gas bubble nucleation is due to the 
radiation field.

Initiation o f molten conditions in the core is 
accomplished via user input flags for a given (i,j) 
region(s). Upon receipt o f the flag indicating a 
molten condition in a particular fuel region, the 
remaining gases in the fuel open porosity region are 
expelled into the bulk gas.

Transport o f the mobile fission-product species in the 
molten pool is modeled in the routines where a basic 
continuity relationship of the form

—  = -V  • J + Q (8.7)
dt
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is assumed, where C is the species concentration, t the 
time, J the current and Q the source. In general, the 
current, J, is given by

J = -DVC + VC (8.8)

where V is the velocity imparted to the diffusing 
species by external forces.

The mechanistic release routines include models for 
volume diffusion, bubble coalescence and interaction 
and viscous bubble rise as well as axial coupling for 
transporting the fission-product species to the top of 
the pool (see Section 3.2.10). As in the rubble bed 
calculations, the partial derivatives in z are replaced 
by difference quotients in the concentrations and 
velocities on a grid of points reproducing the axial 
noding of the molten pool. VICTORIA provides the 
following models for fission-product behavior within 
the molten pool. These models are discussed below.

8.2.1 Volume Diffusion

Fission-gas bubbles can migrate in the liquid by a 
volume diffusion mechanism. The diffusivity o f a 
bubble having a radius Rb is taken to be

Db =
3Q

4itRi
3 ° u (8.9)

where Q is the molecular volume and Du is the 
uranium atom diffusivity in molten U 0 2, which is 
based on the Sutherland-Einstein model (see Table 
3.1). The velocity of a bubble moving by a volume 
diffusion mechanism in the presence of a temperature 
gradient is expressed by

Vv =
DuQy

kT2
VT (8.10)

of the melt. Acting under the forces of gravity, 
buoyancy, and drag a bubble will attain a terminal 
velocity, Vt, given by

Vt =
2RbPL8

9HL
(8.11)

where pL is the liquid density, p L is the viscosity and 
g is the gravitational constant. The viscosity can be 
changed by the user on input. In general, for 
estimated values of the temperature gradient under 
molten pool conditions, bubble motion is dominated 
by Equation (8.11) for bubble sizes greater than 
0.3 pm  diameter. The motion o f relatively small 
bubbles (< 0 .3  pm) is governed by Equation (8.10) 
(see Figure 3.4 and 3.5).

8.2.3 Bubble Coalescence/Bubble Interaction

A bubble of radius Rj and concentration Ct rising at a 
velocity V| can interact with a bubble o f radius Rj and 
concentration Cj rising through the melt with a 
velocity Vj at a rate which is given by

4” lVj -  Vj|(Rj .  R^Cj (8.12)

This model treats two distinct bubble size classes as 
well as single gas atoms. Each size class is 
characterized by an average size (radius) which is 
calculated as a function of time. The equations solved 
for the swept area are

-  4 it|V j -  V j|(R j .  R jfC jC j 

♦ v  • J; .  Qj (8.13)

where Qv is the volume diffusion heat of transport 
from Table 3.2, and T is the temperature.

8.2.2 Viscous Rise

Gas release via a bubble rise mechanism is based on 
an estimate of the rise time of a bubble in the interior

and

dC
= 4«|Vi -  Vj|(Ri ♦ RjfqCj

* V • Ji * Qj (8.14)
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where

V • Jj = DV 2 Cj + V • (CjVj) (8.15)

Once transport o f the noble gas fission products to the 
top of the liquid pool has been calculated, subsequent 
release to the bulk is modeled using:

9i = ^ P i  * (8.16)

Pv = exp
Jcond ^gas

RT
(8.18)

Latent heat and entropy of vaporization data for an 
additional 29 species are given in Appendix A. These 
data can be used to calculate vapor pressure as

Pv = exp
AS, AHy

RT
(8.19)

where qj is the mass flux o f the i*  species from 
the surface, K q is the mass transfer coefficient 
(Lorenz [19801 recommends using a value of 9 x 
10"6 m ol/s-cnr atm), and Pj is the partial pressure of 
the i*  species at the pool surface. The partial 
pressure is calculated using Raoult's Law,

Pi = XiPv , (8-17)

where Pv is the vapor pressure o f the pure substance, 
and Xj the mole fraction of the species at the surface. 
Values for the vapor pressures are calculated for 
gaseous species in one o f two ways. For the gaseous 
species that have a corresponding condensed phase, 
vapor pressure is calculated as a function of 
temperature from Gibbs free energies as

Vapor pressures for the remaining 85 gaseous species 
are assumed to be zero, since no data are available.

Once the releases are calculated from the top o f the 
molten pool, these quantities are then converted into 
a concentration source term and added to the bulk gas 
concentrations o f the cell directly above the molten 
pool. From there VICTORIA calculates the bulk gas 
transport.

As in the case of the mechanistic intact fuel models, 
the above mentioned phenomena are only modeled for 
the noble gas fission products, hence there is no 
chemistry. Mole fractions o f the non-inert species at 
the pool surface are obtained by multiplying the 
calculated noble gas fraction by the molar fraction for 
a particular species. The release o f the non-inert 
species from the pool is then calculated using 
Equation (8.16).
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APPENDIX A: Element and Species Data

A.l Element and Species Selection

In the current version of VICTORIA, 26 elements and 
288 species were chosen as being the most important 
for use in a typical pressurized water reactor and in 
related experiments.

The 26 elements can be broken into different groups, 
but the most basic consists of those associated with the 
fuel and fissioning process itself and those not 
associated with the fuel. The former group consists of 
Cs, Ba, I, Sr, Zr, Sn, Te, Kr, Xe, Mo, Ru, Sb, and 
Eu for the fission products; He for the typical fill gas, 
and U and 0  for the fuel itself. These elements were 
chosen because of their potential effect on the final 
results. In particular the Cs, Ba, Mo, and Zr were 
chosen because of their high concentration in the fuel, 
their effect on the fuel's oxidation potential, and their 
chemical link with other elements. I, Sr, and Te were 
chosen for their volatility and radiological con
sequence, and Sn because of its potential chemical link 
with the Te, Kr and Xe and were included because of 
their quantity and effect upon the release rates o f other 
elements, and Ru because it releases in an oxidizing 
environment, and its radiological effects were added. 
Sb and Eu were added because they are measurable, 
have been reported in a number o f experiments, and 
thus provide another method for validating results.

The non-fiiel group originates in the cladding, control 
rods, grid spacers, coolant and poisons. VICTORIA 
uses Zircaloy-4 as its cladding material. Zircaloy-4 
contains 98.4% (wt) Zr and 1.6% (wt) Sn and has an 
average density of 6550 kg/m3. The code uses 80% 
(wt) Ag, 15% (wt) In, and 5% (wt) Cd for the control 
rod material, with an average density of 10170 kg/m3. 
VICTORIA assumes that Inconel-600 is the grid 
spacer material and uses a 76% (wt) Ni, 16% (wt) Cr, 
and 8 % (wt) Fe for the mixture, with an average 
density of 8420 kg/m3. The code assumes that all 
steel components are stainless steel 304, and uses a 
mix of 71.7% (wt) Fe, 18.4% (wt) Cr, 8.7% (wt) Ni, 
and 1.2% (wt) Mn with an average density of 
7930 kg/m3 for this material. The potential for 
hydrogen and boron comes from the bulk coolant flow 
and poison rods respectively. The code uses the 
concentration of an element to conserve mass, and, 
therefore, the above mass fractions and densities need 
to be divided by the atomic weight. VICTORIA

provides standard mass distributions for the structural 
materials and some oxides as a user convenience. The 
elemental concentrations are contained in data 
statements in the input routine FISSIN and could be 
changed by the user.

VICTORIA assumes that all of the 26 elements can 
diffuse from within the fuel grain to the open 
porosity. Because of the scarcity of diffusion data 
similar elements are grouped together. Table A. 1 lists 
the elements, their atomic weights, standard boiling 
point and liquid density. The table also give the 
default solid state diffusion coefficients. Figure A .l 
is a graph of the resulting diffusion terms versus 
temperature. The values chosen are from the Oi 
experiments (Oi, 1965; Oi and Takagi, 1964, 1965) 
and represent release from a single crystal of U 0 2. 
The use of the single crystal data allows the 
mechanistic physics and chemistry models in 
VICTORIA to calculate the release. An alternative 
method would be to use the integral release rates of 
Kelly (Kelly et al., 1984) and remove the chemistry 
and physics models within the fuel—as is essentially 
done in CORSOR (Kuhlman et al., 1985) and the 
source term code package.

Figure A.2 is a plot of the net radionuclide decay 
power versus time since SCRAM initiation curves 
used by VICTORIA. The data for decay power 
comes from Ostmeyer (1984) and is tabulated by 
element in Table 6.2.

A.2 Gibbs Free Energy Data

The basic chemistry calculation performed in all 
regions is a determination o f chemical equilibrium 
based on the minimization of the free energy of all the 
species in the system. VICTORIA uses a set of 288 
species to define chemical equilibrium. From the 
point of view of chemistry, there is no difference 
between aerosol and condensed phases or between 
vapor and gaseous phase. Table A.2 separates the 
species by element and shows the relationship between 
the 288 chemical species, the 110 aerosol species and 
the 178 vapor species. This is only a reference table 
for users to be able to easily determine which species 
are being considered. Tables A .3 and A.4 list the 
species by their phase (gaseous or condensed) giving

A-l NUREG/CR-5545



Table A.1 

Element data

Number Element Atomic Diffusion Coefficients - Boiling Density
Weight Pre-Expon. Activation Source Point

1 Ba 137.3 4.50E-11 12280.0 see Sr 1911.0 3320.0
2 Cs 132.9 8.50E-13 3070.0 Oi1965 963.0 1850.0
3 H 1.0 1.00E-20 50000.0 N.A. 21.0 71.0
4 I 126.9 1.50E-07 29900.0 Oi1965 457.0 4940.0
5 Mo 95.9 3.90E-08 27330.0 Oi1965 5833.0 9300.0
6 0 16.0 6.60E-07 35230.0 seeTe 90.0 1140.0
7 Ru 101.1 8.60E-12 9662.0 Oi1965 4173.0 12200.0
8 Sn 118.7 1.00E-20 50000.0 N.A. 2543.0 7000.0
9 Sr 87.6 4.50E-11 12280.0 Oi1965 1657.0 2600.0

10 Te 127.6 6.60E-07 35225.0 Oi1965 1263.0 5800.0
11 U 238.0 1.00E-20 50000.0 N.A. 4091.0 18000.0
12 Zr 91.2 1.70E-05 52340.0 Oi1965 3851.0 6490.0
13 B 10.8 1.00E-20 50000.0 N.A. 2823.0 2080.0
14 Fe 55.8 1.00E-20 50000.0 N.A. 3273.0 7000.0
15 Cr 52.0 1.00E-20 50000.0 N.A. 2755.0 6460.0
16 Mn 54.9 1.00E-20 50000.0 N.A. 2370.0 6430.0
17 Ni 58.7 1.00E-20 50000.0 N.A. 3005.0 7800.0
18 Ag 107.9 1.00E-20 50000.0 N.A. 2485.0 9300.0
19 In 114.8 1.00E-20 50000.0 N.A. 2273.0 7310.0
20 Cd 112.4 1.00E-20 50000.0 N.A. 1038.0 8000.0
21 Sb 121.8 4.50E-11 12280.0. see Sr 1653.0 6500.0
22 Eu 152.0 2.20E-10 17410.0 Oi 1965(La) 1712.0 5260.0
23 Kr 83.8 3.00E-07 31700.0 seeXe 121.0 2600.0
24 Xe 131.3 3.00E-07 31700.0 Oi1965 166.0 3060.0
25 He 4.0 3.00E-07 31700.0 seeXe 4.0 126.0
26 Ar 39.9 3.00E-07 31700.0 seeXe 87.3 1400.0

N.A. designates non-fuel elements
see (Element) signifies that coefficients were assumed to be the same as those of named element
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Table A.2

VICTORIA 92 species set

Species Gas Species Aerosol Species
# # # #

Ag 53 99 47 100
AgH2G2 141 245
Agl 139 243 104 242
AgOH 140 244
AgTe 54 101
Ag2Te 48 102
At 178 288
B 55 104 49 103
BH 144 248
b h 2 145 249
b h 2o 2 148 252
b h 3 146 250
BI 56 105
b i2 57 106
bi3 58 107
BO 59 108
BOH 143 247
b o 2 60 109
BTe 62 112

142 246
B2H6 147 251
b20 3 61 111 50 110
Ba 11 21 11 22
BaH 99 191
BaH2 93 193
Bal 9 18
Bal2 10 19 10 20
BaMo04 103 196 15 26
BaO 8 16 9 17
BaOH 6 13
Ba02H2 7 14 8 15
BaTe 12 23
BaU04 14 25
BaZr03 13 24
Ba2 101 194
Ba20 100 192
Ba20 2 102 195
Cd 65 119 55 120

Species Gas Species Aerosol Species
£ # £ #

CdH20 2 150 254
Cdl 151 255
Cdl2 152 257 105 256
CdO 66 122 56 121
CdOH 149 253
CdTe 67 124 57 123
Cr 68 125 58 126
CrH20 2 154 259
CrI 158 263
Crl2 159 265 106 264
CrO 155 260
CrOH 153 258
Cr02 156 261
CiQ3 157 262
CrTe 60 128
Cr2G3 59 127
Cs 3 5 3 8
CsB02 91 169 51 113
CsH 90 168
Csl 1 2 1 1
CsO 88 166
CsOH 2 4 2 3
Cs2 89 167
Cs2Cr04 94 182 90 185
Cs2Cr207 89 184
CS2I2 93 181
CS2M004 95 183 7 12
Cs20 4 6 4 9
Cs2G2 92 180
CS2G2H2 5 7
Cs2Te 83 174
Cs2Te03 84 175
Cs2Te04 87 178
C s ^ e ^ 85 176
Cs2Te40 9 86 177
Cs2Te40 12 88 179
Cs2U 04 5 10
Cs2U207 6 11

Species Gas Species Aerosol Species
£ # # £

Cs2U40 12 79 170
Cs2Zr2C>5 81 172
Cs2Zr307 82 173
Cs2Zr03 80 171
Cs3CK)4 91 186
Cs4Cr04 92 187
Eu 81 156 76 157'
EuH20 2 175 285
EuO 82 158 77 159
EuOH 174 284
EuTe 83 161
Eu20 176 286
Eu20 2 177 287
Eu20 3 78 160
Fe 45 82 37 81
Fel2 47 88 41 87
FeO 46 84 38 83
FeOH 124 223
Fe02H2 125 224 100 225
FeTe 42 90
FeTe2 43 91
FC2l4 48 89
Fe20 3 39 85
F e 3 ° 4 40 86
H 15 30
h b o 2 63 115 52 114
HI 14 29
HIO 98 190
HO 97 189
h 2 16 31
H2Mo0 4 86 164
h 2o 17 32
H2Te 38 69
h 3b o 3 64 117 53 116
He 87 165
I 12 27
IO 96 188
h 13 28

Elem
ents
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Table A.2

VICTORIA 92 species set (Concluded)

Species Gas Species Aerosol Species Species Gas Species Aerosol Species SpfeCles Gas Species Aerosol Specie:
# # # # # # # # # # # #

In 69 129 61 130 RuH20 2 170 280 Sr2 104 198
InH20 2 161 268 RuO 168 278 Te 33 62 30 63
Ini 160 267 107 266 RuOH 169 279 TeH20 2 119 217
InOH 71 134 R u02 167 277 72 146 TeH20 4 98 215
InTe 70 133 63 132 Ru03 75 147 Tel4 116 212 97 214
In203 62 131 Ru04 76 148 TeO 35 65
Kr 41 77 RuTe2 110 276 TeOH 118 216
Mn 72 135 64 136 Ru3U 109 275 TeOI2 117 213
MnO 162 269 65 137 Sb 77 149 73 150 Te02 36 66 31 67
MnOH 163 270 SbH20 2 172 282 TeG3H2 115 211
MnTe 67 139 SbH3 173 283 Tez 34 64
MnTe2 68 140 SbOH 171 281 Te2G2 37 68
Mn3C>4 66 138 SbTe 80 154 U 40 73 33 72
Mo 49 93 44 92 Sbz 78 151 u h 2o 2 123 222
MoH20 2 129 232 Sb2 0 3 74 153 UH405 99 218
MoH20 4 130 233 86,763 75 155 u o 120 219
Mol 131 234 Sb4 79 152 UOH 122 221
MoI2 132 235 103 228 Sn 27 52 25 51 u o 2 39 71 32 70
M0I3 133 236 102 227 SnH20 2 112 208 U 0 3 121 220 36 76
M0I4 138 241 101 226 SnH4 32 61 U30 8 35 75
MoO 50 94 Snl2 30 57 28 58 U409 34 74
MoOH 128 231 SnO 28 53 26 54 Xe 42 78
M o02 51 96 45 95 SnOH 111 207 Zr 26 49 24 50
M o02I2 134 237 Sn02 29 56 27 55 ZrB2 54 118
M0O3 52 98 46 97 SnTe 31 59 29 60 ZrH 84 162
Mo2 126 229 SnTe2 114 210 ZrH20 2 110 206
Mo20 6 127 230 Sn2 113 209 Zrl 108 204
MO3O9 135 238 Sn2Te2 85 163 Zrl2 107 203
Mo40 12 136 239 Sr 23 41 19 42 Zrl3 106 202
Mo50 15 137 240 SrH2 94 197 Zrl4 105 201 95 199
Ni 73 141 69 142 Sri 21 38 ZrO 24 46
NiH20 2 166 273 Srl2 22 39 18 40 ZrOH 109 205
Nil2 108 274 SrMo04 22 45 Z r02 25 47 23 48
NiO 164 271 70 143 SrO 20 37 17 36 ZrTe2 96 200
NiOH 165 272 SiOH 18 33
0 44 80 Sr02H2 19 35 16 34
0 2 43 79 SrU04 20 43
Ru 74 144 71 145 SrZr03 21 44
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Table A.3

VICTORIA gaseous species

Gas Species Gibbs Free Energy Coefficients Lennard-Jones Vapor Pressure
t i Name A a £ D Source a E/K Source AHV ASV Source

1 2 Csl -2.5240E+01 -7.4010E-02 -4.4860E-06 3.4320E-10 Barin 4.70 1786 Uchida AGV
2 4 CsOH -5.7920E+01 -6.5170E-02 -6.4900E-06 4.7500E-10 Chase 4.08 1046 Uchida AGV
3 5 Cs 2.0320E+01 -4.4070E-02 -2.3340E-06 1.6790E-10 Chase 5.06 1188 Uchida AGV
4 6 CS2O -3.7460E+01 -7.4350E-02 -1.0690E-05 1.1890E-09 Chase 4.90 1465 Uchida AGV
5 7 CS2O2H2 -1.5790E+02 -9.1410E-02 -1.3420E-05 9.6490E-10 Chase 4.41 1820 Uchida 29.35 21.97 Crdfunke
6 13 BaOH -5.0140E+01 -6.4500E-02 -6.3520E-06 4.4980E-10 Chase * * * *
7 14 BaG2H2 -1.4330E+02 -8.1610E-02 -1.1010E-05 7.9710E-10 Barin 4.11 1148 Uchida AGV
8 16 BaO -2.6450E+01 -5.9810E-02 -4.0470E-06 2.7810E-10 Chase 3.60 4220 Uchida AGV
9 18 Bal -3.8620E+00 -6.5370E-02 -6.9550E-06 7.3950E-10 Chase * * * *

10 19 Bal2 -6.6900E+01 -8.4850E-02 -1.0830E-05 1.2110E-09 Chase 5.17 1940 Uchida AGV
11 21. Ba 4.5810E+01 -4.4000E-02 -1.4300E-06 -6.1060E-11 Barin 4.15 2080 Uchida AGV
12 27 I 2.7270E+01 -4.5200E-02 -2.4010E-06 1.8000E-10 Barin 4.61 316 Uchida * *
13 28 h 1.8060E+01 -6.5860E-02 -4.3760E-06 3.2950E-10 Barin 4.98 550 Bird 11.09 24.33 Perry
14 29 HI 8.5260E+00 -5.1630E-02 -3.7490E-06 2.3270E-10 Barin 4.12 324 Bird 4.73 19.72 Dean
15 30 H 5.3870E+01 -2.9440E-02 -2.3960E-06 1.8330E-10 Barin * * * *
16 31 h2 2.3130E+00 -3.3730E-02 -3.5380E-06 2.4090E-10 Barin 2.92 38 Bird 0.22 10.24 Perry
17 32 h 2o -5.5340E+01 -4.7340E-02 -4.7400E-06 2.6480E-10 Barin 2.47 776 Uchida 9.73 26.08 Perry
18 33 SrOH -4.5210E+01 -6.2840E-02 -6.4080E-06 4.6240E-10 Chase * * * *
19 35 Sr02H2 -1.3600E+02 -7.9100E-02 -1.1000E-05 7.9620E-10 . Chase 3.75 1130 Dean AGV
20 37 SrO -2.8910E-01 -5.8460E-02 -3.7920E-06 1.4330E-10 Barin 3.27 5640 Dean AGV
21 38 Sri -4.1050E+00 -6.8640E-02 -4.4030E-06 3.2750E-10 Chase * * * *
22 39 Srl2 -6.0450E+01 -8.7180E-02 -7.1830E-06 5.4930E-10 Chase 4.91 2508 Dean AGV
23 41 Sr 4.1940E+01 -4.1730E-02 -2.3990E-06 1.8350E-10 Barin 3.77 1900 Dean AGV
24 46 ZrO 1.4320E+01 -5.2970E-02 -6.3910E-06 5.2100E-10 Barin * * * *
25 47 ZrOz -9.5060E+01 -6.0390E-02 -1.0010E-05 1.0780E-09 Chase 3.21 10146 Dean AGV
26 49 Zr 1.5050E+02 -4.5980E-02 -2.9890E-06 1.9710E-10 Barin 2.81 5494 Dean AGV
27 52 Sn 7.5910E+01 -4.3910E-02 -3.0450E-06 2.3300E-10 Barin 2.95 3330 Dean AGV
28 53 SnO 7.7750E+00 -5.8430E-02 -4.2000E-06 3.0830E-10 Barin 3.38 1950 Uchida AGV
29 56 Sn02 -9.9720E+00 -5.7370E-02 -1.0990E-05 1.2000E-09 Barin 3.25 2500 Dean AGV
30 57 Snl2 3.6760E+00 -8.5480E-02 -7.0990E-06 5.3500E-10 Barin 5.04 1140 Uchida AGV
31 59 SnTe 4.0340E+01 -6.5950E-02 -4.3180E-06 3.3050E-10 Barin 3.92 2070 Dean AGV
32 61 SnH4 4.2290E+01 -5.5780E-02 -1.0400E-05 4.4900E-10 Barin * * 4.42 20.01 Perry
33 62 Te 5.2270E+01 -4.5510E-02 -2.4630E-06 1.7170E-10 Barin 3.35 1387 Uchida AGV
34 64 Tez 4.0890E+01 -6.5190E-02 -4.7880E-06 3.0540E-10 Barin 3.61 2422 Uchida 24.74 18.22 Perry
35 65 TeO 2.0600E+01 -6.0490E-02 -4.2100E-06 3.0900E-10 Barin 3.58 500 Uchida * *
36 66 Tc02 -1.2780E+01 -6.2620E-02 -1.0150E-05 1.0980E-09 Barin 3.67 1930 Uchida AGV

Elem
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Table A 3

VICTORIA gaseous species (Continued)

Gas Species Gibbs Free Energy Coefficients Lennard-Jones Vapor Pressure
fi t Name A R Q 12 Source a e/k Source AHv ASv Source
37 68 Te202 -1.9720E+01 -8.4550E-02 -1.0060E-05 7.1600E-10 Barin 3.87 870 Uchida * *
38 69 H2Te 2.6520E+01 -5.6990E-02 -5.5110E-06 3.1080E-10 Barin 4.30 520 Uchida 5.64 20.81 Perry
39 71 uo2 -1.0920E+02 -6.4620E-02 -9.9690E-06 6.9700E-10 Barin 3.39 5952 Dean AGV
40 73 U 1.1940E+02 -4.2640E-02 -5.0990E-06 3.9010E-10 Barin * * AGV
41 77 Kr 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 N.A. 3.50 225 Bird 2.32 19.22 Perry
42 78 Xe 0.0000E+00 0.0000E+00 0.0000E+00 O.OOOOE+OO N.A. 4.06 299 Bird 3.11 18.83 Perry
43 79 o2 2.4120E+00 -5.1470E-02 -3.9430E-06 2.6300E-10 Barin 3.43 113 Bird 1.63 18.78 Perry
44 80 O 6.1380E+01 -4.0640E-02 -2.4040E-06 1.8390E-10 Barin * * * *
45 82 Fe 9.9520E+01 -4.4110E-02 -3.1200E-06 2.3870E-10 Barin 2.24 3615 Dean AGV
46 84 FeO 6.2790E+01 -6.0720E-02 -4.2230E-06 3.0890E-10 Chase 2.71 3168 Dean AGV
47 88 Fel2 2.6060E+01 -8.9190E-02 -7.2930E-06 5.2820E-10 Barin 4.73 864 Uchida AGV
48 89 Fe2l4 1.3040E+01 -1.4250E-01 -1.5450E-05 1.1470E-09 Barin 5.11 1503 Uchida * *
49 93 Mo 1.5950E+02 -4.5940E-02 -2.1360E-06 1.3120E-10 Barin 2.46 5656 Dean AGV
50 94 MoO 8.5680E+01 -5.7150E-02 -6.8150E-06 7.4620E-10 Barin * * * *
51 96 MoG2 2.6420E-01 -6.8840E-02 -6.4860E-06 3.0990E-10 Barin 4.75 2051 Im AGV
52 98 M 0O3 -8.0750E+01 -7.2030E-02 -9.3680E-06 7.0820E-10 Barin * * AGV
53 99 Ag 6.9680E+01 -4.3370E-02 -2.3980E-06 1.8370E-10 Mills 2.65 2590 Uchida AGV
54 101 AgTe 7.1800E+01 -6.3330E-02 -7.1330E-06 7.6730E-10 Barin * * * *
55 104 B 1.3530E+02 -3.5970E-02 -3.8750E-06 4.3370E-10 Barin 1.91 4520 Dean AGV
56 105 BI 7.3780E+01 -5.5400E-02 -5.9370E-06 5.6180E-10 Ball91 * * * *
57 106 b i2 5.9110E+01 -7.3460E-02 -9.0520E-06 8.5950E-10 Ball91 * * * *
58 107 BI3 1.8620E+01 -8.2660E-02 -1.2960E-05 1.2320E-09 BaU91 5.50 1510 Uchida 10.11 20.93 Dean
59 108 BO 5.2080E-01 -4.8090E-02 -5.2940E-06 4.7810E-10 Ball91 * * * *
60 109 b o 2 -6.7200E+01 -5.3550E-02 -9.1450E-06 8.4520E-10 Ball91 * * * *
61 111 b 2o 3 -1.9810E+02 -6.4990E-02 -1.4930E-05 1.3440E-09 Ball91 3.56 2690 Dean AGV
62 112 BTe 9.8660E+01 -5.3000E-02 -8.8820E-06 1.3510E-09 Mills * * * *
63 115 h b o 2 -1.3350E+02 -5.4680E-02 -1.0220E-05 8.7610E-10 Ball91 3.04 980 Dean AGV
64 117 H3BO3 -2.3720E+02 -5.8190E-02 -1.9370E-05 1.6730E-09 BaU91 4.09 850 Dean AGV
65 119 Cd 2.7970E+01 -4.1610E-02 -2.3980E-06 1.8370E-10 Barin 2.87 1195 Uchida AGy
66 122 CdO 1.9050E+01 -5.1820E-02 -9.3700E-06 1.4340E-09 Barin 3.92 2035 Dean AGy
67 124 CdTe 5.7790E+01 -6.0030E-02 -9.3130E-06 1.4490E-09 Mills 3.94 2632 Dean AGy
68 125 Cr 9.6790E+01 -4.3850E-02 -2.1910E-06 1.1350E-10 Barin 2.25 3400 Dean AGy
69 129 In 6.0520E+01 -4.3920E-02 -2.7950E-06 2.1400E-10 Barin 2.92 2695 Dean AGy
70 133 InTe 5.7130E+01 -6.1200E-02 -9.4300E-06 1.4790E-09 Mills 3.90 1850 Dean AGy
71 134 InOH -4.0517E+01 -1.1526E-02 -3.6347E-05 5.8202E-09 Ball91 * * * *
72 135 Mn 6.9400E+01 -4.3450E-02 -2.4180E-06 1.8520E-10 Barin 2.40 2720 Uchida AGy



Table A 3

VICTORIA gaseous species (Continued)

Gas Species Gibbs Free Energy Coefficients Lennard-Jones Vapor Pressure
& i Name A B. £ B Source 2 £/K Source AHv ASV Source
73 141 Ni 1.0530E+02 -4.6470E-02 -2.5840E-06 1.9790E-10 Barin 2.19 3670 Dean AGy
74 144 Ru 1.5720E+02 -4.6840E-02 -2.8690E-06 1.9450E-10 Barin 2.34 5050 Dean AGy
75 147 R u G 3 -1.3020E+01 -7.1510E-02 -9.2670E-06 6.8270E-10 Barin * * * *
76 148 R uQ 4 -3.6710E+01 -7.6490E-02 -1.1960E-05 8.8280E-10 Barin 4.30 360 Dean 6.57 21.03 TR
77 149 Sb 6.4990E+01 -4.5140E-02 -2.3440E-06 1.6430E-10 Barin 3.06 2195 Dean AGy
78 151 Sb2 5.5120E+01 -5.9010E-02 -4.7050E-06 7.3730E-10 Barin 3.47 3020 Uchida 39.89 20.42 Hultgren
79 152 Sb4 4.9210E+01 -8.1560E-02 -5.2280E-06 8.1910E-10 Barin 3.75 5260 Uchida 19.89 6.81 Hultgren
80 154 SbTe 4.8100E+01 -5.9180E-02 -9.2150E-06 1.4230E-09 Mills * * * *
81 156 Eu 4.3860E+01 -4.7460E-02 -2.2250E-06 1.5090E-10 Barin * * AGy
82 158 EuO -7.3340E+00 -6.4420E-02 -4.3450E-06 3.3280E-10 Barin * * AGy
83 161 EuTe 3.4620E+01 -6.5710E-02 -9.4220E-06 1.4770E-09 Mills * * * *
84 162 ZrH 1.2400E+02 -5.1050E-02 -5.6080E-06 5.1400E-10 Ball91 * * * *
85 163 Sn2Te2 4.2740E+01 -9.4410E-02 -1.3650E-05 1.3330E-09 Ball91 * * * *
86 164 H2Mo04 -2.0150E+02 -8.1670E-02 -2.2110E-05 2.0130E-09 Ball91 4.35 660 Dean * *
87 165 He 0.0000E+00 0.0000E+00 0.0000E+O0 0.0000E+00 N.A. 2.58 10 Bird 0.02 4.63 Perry
88 166 CsO -1.2996E+01 -1.2629E-02 -3.4362E-05 5.6966E-09 BaU92 * * * *
89 167 Cs2 2.5450E+01 -6.5760E-02 -7.7020E-06 8.3775E-10 Powers 5.46 2067 Uchida 22.78 18.47 Hultgren
90 168 CsH 2.7606E+01 -4.9035E-02 -7.1596E-06 7.788 IE-10 Ball92 4.15 1300 Uchida * *
91 169 CsBG2 -1.6685E+02 -7.1455E-02 -1.4422E-05 1.5443E-09 Powers 5.45 1930 Dean AGy
92 180 Cs20 2 3.3871E+01 -1.2691E-02 -4.7335E-05 7.4792E-09 Ball92 4.80 1290 N.A. 19.46 21.03 TR
93 181 Cs2I2 -1.4939E+02 -2.1144E-02 -6.2332E-05 1.0173E-08 Ball92 5.09 3108 Uchida 33.82 18.14 Crdfunke
94 182 Cs2Cr04 -3.0563E+02 -1.5655E-02 -7.3187E-05 1.1221E-08 BaU91 * * AGy
95 183 Cs2Mo0 4 -3.2636E+02 -1.5767E-02 -7.3607E-05 1.1294E-08 BaU91 * * AGy
96 188 IO 4.2536E+01 -5.4593E-02 -7.6345E-06 8.3397E-10 Powers * * * *
97 189 HO 9.3566E+00 -4.2174E-02 -5.9065E-06 6.2368E-10 Powers * * * *
98 190 HIO -4.1654E+01 -1.2401E-02 -3.5983E-05 5.8127E-09 Ball92 * * * *
99 191 BaH 5.3012E+01 -5.0052E-02 -6.8176E-06 7.1604E-10 Powers * * * *

100 192 Ba20 -5.7657E+01 -6.5310E-02 -1.1877E-05 1.3203E-09 Powers * * * *
101 194 Ba2 5.7185E+01 -1.6480E-02 -3.5597E-05 6.1375E-09 Ball92 * * * *
102 195 Ba202 -1.0033E+02 -1.4234E-02 -4.9706E-05 7.9087E-09 Ball92 * * *
103 196 BaMo04 -2.6484E+02 -1.4282E-02 -6.3340E-05 9.7585E-09 Ball92 * * AGy
104 198 Sr2 4.9343E+01 -1.5714E-02 -3.4338E-05 5.9104E-09 Ball92 * * * *
105 201 Zrl4 -1.2495E+02 -2.0530E-02 -6.8830E-05 1.1032E-08 Ball92 * * AGy
106 202 Zrl3 -6.6849E+01 -1.9277E-02 -5.8995E-05 9.5742E-09 Ball92 * * 42.09 43.40 AGy
107 203 Zrl2 1.3634E+00 -1.7271E-02 -4.9165E-05 8.0650E-09 BaU92 * * 27.01 20.77 Dean
108 204 Zrl 7.1002E+01 -1.4528E-02 -3.6717E-05 6.1374E-09 BaU92 * * * *
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Table A J

VICTORIA gaseous species (Continued)

Gas Species Gibbs Free Energy Coefficients Lennard-Jones Vapor Pressure
£ £ Name a  a £ D Source 2 e/K Source AHV ASV Source
109 205 ZrOH 7.4493E+00 -1.2797E-02 -3.6305E-05 5.8773E-09 Ball92 * * * *
110 206 ZrH202 -1.2438E+02 -1.2550E-02 -4.5295E-05 6.9720E-09 BaU92 * * * *
111 207 SnOH -2.1720E+01 -1.2678E-02 -3.6332E-05 5.8788E-09 BaU92 * * * *
112 208 SnH202 -1.1963E+02 -1.1600E-02 -4.5049E-05 6.9069E-09 Ball92 * * * *
113 209 Sn2 7.5753E+01 -1.2498E-02 -3.7161E-05 6.1089E-09 Ball92 * * * *
114 210 SnTe2 6.7322E+01 -1.5651E-02 -4.6316E-05 7.5529E-09 BaU92 * * * *
115 211 Te03H2 -1.3247E+02 -1.3067E-02 -5.5850E-05 8.5324E-09 Ball92 * * * *
116 212 Tel4 -2.7057E+01 -2.1128E-02 -6.9948E-05 1.1233E-08 Ball92 * * AGV
117 213 TeOI2 -4.2813E+01 -1.7600E-02 -5.5584E-05 8.9661E-09 BaU92 * * * *
118 216 TeOH -3.2368E+01 -1.3054E-02 -3.7436E-05 6.0713E-09 Ball92 * * * *
119 217 TeH202 -1.0003E+02 -1.1999E-02 -4.493 IE-05 6.8977E-09 BaU92 * * * *
120 219 UO -1.1765E+01 -1.1420E-02 -3.5194E-05 5.6250E-09 Ball92 * * 150.98 31.46 Crdfunke
121 220 U03 -2.0404E+02 -1.3721E-02 -5.0159E-05 7.7265E-09 BaU92 * * AGV
122 221 UOH -1.8889E+00 -1.3150E-02 -3.9067E-05 6.3105E-09 Ball92 * * * *
123 222 u h 2 o 2 -1.0865E+02 -1.3761Er02 -4.8396E-05 7.5152E-09 BaU92 * * * *
124 223 FeOH 6.4867E+00 -1.2802E-02 -3.6066E-05 5.8379E-09 Ball92 * * * *
125 224 Fe02H2 -1.0426E+02 -1.0922E-02 -4.7949E-05 7.3230E-09 BaU92 * * AGV
126 229 M o 2 1.9659E+02 -1.253 IE-02 -3.3156E-05 5.4919E-09 Ball92 * * * *
127 230 M o 2 0 6 -3.0397E+02 -1.3445E-02 -7.5784E-05 1.1391E-08 Ball92 * * * *
128 231 MoOH 4.8397E+01 -1.3005E-02 -3.6429E-05 5.9032E-09 Ball92 * * * *
129 232 M o H 2 0 2 -6.8751E+01 -1.1701E-02 -4.3048E-05 6.5804E-09 BaU92 * * * *
130 233 M o H 2 0 4 -2.3500E+02 -1.2587E-02 -6.3525E-05 9.5666E-09 Ball92 4.35 660 Dean * *
131 234 Mol 9.4702E+01 -1.4675E-02 -3.6953E-05 6.1623E-09 Ball92 * * * *
132 235 M o I 2 3.1927E+01 -1.6526E-02 -4.9962E-05 8.1739E-09 Ball92 * * AGV
133 236 M o I 3 7.7880E+00 -1.9378E-02 -5.9359E-05 9.5949E-09 Ball92 * * AGV
134 237 M o 0 2 I 2 -1.4549E+02 -1.5484E-02 -5.8825E-05 9.2462E-09 Ball92 * * * *
135 238 M o 3 0 9 -4.9357E+02 -1.6134E-02 -1.0929E-04 1.6194E-08 Ball92 * * * *
136 239 M o 4 Q 12 -6.7278E+02 -1.7421E-02 -1.4046E-04 2.0580E-08 Ball92 * * * *
137 240 M 05O 15 -8.4733E+02 -1.8419E-02 -1.7115E-04 2.4873E-08 Ball92 * * * *
138 241 M o I 4 -1.0491E+01 -2.0926E-02 -6.950IE-05 1.1152E-08 Ball92 * * AGV
139 243 Agl 3.3071E+01 -6.0964E-02 -7.5041E-06 8.4300E-10 Powers 4.14 1590 Uchida AGV
140 244 AgOH -1.3422E+01 -1.0706E-02 -3.448 IE-05 5.4895E-09 Ball92 * * * *
141 245 AgH202 -3.8923E+01 -1.2093E-02 -4.3737E-05 6.7041E-09 Ball92 * * * *
142 246 b 2 1.8159E+02 -9.6448E-03 -2.9004E-05 4.683 IE-09 Ball92 * * 121.00 28.56 Crdfunke
143 247 BOH -1.9868E+01 -8.7765E-03 -3.0243E-05 4.7390E-09 Ball92 * * * *
144 248 BH 1.0576E+02 -3.9015E-02 -6.2132E-06 6.4923E-10 Powers * * * *
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Table A.3

VICTORIA gaseous species (Concluded)

Gas Species Gibbs Free Energy Goefficients Lennard-Jones Vapor Pressure
£ £ Name a  a £ Q Source 5 e/k Source AHV ASv Source
145 249 bh2 4.7749E+01 -3.9502E-02 -8.8880E-06 8.7693E-10 Powers * * * *
146 250 bh3 -2.5903E+01 -4.0579E-02 -9.7982E-06 8.7042E-10 Powers * * * *
147 251 b2h6 8.3443E+00 -4.4236E-02 -2.2212E-05 1.9594E-09 Ball92 * * 3.68 20.33 Perry
148 252 bh2o2 -1.3339E+02 -1.0479E-02 -3.8513E-05 5.8035E-09 Ball92 * * * *
149 253 CdOH -3.0460E+01 -1.1293E-02 -3.5837E-05 5.7296E-09 Ball92 * * * *
150 254 CdH2G2 -1.1402E+02 -1.1320E-02 -4.2640E-05 6.5034E-09 Ball92 * * * *
151 255 Cdl 3.6819E+01 -6.2979E-02 -7.5589E-06 8.4311E-10 Powers * * 37.69 29.14 Ball91
152 257 Cdl2 -1.3368E+01 -7.4865E-02 -1.2341E-05 1.3880E-09 Powers 4.67 1230 Dean AGV
153 258 CrOH 1.6380E+00 -1.2493E-02 -3.5525E-05 5.7406E-09 Ball92 * * * *
154 259 CrH202 -9.4707E+01 -1.0616E-02 -4.1271E-05 6.2586E-09 Ball92 * * * *
155 260 CrO 2.3724E+01 -1.2236E-02 -3.2292E-05 5.339 IE-09 Ball92 * * * *
156 261 CiG2 -4.1968E+01 -1.2826E-02 -3.8825E-05 6.2724E-09 Ball92 3.00 1100 Dean * *
157 262 Cr03 -9.3735E+01 -1.1082E-02 -4.2660E-05 6.6595E-09 Powers 4.50 900 Dean * *
158 263 CrI 5.8062E+01 -6.2301E-02 -7.3901E-06 8.2286E-10 Powers * * * *
159 265 Crl2 2.4068E+01 -8.1261E-02 -1.2662E-05 1.4460E-09 Powers 4.50 2190 Dean AGV
160 267 Ini 1.6043E+00 -6.0210E-02 -9.4953E-06 1.4725E-09 Ball91 4.32 674 Uchida AGV
161 268 InH202 -1.2984E+02 -1.2432E-02 -4.6769E-05 7.2132E-09 Ball92 * * * *
162 269 MnO 3.0968E+01 -5.4376E-02 -7.0963E-06 7.8423E-10 Powers 2.74 3950 Dean AGV
163 270 MnOH -1.8833E+01 -1.2610E-02 -3.5733E-05 5.7780E-09 Ball92 * * * *
164 271 NiO 5.4936E+01 -1.1414E-02 -3.0837E-05 5.0746E-09 Ball92 2.61 4330 Dean AGV
165 272 NiOH 1.2396E+01 -1.1450E-02 -3.5745E-05 5.7172E-09 Ball92 * * * *
166 273 NiH2G 2 -8.6283E+01 -1.1803E-02 -4.4207E-05 6.7720E-09 Ball92 * * * *
167 277 Ru02 8.6867E+00 -1.2702E-02 -3.879 IE-05 6.2639E-09 Ball92 * * AGV
168 278 RuO 6.8332E+01 -1.2429E-02 -3.2593E-05 5.4009E-09 BaU92 * * * *
169 279 RuOH 5.6164E+01 -1.3301E-02 -3.6945E-05 5.9960E-09 Ball92 * * * *
170 280 RuH2G2 -2.7364E+01 -1.2258E-02 -4.4017E-05 6.7547E-09 Ball92 * * * *
171 281 SbOH -2.4922E+01 -1.2310E-02 -3.5527E-05 5.7364E-09 Ball92 * * * *
172 282 SbH202 -1.0910E+02 -1.2275E-02 -4.505 IE-05 6.9246E-09 Ball92 * * * *
173 283 SbH3 3.3673E+01 -4.8128E-02 -1.5130E-05 2.2863E-09 Ball92 * * 5.40 21.03 TR
174 284 EuOH -1.9178E+02 -1.2540E-02 -3.7800E-05 6.0848E-09 Ball92 * * * *
175 285 EuH20 2 -1.9474E+02 -1.2546E-02 -4.5163E-05 6.9503E-09 Ball92 * * * *
176 286 Eu2G -6.5461E+01 -1.7033E-02 -4.701 IE-05 7.7343E-09 Ball92 * * * *
177 287 Eu20 2 -1.6202E+02 -1.6846E-02 -5.3739E-05 8.6398E-09 Ball92 * * * *
178 288 Ar 3.7128E-02 -3.5815E-02 -4.1506E-06 4.7089E-10 Powers 3.42 124 Bird 1.58 18.27 Perry
* Not available; TR - Trouten’s rule, use ASV=21 cal/mole, calculate AHV from boiling point
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Aerosol Species Species
ft ft Name A

1 l Csl -7.3640E+01
2 3 CsOH -9.0100E+01
3 8 Cs 3.1320E+00
4 9 Cs20 -7.9280E+01
5 10 Cs2U04 -4.4050E+02
6 11 Cs2U207 -7.1340E+02
7 12 Cs2MoC>4 -3.5060E+02
8 15 Ba02H2 -2.1320E+02
9 17 BaO -1.3530E+02

10 20 Bal2 -1.3170E+02
11 22 Ba 5.1480E+00
12 23 BaTe -6.0860E+01
13 24 BaZr03 -4.1410E+02
14 25 BaU04 -4.6540E+02
15 26 BaMo04 -3.5060E+02
16 34 Sr02H2 -2.1900E+02
17 36 SrO -1.4470E+02
18 40 Srl2 -1.2310E+02
19 42 Sr 4.9510E+00
20 43 SrU04 -4.6920E+02
21 44 SrZr03 -4.1600E+02
22 45 SrMo04 -3.6050E+02
23 48 Zr02 -2.4670E+02
24 50 Zr 1.9440E-01
25 51 Sn 4.1200E+00
26 54 SnO -6.5060E+01
27 55 Sn02 -1.3310E+02
28 58 Snl2 -3.5510E+00
29 60 SnTe -1.1770E+00
30 63 Te 6.6460E+00
31 67 Te02 -6.7750E+01
32 70 u o 2 -2.5340E+02
33 72 U 2.8520E+00
34 74 U40 9 -1.0520E+03
35 75 U3Og -8.3350E+02
36 76 u o 3 -2.8690E+02
37 81 Fe -6.0720E-01

Table A.4 

VICTORIA condensed species

Gibbs Free Energy Coefficients
E. £ D Source Density

-3.5890E-02 -8.1810E-06 -1.5830E-10 Barin 4510.0
-3.6350E-02 -9.4050E-06 7.1950E-10 Chase 3680.0
-2.5060E-02 -3.5670E-06 2.7290E-10 Chase 1880.0
-4.4960E-02 0.0000E+00 O.OOOOE+OO Chase 4250.0
-6.5800E-02 -2.0950E-05 1.4440E-09 0 ’Hare74 1000.0
-1.4110E-01 -3.7600E-05 2.5890E-09 0 ’Hare81 1000.0
-6.8150E-02 -2.4690E-05 1.3490E-09 0 ’Hare73 1000.0
-3.5670E-02 -1.6250E-05 1.2440E-09 Barin 1000.0
-1.0930E-02 -1.0160E-05 6.2900E-10 Barin 5720.0
-5.1180E-02 -1.3020E-05 9.9630E-10 Barin 5150.0
-2.0150E-02 -4.6790E-06 3.5800E-10 Barin 1000.0
-2.7420E-02 -5.9200E-06 3.7640E-10 Barin 5130.0
-3.5460E-02 -1.5070E-05 1.0680E-09 Barin 1000.0
-4.9430E-02 -1.8820E-05 1.0720E-09 0 ’Hare76 1000.0
-4.2790E-02 -1.8620E-05 1.1540E-09 Barin 1000.0
-3.2310E-02 -1.8180E-05 1.3910E-09 Chase 3630.0
-7.4004E-03 -1.3001E-05 1.9033E-09 Barin 4700.0
-4.9300E-02 -1.3020E-05 9.9630E-10 Barin 2550.0
-1.7570E-02 -3.6130E-06 2.7910E-10 Barin 2600.0
-4.6020E-02 -1.8640E-05 1.0500E-09 Tagawa 1000.0
-3.4600E-02 -1.5310E-05 1.0540E-09 Barin 1000.0
-3.9300E-02 -1.8830E-05 1.1670E-09 Barin 1000.0
-3.3110E-02 -7.7360E-07 -6.9110E-10 Barin 5890.0
-7.9490E-03 -5.3700E-06 3.9990E-10 Barin 6490.0
-1.8400E-02 -3.2800E-06 2.5090E-10 Barin 6540.0
-1.6400E-02 -6.3560E-06 3.5240E-10 Barin 6450.0
-1.7610E-02 -9.5860E-06 6.3670E-10 Barin 6950.0
-7.1530E-02 -1.0900E-05 8.3390E-10 Barin 5290.0
-3.5310E-02 -8.1720E-06 6.7570E-10 Barin 6480.0
-1.9650E-02 -4.3410E-06 3.3210E-10 Barin 6000.0
-2.3240E-02 -1.3250E-05 9.9420E-10 Barin 5790.0
-2.4140E-02 -9.9690E-06 6.9700E-10 Barin 10960.0
-1.2510E-02 -6.7350E-06 5.8270E-10 Barin 19050.0
-1.0530E-01 -4.4900E-05 3.0960E-09 Barin 1000.0
-8.6980E-02 -3.6670E-05 2.4560E-09 Barin 8300.0
-3.0530E-02 -1.1850E-05 8.0650E-10 Barin 7290.0
-2.8260E-03 -7.3970E-06 6.5130E-10 Barin 7860.0
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Table A.4

VICTORIA condensed species (Continued)

Aerosol Species Species Gibbs Free Energy Coefficients
£ £ Name A E £ D Source Density

38 83 FeO -6.7300E+01 -7.1240E-03 -1.2860E-05 1.2350E-09 Barin 5700.0
39 85 Fe2C>3 -1.8500E+02 -3.3550E-02 -1.6170E-05 1.1700E-09 Barin 5240.0
40 86 FC304 -2.8360E+02 1.7820E-03 -4.9170E-05 4.7480E-09 Barin 5180.0
41 87 Fel2 -7.3780E+00 -5.7840E-02 -1.3020E-05 9.9630E-10 Barin 5320.0
42 90 FeTe -1.3160E+00 -2.3600E-02 -6.5750E-06 4.6340E-10 Barin 1000.0
43 91 FeTe2 -1.1600E+01 -2.9130E-02 -1.0770E-05 6.3490E-10 Barin 1000.0
44 92 Mo 4.7950E+00 -1.3860E-02 -4.0010E-07 -3.2430E-10 Barin 10200.0
45 95 Mo02 -1.3640E+02 -1.4850E-02 -9.5930E-06 4.9090E-10 Barin 6470.0
46 97 M0O3 -1.6270E+02 -2.9640E-Q2 -1.5250E-05 1.2040E-09 Barin 4690.0
47 100 Ag 2.4730E+00 -1.1140E-02 -4.9230E-06 4.3900E-10 Mills 10500.0
48 102 Ag2Te -3.3410E+00 -5.1550E-02 0.0000E+00 0.0000E+00 Barin 1000.0
49 103 B 1.0040E+00 -2.1880E-03 -2.3410E-06 -1.4260E-11 Barin 2500.0
50 110 b 2o 3 -2.9520E+02 -1.8960E-02 -1.7470E-05 1.5580E-09 Ball91 1000.0
51 113 CsB02 -2.2740E+02 -2.0300E-02 -2.3850E-05 2.6840E-09 Ball91 1000.0
52 114 h b o 2 -1.9320E+02 -1.3580E-03 -1.9900E-05 2.9240E-09 Ball91 1000.0
53 116 H3B03 -2.6400E+02 -3.2330E-03 -3.3440E-05 4.5840E-09 Ball91 1000.0
54 118 ZrB2 -7.6900E+01 -4.8350E-03 -1.2520E-05 1.2500E-09 Ball91 1000.0
55 120 Cd 3.8610E+00 -1.7430E-02 -3.4280E-06 2.6250E-10 Barin 8650.0
56 121 CdO -5.8240E+01 -1.6830E-02 -6.2990E-06 4.2290E-10 Barin 1000.0
57 123 CdTe -2.5550E+01 -1.2250E-02 -2.0320E-05 4.4100E-09 Mills 1000.0
58 126 Cr -2.2100E+00 -6.7530E-04 -6.6810E-06 5.3930E-10 Barin 7200.0
59 127 Cr20 3 -2.5290E+02 -4.4700E-02 -4.4750E-06 -1.0610E-09 Barin 1000.0
60 128 CrTe -2.0760E+01 -2.6670E-02 O.OOOOE+OO 0.0000E+00 Mills 1000.0
61 130 In 3.2340E+00 -1.8430E-02 -3.3550E-06 2.5700E-10 Barin 7310.0
62 131 ln20 3 -2.2280E+02 -1.9540E-02 -2.0750E-05 1.4000E-09 Barin 1000.0
63 132 InTe -1.6070E+01 -2.9870E-02 6.4780E-06 -9.6260E-09 Mills 1000.0
64 136 Mn 3.2120E-01 -4.2180E-03 -7.8240E-06 7.3460E-10 Barin 7440.0
65 137 MnO -9.8830E+01 -1.6740E-03 -1.3390E-05 1.1500E-09 Barin 1000.0
66 138 Mn30 4 -3.4830E+02 5.7420E-03 -4.9870E-05 4.9540E-09 Barin 1000.0
67 139 MnTe -2.7660E+01 -1.3520E-02 -1.8810E-05 3.8540E-09 Mills 1000.0
68 140 MnTc2 -2.7140E+01 -4.3370E-02 0.0000E+00 O.OOOOE+OO Mills 1000.0
69 142 Ni -2.7900E+00 -6.9930E-04 -8.1390E-06 7.7090E-10 Barin 8900.0
70 143 NiO -5.8490E+01 -6.4910E-03 -8.9110E-06 5.1670E-10 Barin 1000.0
71 145 Ru 2.4830E+00 -1.0560E-Q2 -1.7100E-06 -1.6760E-10 Barin 12400.0
72 146 Ru02 -6.7790E+01 -1.8920E-02 -9.2220E-06 6.0710E-10 Barin 1000.0
73 150 Sb 6.8540E+00 -1.8070E-02 -3.6210E-06 2.7730E-10 Barin 6700.0
74 153 Sb203 -1.4660E+02 -5.5530E-02 -1.8100E-05 1.3870E-09 Barin 1000.0



Table A.4

VICTORIA condensed species (Concluded)

Aerosol Species Species Gibbs Free Energy Coefficients
ft ft Name A a C d Source Density

75 155 Sl>2Te3 -1.6990E+01 -3.2760E-02 -5.0060E-05 1.1360E-08 Mills 1000.0
76 157 Eu 3.9730E+00 -2.1710E-02 -4.5930E-06 3.6350E-10 Barin 5200.0
77 159 EuO -1.3040E+02 -2.4250E-02 -6.2620E-06 4.3060E-10 Barin 1000.0
78 160 Eu203 -4.0220E+02 -4.4680E-02 -1.7640E-05 1.2830E-09 Barin 1000.0
79 170 CS2U4O12 -1.3412E+03 -5.7983E-02 -1.3374E-04 2.2656E-08 Powers 1000.0
80 171 Cs2Zr03 -4.1976E+02 -2.6762E-02 -4.8113E-05 6.6312E-09 Powers 1000.0
81 172 Cs2Zr20 5 -6.8430E+02 -3.2869E-02 -6.9522E-05 1.0011E-08 Powers 1000.0
82 173 CS2Zr307 -9.4634E+02 -3.7236E-02 -9.0932E-05 1.3391E-08 Powers 1000.0
83 174 CsjXe -1.0315E+02 -5.6346E-03 -3.6605E-05 5.1790E-09 Ball92 1000.0
84 175 C$2Te0 3 -2.5847E+02 -3.1196E-03 -5.5596E-05 6.9026E-09 Ball92 1000.0
85 176 €$2X6265 -3.5090E+02 -2.8050E-03 -7.7632E-05 1.0170E-08 Ball92 1000.0
86 177 €$2X6409 -5.2673E+02 3.3779E-05 -1.2173E-04 1.4135E-08 Ball92 1000.0
87 178 €$2X004 -2.8881E+02 -4.4668E-04 -6.1186E-05 6.7928E-09 BaU92 1000.0
88 179 €$2X64032 -6.0033E+02 2.9450E-03 -1.2990E-04 1.6821E-08 Ball92 1000.0
89 184 Cs2Cr207 -5.3526E+02 1.9897E-02 -1.1832E-04 1.6366E-08 Ball92 1000.0
90 185 CS2C1O4 -3.6666E+02 1.0604E-02 -7.0739E-05 9.7008E-09 Ball92 1000.0
91 186 Cs3Cr04 -3.9810E+02 1.1705E-03 -7.7550E-05 1.0074E-08 Ball92 1000.0
92 187 Cs4Cr04 -4.1246E+02 -9.0012E-03 -8.1529E-05 9.2757E-09 Ball92 1000.0
93 193 BaH2 -4.3752E+01 -5.6203E-03 -1.5569E-05 3.2025E-09 BaU92 1000.0
94 197 SrH2 -4.4078E+01 -3.9720E-03 -1.5430E-05 3.1850E-09 Ball92 1000.0
95 199 Zrl4 -1.3947E+02 -6.8147E-03 -5.3089E-05 7.6658E-09 Ball92 1000.0
96 200 ZrXe2 -8.1478E+01 -2.5571E-03 -2.8918E-05 4.0010E-09 Ball92 1000.0
97 214 Xel4 -3.4169E+01 -7.6298E-03 -5.6584E-05 8.4285E-09 Ball92 1000.0
98 215 XeH20 4 -1.8024E+02 8.5234E-03 -4.2722E-05 1.9093E-09 Ball92 1000.0
99 218 UH4O5 -4.5383E+02 9.3998E-03 -6.9133E-05 5.0499E-09 Ball92 1000.0

100 225 Fe02H2 -1.4523E+02 2.2759E-03 -3.1977E-05 4.1446E-09 Ball92 1000.0
101 226 M0I4 -6.5951E+01 -7.8007E-03 -5.6012E-05 8.3606E-09 Ball92 1000.0
102 227 M0I3 -6.0089E+01 -4.6302E-03 -4.3548E-05 6.1780E-09 Ball92 1000.0
103 228 MoI2 -3.9785E+01 -3.6324E-03 -3.328 IE-05 4.7304E-09 Ball92 1000.0
104 242 Agl -1.067 lEfOl -3.0674E-02 -1.1714E-05 1.3494E-09 Powers 1000.0
105 256 Cdl2 -4.4730E+0I -3.7385E-02 -2.0049E-05 2.2532E-09 Powers 1000.0
106 264 Crl2 -3.0073E+01 -3.9073E-02 -1.9569E-05 2.0430E-09 Powers 1000.0
107 266 Ini -4.0314E+01 -3.4626E-04 -3.2435E-05 5.0585E-09 Ball91 1000.0
108 274 Nil2 -1.1420E+01 -3.1782E-02 -1.9779E-05 2.0795E-09 Powers 1000.0
109 275 Ru3U -4.9674E+01 -1.5969E-03 -3.7560E-05 5.0972E-09 Ball92 1000.0
110 276 RuXez -4.2473E+01 -1.0409E-03 -2.5504E-05 3.4434E-09 Ball92 1000.0
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the Gibbs Free Energy Correlation and the reference 
for the data. In Table A .3 the vapor phase Lennard- 
Jones parameters are listed with their references. In 
some cases (Dean, 1985) the data was essentially the 
boiling point and molar specific volume and use was 
made of Equations (3.58) and (3.59) to determine the 
parameters. Note that many species do not have 
values, in these cases an assumption was made 
concerning noble gas values as described in 
Section 3.4.1. In Table A.4 the liquid density is 
listed with the Gibbs free energies.

The Gibbs free energy data for each of the 288 
species used in the code is in the form

G (t) = a  + bT  + cT2 + dT3 ,

where G is in kilocalories/mole and T is temperature 
in Kelvins.

The zero of energy used in the formulation is that the 
enthalpy of the elements in their standard form at 
298.15 K is zero. This choice of reference state 
allows phase changes for both the elements and more 
complex chemical species to be treated in an 
analogous manner. This representation is that of 
Barin and Knacke (1977). If you are using the 
JANAF tables (Chase et al., 1985) for validation the 
translation into VICTORIA is via the relation

G(T) = H(298) -  T  * FEF(t ) ,

where FEF(T) is the tabulated free energy function 
and H(298) is the enthalpy o f formation at 298 K.

To obtain the constants for each species in the Gibbs 
free energy equation, the enthalpy and entropy at

(typically) 300 K, and heat capacity data as a function 
of temperature above 300 K for each species were 
taken from the source listed in the reference column. 
These data were then used to construct a table of the 
free energy as a function of temperature at 20 degree 
intervals from 400 K to 3000 K. The table for the 
condensed-phase species uses data for the solid below 
the melting point and for the liquid above the melting 
point. Extrapolated values are used for those 
temperature ranges where no data was available. The 
table for each species is then fitted with a third-order 
polynomial using a least-squares fitting routine. A 
comparison (Ball et al., 1992) of the tabulated free 
energies taken from the references with values 
calculated using the polynomial for each species shows 
agreement to within + 5% . The values used for the 
coefficients A-D are stored in data statements and may 
be adjusted by the user.

Table A .3 also lists latent heats and entropies of 
vaporization for gaseous species in Kcal/mole and 
cal/mole-K, respectively. TTiese values are for use in 
Equation (8.19) and were arrived at by fitting vapor- 
pressure data, or by using boiling-point data from the 
listed sources. For those species where the source is 
listed as AGV, vapor pressures are calculated from 
Gibbs free energy correlations using Equation (8.18).

Not all possible combinations of elements have been 
included in the species set. In most cases 
combinations have been excluded due to the lack of 
free energy data at high temperatures (>  2000 K), a 
determination that they were of less significance for 
reactor-type problems, or to an oversight on our part. 
The capability to change the VICTORIA element and 
speices data has been automated. Users interested in 
this capability should contact the developers at Sandia.
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Appendix B: VICTORIA Input Deck

The data that must be supplied to VICTORIA for each 
of its runs is outlined here. The explanations of the 
input deck are based on the sample input decks 
provided in Section B.4. You are referred to the 
input deck of sample B.4 as the model for this section. 
Where appropriate, the text references other input 
decks in Section B.4.

The input reader in VICTORIA uses list-direct 
sequential read statements, commonly called free-field 
format. In this system either spaces or commas may 
be used to separate entries on a single line o f input. 
Many input locations have default values associated 
with them; to activate these values, the user should 
leave a space (not a zero) followed by a comma. The 
user should refer to his or her own operating system 
for further information. VICTORIA skips all records 
beginning with a "$" character. This enables the user 
to comment the input file, as illustrated below, so that 
modifications and interpretations of data are relatively 
easy. What is important to VICTORIA is the order 
that information is input. The examples in this section 
are adapted from sample input deck B.4. In this deck, 
the flags and data are clustered together in coherent 
units, and items are commented. Such an approach 
makes it easier to keep track of input, and we have 
preserved this ordering for the explanations in this 
appendix. However, in the interest o f clarity, the 
examples in this section use more descriptive 
comments than those of the sample input decks.

Each separate line of input is referred to as being 
on a "card," in deference to the manner in which 
FORTRAN input used to occur. Because some of the 
input modules may be arranged to execute before 
others, it is not possible to number cards. Instead 
we will simply refer to the "first," "second," "third," 
and so on, cards in the modules or sections.

The information in this appendix is divided into six 
major sections. Section B .l deals with the basic 
initialization that VICTORIA needs to conduct a run. 
Section B.2 explains the data in the input deck that 
does not change during VICTORIA'S run. Section 
B.3 explains the input data that may change during a 
run. B.4 contains examples o f actual VICTORIA 
input decks, including restarts and fuel irradiation 
history. B.5 describes the printed output and B .6  the 
graphics file.

In a typical calculation, some input parameters would 
not be used. For example the user can select either of 
the two fuel release models described in the text. 
Therefore, not all of the parameters described in this 
section are used in the sample problem detailed in 
Section B .l .2. Unless otherwise noted, the input to 
VICTORIA is in SI units, as detailed in Table B .l.

The data used in Appendix B comes from a simulation 
of part o f an experiment that was conducted at Sandia 
National Laboratories. The Source Term (ST-1) 
experiment examined the fission product release from 
an irradiated bundle in a reducing environment (Allen 
et al., 1989). Figures B .l and B.2 give the general 
layout o f the experiment. Note that there were four 
fuel rods: the lower half o f each rod was fresh fuel 
and the upper half was irradiated BR3 fuel. 
VICTORIA was used to examine the irradiated portion 
of the fuel and upper mixing plenum.

B .l Initialization Information

The first two cards o f the input deck catalog the type 
of computer used for the run and a description of the 
run. The first card records the type o f computer and 
may contain up to eight characters. The second card 
describes the job and may contain up to 80 characters. 
The job description is printed at the top o f each page 
o f the printout.

$ Computer Type 
'SUN SP1'

$ Job Description 
'Trial run for ST-I experiment'

B.1.1 Run Conditions

VICTORIA must know if a "steady-state," 
"transient," or "restart" calculation is to be run. The 
type of run is set by the values of three flags on the 
third card o f the initialization information. The flags 
are:

•  "0 ," off
•  "1," on
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Table B .l 
S.I. units used for VICTORIA

Q uantity S.I. Unit Q uantity S .I. Unit

Length m Density kg/m3

Mass kg Concentration kg-mole/m3

Time s Power W

Volume m3 Specific Heat J/kg-K

Temperature K Thermal
Conductivity

W/m-K

Pressure Pa Heat Transfer 
Coefficient

W/m2-K

Velocity m/s Volumetric Heat 
Source

W/m3

A steady-state calculation requires that the fuel rod 
irradiation history be input into VICTORIA, to 
characterize the fiiel. This option uses input from 
Sections B.3.1 and B.3.6 and is shown in example 
B.4.3.

A transient calculation begins from the data in the 
input deck and calculates between the beginning and 
ending times. A restart calculation reads a dump file 
from the end o f a previous calculation and continues 
the calculation.

$ Steady state Transient Restart
0 1 0

If the restart has been selected, the name of the input 
file is input after this card, as shown in Section B.4.3.

B .l.2 .Internal Submodule Selection

VICTORIA looks for six flags that determine whether 
the chemistry, aerosol, convective transport, fission 
product release from the fuel, decay heat effects, and 
fuel volatilization modules will be executed during its 
run. The flag values are:

NUREG/CR-5545 B-2

•  "0 , ” exclude module

•  " > 0 ," use module

The rod fission product release option requires 
additional input to VICTORIA. If the rod release flag 
is "0 ," the user will not input the data found in 
Section B.2.1, B.3.3, and B.3.6. If the flag is "1," 
the Booth diffusion model (Section 3.3) for fuel rod 
release will be used. With the flag set to "2," the 
mechanistic release model (Section 3.2) for the fuel 
rod will be used.

$ Chem Aero Con RodRls DecayHt Ox Fuel 
1 1 1 1  1 0

The chemistry model has two options: (1) equilibrium 
chemistry everywhere (flag z  1), or (2) no chemistry 
within the fuel grains but equilibrium chemistry 
elsewhere (flag =  2).

The fuel volatilization has three options; (1) fuel 
volatilization (flag =  1), (2) diffusion coefficient 
modification (flag =  2), and (3) both effects 
(flag =  3).



VICTORIA

SECONDARY
CONTAINMENT

EXPLOSIVE
VALVES

MANIFOLD

SOLENOID
VALVES

FILTER SAMPLERS  
(7 EACH)

CERAMIC MIXING 
PLENUM

ACRR CORE

LINE OF SIGHT

COMPRESSOR

r

GRAB SAMPLER  
CYLINDERS  
(5  EACH)

WATER JACKET  

FLOW PATH

VIEWING WINDOW

ZIRCONIA
INSULATION

IRRADIATED FUEL  

FRESH FUEL

INSULATED TEST  
SECTION

Figure B .l. ST-1 experiment package.
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Figure B.2. Cross-sectional views of the ST-1 test section. 
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B.1.3 Mesh Cell Data

The input deck must contain information about the 
spatial discretization that will be used during the run. 
The card containing the mesh cell data must have, in 
this order, the number of vertical levels and the 
number of radial rings in the volume that is to be 
analyzed, the number of radial cells into which the 
fuel pellets are divided, and the number of cells into 
which the clad is divided. Refer to Figure B.3, which 
shows the mesh system used in VICTORIA for the 
ST-1 experiment simulation. (Vertical levels are 
referred to as "axial" levels.)

Note: A radial ring encompasses the fuel rod and 
associated bulk gas and structure.

In VICTORIA, the axial levels are limited to ten by 
the parameter JMX, and the radial rings are limited to 
three by the parameter IMX. The parameter NFX 
limits the number of the radial porosity cells to four, 
and the parameter NCX limits the number o f clad 
cells to two. To exceed these limiting values, the user 
must recompile the code with larger parameter limits.

$ Mesh Cell Definitions 
$ ax_level rd_ring fuel_rd clad_rd 

7 1 2 1

The last three cards in the initialization section o f the 
input deck specify the physical dimensions o f the 
cylindrical grid to be used during the run. The grid 
in the sample input has seven vertical levels and one 
radial ring.

The first card must hold the inner radii of the hori
zontal rings at each axial level; the second card, the 
outer radii of the rings; the third card, the height o f a 
cell. All of these values are in m. If the problem is 
to have more than one ring (see Figure B.4), the outer 
radius at axial level array must first be set for each 
ring, before inputting the cell heights. Note that the 
radii are used to determine volumes, therefore non
circular cross sections require equivalent radii.

$ Physical Dimensions o f Grid 
$ inner radii 

7*0.0 
$ outer radii 

7*0.014386 
$ height o f cell 

7*0.03048

B.2 Invariant Data

Sections B.2.1 through B.2 .8 describe the data in the 
input deck that does not change during the course of 
a calculation. The invariant data is input in eight 
modules and each module is identified by a keyword 
preceded by two asterisks as shown in Section B.4. 
The keywords are: FUELDATA, CORODATA, 
ST R U D A T A , F IL M D A T A , C O N T D A T A , 
BOUNDARY, DECAY, and AERODATA. An 
additional module, NAMELIST, is available for users 
who want to change a default value.

The data for each section is read as a group and the 
order in which the sections are read into VICTORIA 
does not matter. In this way, a user may maintain 
one master deck and by reordering the execution of 
the sections vary such parameters as initial fission 
product concentrations or structural surface 
parameters. A detailed listing o f invariant data input 
is given in Section B.4.1.

B.2.1 FUELDATA

Module FUELDATA sets the

•  fuel pellet diameter

•  radial gap thickness between the fuel and 
cladding

•  radial clad thickness

•  helium fill pressure in the fuel

•  fraction o f the theoretical density of the fuel 
pellet
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Figure B.4. Cell num bering scheme dividing the reactor into six axial levels and four rad ial rings.
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•  initial fraction of the cladding that is oxidized

•  ratio of fuel surface area plus area exposed due 
to cracks to fuel surface area

•  number o f fuel rods found in each cell

•  fuel permeability

•  number o f elements in the fuel grains

•  initial species fuel grain concentrations and 
diffusion coefficients

•  diameter of the fuel grains

The first card o f module FUELDATA specifies in this 
order, the fuel pellet diameter, the radial gap thickness 
between the fuel and cladding, and the radial clad 
thickness in m. This card also sets the fuel rod 
helium fill pressure (in Pa) at a 300 K temperature, 
the fraction o f theoretical density of the pellet (1.0 - 
open porosity), the initial clad oxidation level, and 
area increase due to cracking.

$ Fuel Gap Clad Fill
$D iam  Thick Thick Press

8.04e-3 3.6e-4 5.7e-4 1.5e5

$ Fractional Cladding Surface Area 
$ Density Oxidation Ratio

0.931 0.0 5.0

The second card of FUELDATA specifies the number 
of fuel rods at each vertical level in each radial ring. 
In Figure B.3, the upper two cells have no fuel rods. 
If this was a two-ring case, the input data would 
require 14 values, one for each cell in the order 
shown in Figure B.4.

$ Fuel Rods in Radial Ring/Level 
$ ring 1, levels 1-7 

5 *4 ,2 * 0

The permeability of the fuel is input in the third card. 
The permeability is used to affect the convective flow 
of fission products in the open pores, gap, cladding

and film (as discussed in Chapter 3). The order of 
permeabilities input is radial and axial within the 
pores, radial and axial in the gap, and radially in the 
cladding and film.

$ Permeability
$ Pore Pore Gap Gap Cladding Film
$ Radial Axial Radial Axial Radial Radial

l.e-13 l.e-13 l .e -12 l.e-12 l.e-12 l.e-12

The user may place any element into the fuel that 
VICTORIA contains in its chemistry data set. (The 
current chemistry data set is given in Appendix A.) 
If a user attempts to include an element not in the 
chemistry data set, VICTORIA will generate an error 
message and the code will not execute. For each 
element VICTORIA must have the initial fuel grain 
concentrations and the diffusion coefficients, dzero 
and dtheta.

The initial fuel grain concentrations are input in 
kg-moles/m3. The dzero coefficient is input in m2/s 
and the theta coefficient is in K. Diffusion 
coefficients that are left blank are assigned the default 
values given in Table A .l;  those set to zero will stay 
at zero. Initial species concentrations can be obtained 
from an isotopic depletion code such as ORIGEN 
(Bell, 1973).

NOTE: VICTORIA does not track all possible fission 
products. The user should run a depletion code and 
determine the effective concentration. The developers 
o f VICTORIA recommend that users determine the 
uraniums fissioned, which will give the total 0 2 
available. This value should be adjusted if the raw 
fuel is not U 0 2 . Next, determine the masses of 
elements not treated by VICTORIA and remove an 
appropriate mass o f oxygen for each. The developers 
recommend for the speciation o f elements not treated 
by VICTORIA: actinides form 0 2 species (Pu02), 
lanthanides form 0 1 5 , (La20 3), and the rest form O 
species (PdO). This is not exact, but is reasonably 
close to reality. In the ST-1 test the effective mix for 
a VICTORIA calculation was U 0 2 05, assuming that 
the BR3 fuel was originally stoichiometric U 0 2.

The next set o f cards in module FUELDATA has the 
element data. A card with the total number of 
elements to be read, must precede the elemental data.
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For each element there will be, in this order, cards for 
the symbol, the diffusion coefficients, and cards for 
the concentration at each radial fuel zone, at each 
axial level having fuel, and for each radial ring. 
Dzero is entered first and dtheta second; the radial 
fuels zones are entered from inner to outer; the axial 
levels are entered from bottom to top; and the radial 
rings from inner to outer as indicated in Figure B.4.

$ Number o f Elements in Fuel grains 
14

$ Element -1  
U

$ Diffusion Coefficients 
$ dzero dtheta 

0.0,
$ Concentrations 
$ zone I and 2, levels 1-5, ring 1

37.01 37.01
37.01 37.01
37.01 37.01
37.01 37,01
37.01 37.01 

$ Element - 2
O

$ Diffusion Coefficients 
$ dzero dtheta

$ Concentrations
$ zones 1 and 2, levels 1-5, ring 1

75.87 75.87
75.87 75.87
75.87 75.87
75.87 75.87
75.87 75.87

$ Elements 3-14 not shown

The final card of FUELDATA specifies the grain size 
in the fuel (in m) for each radial zone, axial level, and 
radial ring. The order of zones, levels, and rings is 
the same as that of the element data.

$ Grain diameters 
$ zones 1 and 2, levels 1-5, ring 1 

2*l,0e-5 
2*1.0e-5 
2*l.0e-5 
2*1.0e-5 
2*1.0e-5

B.2.2 CORODATA

CORODATA supplies the following control rod data:

•  absorber diameter

•  absorber length

•  rod internal and external diameters

•  rod length

•  silver, indium, cadmium mole fractions

•  rod internal pressure

•  number of control rods in a fluid cell

The first card of CORODATA establishes the control 
rod geometry by specifying the absorber diameter and 
length, the rod internal and external diameter, and the 
rod length. The values shown below are the default 
values, and they are typical of a reactor.

$ Absorber Absorber Cntrl Rod Cntrl Rod 
$ Ddiam Length Int. Diam Ext. Diam 

8.66e~3 3.60 8-7e-3 9.7e-3 *

$ Cntrl rod 
$ length 
$3 .97

The second card of CORODATA sets the mole 
fractions for silver, indium, and cadmium in the rod,
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as well as the rod internal pressure at room 
temperature. Again, the values are the default values, 
and are typical of a reactor.

$ %Ag %In %Cd Rod Internal 
$ Pressure (Pa)

0.80 0.15 0.05 1.5eS

The third and last card in CORODATA specifies the 
number o f control rods in a fluid cell for each axial 
level and each radial ring.

$ Number o f Control Rods 
7*0

B.2.3 STRUDATA

Module STRUDATA contains information on:

•  bend cell data

•  aerosol settling variables

•  flow areas for the upper interface, outer 
interface, and gas flow

•  areas of structures within each cell

•  materials within each cell

B J J .l Flow Irregularities Flags

The first set of cards in STRUDATA holds the cell 
flow irregularities flags and related data. These flags 
indicate whether bends occur in each of the cells. 
Unless a corresponding section of cell represents a 
pipe, these flags should be set to zero. Flag 2, 3, and 
4 require additional lines of information. Bend 
deposition is discussed in Section 7.5.

The flags for cell irregularities are:

•  "1," single 90 degree bend in the pipe

•  "2," abrupt contraction. This flag requires the 
entrance and outlet diameters of the contraction 
in m (see Figure 7.2).

•  "3," steam separator. This flag requires die 
vortex tube length and radius, and the vane 
angle (radians) (see Figure 7.3).

•  "4," steam dryer. This flag requires die 
number of bends, bend angle (radians), and 
pitch (see Figure 7.4).

$ Bend Flags by Cell (cells 1-7)
1,0,2,0,3,0,4

If any cell bend flags have been set to "2," "3," "4," 
the additional information needed for these flags 
should be placed on several cards following the bend 
flags.

For example, in the bend flag card above VICTORIA 
expects the next card after the bend flag card to 
contain the entrance and outiet diameter (in that order) 
for the contraction in cell 3 (bend flag =  2).

$ Cell 3 Bend Flag -  2 Information 
$ entrance diameter exit diameter 

0.02877 0,01818

VICTORIA expects the second card after the bend 
flag card to contain the vortex tube length, tube 
radius, and vane angle for the steam separator in 
cell 5.

$ Cell 5 Bend Flag =  3 Information 
$ tube length tube radius vane angle 

0.05 0.15 0.52

Below is an example of a complete set of data for the 
flow irregularity input.
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$ Cell Area Data 
$ axial flow areas in cells 1-7 

5*5.522e-4, 2*6.502e-4 
$ radial flow areas in cells 1-7 

7*0.0
$ hydraulic diameters in cells 1-7 

5*0.01818, 2*0.02877

$ Bend Flags by Cell (cells 1-7)
1,0,2,0,3,0,4 

$ Cell 3 Bend Information 
$ entrance diameter exit diameter 

0.02877 0.01818
$ Cell 5 Bend Information 
$ tube length tube radius vane angle

0.05 1.04 0.52
$ Cell 7 Bend Flag -  4 Information 
$ # of bends bend angle (rad) pitch 

5 1.04 1.5

B.2.3.2 Settling Flags

The next card holds flags that determine whether 
aerosol settling occurs in each cell (see Section 7.2.4 
for a description of how settling is applied in 
VICTORIA). VICTORIA assumes that velocity is 
positive in the upward direction, therefore a 
downward flow would require a positive value for the 
settling flag.

The settling flags are:

•  "0 ," no settling

•  "-1," settling fully applied for an upward 
flowing system

Any settling flag greater than " 1" will yield an over
application of the settling velocity.

$ Settling Velocity in Cells 1-7 
7*-1.0

B.2.3.3 Cell Area Data

The next set of cards in STRUDATA hold the upper 
interface axial flow area, the outer interface radial 
cross-flow area, and the hydraulic diameter for bulk 
gas flow for each cell. The axial flow areas and the 
radial flow areas are in m2, while the hydraulic 
diameter is in m. Note the effect on areas caused by 
the fuel rods in levels 1-5. Each input is ring- 
dependent, hence a two-ring problem would require 
14 pieces of data to be input in the order shown in 
Figure B.4.

B.2.3.4 Structure Surface D ata

The next three cards in STRUDATA give the area, 
exclusive of the fuel rods, and structural surfaces 
within each cell. The areas are in m2. The areas 
provide a surface for aerosol deposition and are also 
used to calculate surface film diffusion to the bulk 
gas. For a multi-ring problem, all of the floor areas 
are input before any of the wall areas in the order 
shown by Figure B.4.

$ Structure Area Data 
$ floor areas in cells 1-7 

7*0.0
$ wall areas in cells 1-7 

7*0.002756 
$ ceiling areas in cells 1-7 

7*0.0

B .2 3 .5  Structure Identification D ata

The final card in STRUDATA identifies the type of 
structure in each cell. The flag scheme is

•  0 , non-reactive structure

•  1, standard Zr-4 cladding with 98.4% Zr and 
1.6% Sn

•  2, Inconel-600 with 76% Ni, 16% Cr, and 8 % 
Fe

•  3, 304 stainless steel with 71.7% Fe, 18.4% 
Cr, 8.7% Ni, and 1.2% Mn

•  4, oxidized Inconel layer with 5% Ni, 85% Cr, 
2% Fe, and 8 % Mn
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•  5, oxidized steel layer with 92% Fe, 0.5% Cr, 
5% Ni, and 2.5% Mn

The appropriate flag will cause a concentration 
distribution equivalent to the mass factions above to be 
included in the structure film. Only one of these 
materials may be present in any individual cell. The 
effect of the structure surface material upon the 
chemistry can be significant.

$ Structural Identification Flags 
7*0.0

B .2 .4  F IL M D A T A

Module FILMDATA allows the user to override the 
calculated chemistry boundary layer and species 
diffusion thicknesses described in Sections 4.2 and
7.1.3. FILMDATA sets the:

•  Sherwood number

•  fuel and structural mass transport thicknesses

•  fuel and structural thermal boundary layer 
thicknesses

These thicknesses may be set as constants or as 
calculated by the code, the chemistry film thickness 
must be limited in laminar flow situations. The 
options are either a limit due to a maximum value or 
a limit due to a fraction o f the cell radius.

In laminar flow, the Nusselt number is equal to 4.0 
for a pipe. In mass transfer the Sherwood number for 
laminar flow is the same as the Nusselt number, and 
therefore when the Lewis Number ( a / D ^ )  is approx
imately 1.0 the diffusion boundary layer is the same 
as the thermal boundary layer (i.e. the hydraulic 
diameter divided by 4.0). In VICTORIA this has 
been implemented for the diffusion length, but the 
concentration film used in the chemistry has been 
separated to prevent too much of a reduction in the 
flow area. The input deck gives options for the user 
to choose how the film mass transfer is to be calcu
lated. The input deck reads in the Sherwood number, 
Sh, the initial film thickness for the fuel and the 
structure, Af and As, the maximum film multiplier, 
dth, and the initial diffusion length for the fuel and the

structure, df, ds. If all are set to zero, the defaults 
are used (0.0, 5.0E-4, 5.0E-4, 0.1, 5.0E-4, 5.0E-4). 
If Sh is greater than zero, it is used to fix the 
diffusion length d f and ds. If any of df, ds, Af, or As 
are negative, the positive value is used to initialize 
the film and afterwards they are calculated by 
VICTORIA, dth is used in two modes: first, if it is 
positive it used as a multiplier on the maximum 
concentration film thickness; second, if it is negative 
its positive value is used as the concentration film 
thickness. If dth exceeds + 1 .0  or equals 0.0, it is 
defaulted to 0 . 1; if dth is set to a greater negative 
value, than the maximum boundary layer thickness, it 
is reset to 5.0E-4m. During the calculation, if the 
absolute value o f the dth is exceeded, the boundary 
layer is set to dth times the maximum concentration 
film thickness, while if the negative value o f dth is 
exceeded, the concentration film thickness is set to the 
positive dth.

$ Boundary Layer/Chemistry Thickness Data 
$ Sherwood 6m 6m Film fraction 
$ number fuel stru 

0.0 0.0 0.0 0.0

$ 6 t 6 t mass transport 
$ fuel stru 

0.0 0.0

B .2 .5  C O N T D A T A

Module CONTDATA defines the initial conditions in 
the bulk gas. CONTDATA contains:

•  the number o f species that will initially exist in 
the bulk gas

•  the species name and phase designations

•  the species initial mass fraction density

The first card o f CONTDATA specifies the number of 
species that will exist in the bulk gas.

$ Number of Bulk Gas Species 
1 "
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Each species needs two cards. The first card gives 
the species name and phase designation 
("g” =  gaseous). VICTORIA checks for a correct 
species name. If it discovers that a species name is 
incorrect, the code will flag that name and will not 
accept any more data from module CONTDATA.

The second card gives the initial species density 
multiplied by its mass fraction in the bulk gas region 
for each cell in the problem. The density is in kg/m3.

$ Species Initial Conditions 
$ species name and phase 

H2g
$ partial species fractional density cells 1-7 

7*0.020

B .2 .6  BO U N D A RY

Module BOUNDARY specifies the bulk gas boundary 
conditions. BOUNDARY sets the:

•  concentration boundary condition for each 
boundary cell

•  species at each boundary

•  density of species at each boundary

The first card in BOUNDARY specifies the type of 
concentration boundary condition for the continuity 
equations for each of the boundary cells (Section 4.2 
details this information). The boundary conditions 
may be set at a zero concentration gradient (Neumann 
condition) with a "0 ," or at a fixed concentration 
gradient (Dirichlet condition) with a "1." The card 
should contain the boundaries in this order: the inner 
boundary (r =  rmin); across the top from left to right 
(z =  zmax); across the bottom from left to right (z =  
zmin); up the outside of the outer ring (r =  rmax).

$ Boundary Conditions 
7*0,0,1,7*0,

Like module CONTDATA, module BOUNDARY 
uses a card that tells VICTORIA how many species 
will be at each boundary, and a set of cards with the

names and phases of the species. The species partial 
density at each cell boundary location is included on 
a card.

Typically the species that are used here are the same 
as those previously set in CONTDATA. The partial 
density is the species density multiplied by its mass 
fraction in the bulk gas region. The order of the 
boundaries is, again, the inner, top, bottom, and 
outside boundaries.

$ Number o f Species at Boundaries 
1

$ Species Name and Phase 
H2g

$ Species Fractional Density at 
$ inner top bottom outside 

7*0.0 0.0 0.020 7*0.0

Notice that in this example, constant H2g is available 
at the bottom of the grid, while the top and sides have 
a zero "concentration gradient.

Because of increased flexibility, the developers prefer 
to use the vapor species source input o f B.3.4 
TDEPSRCE rather than Boundary input for most 
problems.

B .2 .7  D E C A Y

Module DECAY determines the decay heating of 
surfaces. DECAY is only required if  the user selected 
the decay heating model.

DECAY sets the:

•  method of initialization o f fuel element masses

•  initial and boundary conditions

•  heat-up flags

•  pipe wall thickness

•  thermal conductivity o f outer insulation

•  thermal insulation thickness

•  initial fuel element masses (optional)
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The first card of DECAY sets the flag that determines 
whether decay heating will be calculated and how 
fission product masses are initialized. The values of 
this flag are:

•  0 , no decay heating is calculated

•  1, decay heating is calculated using user input 
fuel element masses

•  2 , decay heating is calculated using the initial 
fuel element masses in the fuel section

$ Decay Heat Model Initialization Flag
2 : •

The second card o f DECAY sets the initial and 
boundary conditions for the decay heat calculation. 
These conditions by order of input are: the ambient 
temperature in the containment in K, the time since 
the reactor was scrammed in s, the mass of uranium 
per unit of thermal energy prior to scram in kg/kWt, 
and the structural failure temperature in K.

Note: VICTORIA will save a restart and stop if the 
input in Section B.3.4 exceeds the failure temperature.

$ Decay Heat Model Initial and Boundary 
$ Conditions
$ containment time since Umass/energy 
$ temperature scram

300 0.0 0.000026

$ structure fail 
$ temperature 

2400

The values above are for a PWR: a BWR typically 
requires- 50% more uranium for the same amount of 
thermal energy. If the plant is not operating normally 
prior to the start of the analysis sequence, then this 
value should be modified accordingly.

Four cards are required that set the surface heat-up, 
wall thickness, outer insulation thermal conductivity, 
and thermal insulation thickness.

Because the decay heat model has been designed to 
analyze structural surfaces exposed to the containment 
on one side and the primary system on the other, this 
extra data is arranged in the same order as the species 
concentrations in BOUNDARY (inner boundary, top 
boundary, bottom boundary, and outside of the ring).

The first card sets the heat-up flags for each 
boundary, where

• "0 ," off

•  " 1," on

The second card specifies the thickness o f the pipe 
walls in m; the third card, the thermal conductivity of 
the outer insulation in W/m-K. The fourth card sets 
the thickness of the thermal insulation in m.

$ Decay Heat Structure Information 
$ heat-up flags at boundary 
$ inner top bottom outer

7*0 0 0 7*1
$ wall thickness at boundary 
S inner top bottom outer

7*0.0 0.0 0.0 7*0.005
$ thermal conductivity of outer 
$ insulation at boundary
$ inner top bottom outer

7*0.0 0.0 0.0 7*0.001
$ thickness o f the thermal 
$ insulation at boundary 
$ inner top bottom outer

7*0.0 0.0 0.0 7*0.05

If decay is set to "1," additional input is needed to 
specify the mass of each element that was in the fuel 
at the beginning of the accident sequence. This input 
section is especially useful when separate VICTORIA 
runs are performed to simulate the fuel and circuit 
portions of a reactor. If a calculation was already 
performed on the fuel bundle, the required values can 
be taken from the output at the initial time. The 
requisite input values are calculated by summing the 
mass (in kg) of each element in the grains and the 
pores. The values must be listed in the same order 
that they appear in the output. If no fuel bundle 
calcualtion has been performed, then the user must 
estimate these masses. The following values would be
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used for the ST-1 experiment. (Compare with Figure 
B.8 for the elements forming low volatility species, 
such as Mo, O, U, and Zr. By 1000 s into the 
transient, substantial fractions of some of the other 
elements may have been released from the fuel.)

$ initial elemental masses in fuel (kg)
$ Ba Cs H I

6.607e-4 9.419e-4 0.000e-0 6.421 e-5
$ Mo O Ru Sn

1.255e-3 3.498e-2 6.583e-4 1.615e-ll
$ Sr Te U Zr

3.584e-4 1.397&-4 2.538e-I I.490e-3
$ B Fe Cr Mn

0 .000e-0 0 .000e-0 0 .000e-0 0 .000e-0
$ Ni Ag In Cd

0 .000e-0 0 .000e-0 O.OOOe-O 0 .000e-0
$ Sb Eu Kr Xe

0 .000e-0 4.073e-5 1.533e-4 1.814e-3
$ He Ar

3.187e-6 0 .000e-0

B .2.8  AERODATA

The module AERODATA provides information for 
VICTORIA to use in its aerosol calculations.

WARNING: This information must be included 
even if the user chooses not to use the aerosol 
calculation. Failure to include AERODATA in the 
input deck will result in the loss of all condensed 
species in the bulk flow.

AERODATA contains:

•  level of detail across collocation points

•  collocation points and their halfwidths

•  integration form of g(x)

•  tolerances for integrating differential equations

•  tolerances for locating zeros and integral values

•  aerosol shape factors and coefficients

AERODATA will assign default values for all its flags 
and parameters if the cards are left blank. The

examples below use the default values.

The first card in AERODATA determines the level of 
composition detail across a collocation point. (Section
7.2.1 discusses this subject). The card sets the level 
of detail with the words

•  "single"

•  "multi"

Until a new multicomponent aerosol model is available 
the developers recommend using the single option.

$ Level o f Compositional Detail 
'single'

The second and third cards allow the user to specify 
collocation points. The user can determine collocation 
points in one of two ways: (1) specify the number of 
collocation points and the masses of the lower and 
upper points, and the code will determine the spacing 
between points; (2) specify the values for the spacing 
between points and the masses of die lower and upper 
points, and the code will determine the number of 
collocation points. This is the method used when no 
collocation points are specified. In either method the 
spacing of the points is logarithmic, that is, the 
logarithms of the masses of particles are spaced 
uniformly.

The parameter NDM in VICTORIA limits the total 
number of collocation points to 13.

Note: (The developers have studied the mass size at 
the lower collocation point versus computation time. 
As this limit was raised from 4.e-21 toward 2.e-I8, 
the time required for the aerosol calculation was 
reduced by a factor of four.)

$ Definition of Collocation Points

ncoll
0

mlower
2,0e-18

spacmg
10.0

mupper
2.0e-9
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The fourth card in AERODATA has the element 
number, which determines the halfwidth of the 
collocation points as well as the integration form of 
g(x). See Section 7.2.1 for a discussion of the 
integration form.

The following values for the element number 
correspond to:

•  "1," a piecewise-constant function

•  "2 ," a piecewise-liner finite element function

•  "3," a piecewise-cubic formulation

An element number of "2" is the default value and 
should be used in normal circumstances. An element 
number of ”1" reduces the number of points and 
should result in a less accurate, but computationally 
faster result. An element number of "3" may be used 
when high accuracy (corresponding to a large number 
of collocation points) is required.

$ Element Number
2

In AERODATA, the fifth card defines the relative 
error parameter from Equation (7.84), EPSA; and the 
number of integration steps to be attempted by the 
aerosol solver to integrate the equations to the next 
specified time.

$ ESPA Max integration
$ Steps

l.e -6 10

A reasonable range for EPSA is 10'3 to 10'8. The 
model may not work satisfactorily when EPSA is too 
large or too small.

The sixth through eighth cards in AERODATA 
contain the effective shape factors of the aerosol 
material and the constants that appear in the models 
for agglomeration and deposition.

Card six allows the user to modify, in this order, the 
aerosol agglomeration collision shape factor, xc; the

Stokes mobility dynamic shape factor, and the 
sticking efficiency of the aerosol particles, es. Card 
seven should have the Cunningham slip factors, ka, 
kq, and kb, from Section 7.1.2. Card eight should 
have the thermophoretic deposition coefficients, cs, 
cm, and cf. See Section 7.1.4 for details.

$ Collision Dynamic Sticking 
$ Shape Shape Efficiency
$ Factors Factors

1.0 1.0 1.0
$ Cunningham Slip Correction 
$ Factors 
$ ka kq kb 

1.25 0.41 0.88 
$ Thermophoretic Deposition 
$ Coefficients 
$ cs cm ct

1.17 1.14 1.28

B .2 .9  N A M E L IST

Module NAMELIST has been added to VICTORIA to 
allow users to change variables that are infrequently 
changed.

As an example of the use of NAMELIST consider the 
volume of the U 0 2 grain that should be calculated as 
a part of the open pore equilibrium chemistry. The 
code uses an effective thickness of 50A if there is no 
grain chemistry. To change this value for all 
chemistry options the user would add the cards

$ namess 
fulthk =  1.0e-9 

$ end

Note that the "$" for comments in the input data is in 
column 1, whereas the "$" for the NAMELIST input 
is in column 2 .

The other variable available in the invariant input is

strthk The thickness of the structural surface layer 
that is considered in the equilibrium 
chemistry, default value =  5.0e-9m.
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B.2.10 Pause

Module Pause is the flag that initiates the initialization 
in VICTORIA, it is the last card of the invariant data. 
After initialization the card will only accept input 
from Section B.3, variant data.

B.3 Variant Data
The next six modules in VICTORIA, TDEPCTRL, 
T D E PFU E L , T D E PT R A N , T D EPC H EM , 
TDEPSTRU, and TDEPSRCE, hold data that will 
change during the course of the calculation. As in the 
previous modules with invariant data, each module is 
preceded by a keyword, and the data for that entire 
section is read as a group. An additional NAMELIST 
module is available for users who want to change a 
default value.

The modules may be placed in any order. The user 
may insert more than one copy of a single variant data 
module in VICTORIA, each copy having different 
data. VICTORIA will automatically use only the last 
module in the series.

The user may want to save a restart, change the time 
step, or try a different source term. All of these can 
be accomplished by reading the first set of conditions, 
inserting a COMPUTE card, then inserting the next 
set of conditions with another COMPUTE card. 
Section B.4.2 gives an example of how this is done. 
The final card is the END module Section B.3.9 
CARD that terminates execution.

B.3.1 TDEPCTRL

Module TDEPCTRL defines the

•  start and stop time of the calculation

• time step

• number of steps between print and graphic edits

• name of the restart file

The first card in TDEPCTRL sets the time variables 
of the initial starting time of the calculation, the time 
step, and the ending time of the calculation, in that 
order. In many cases the user will want time 0.0 to 
be the beginning of an experiment rather than the time

when the fuel bundle is first full of steam. Factors of 
2 to 5 in the time step do not appear to have 
substantial effects upon the result of a calculation.

$ Time Variables
$ start time time step end step 

0.0 1.0 50.0

When using the steady-state option, the time step 
should be about one-tenth of the final time value. The 
fuel irradiation history option for fuel characterization 
is input with the time-dependent fuel values in module 
B.3.3, TDEPFUEL. The constraints on the time step 
are discussed in Section 2.4

The second card in TDEPCTRL defines the number 
of steps between print edits (VICTORIA variable 
NSKIP), and the number of steps between graphic 
edits (VICTORIA variable NDUMP). This card also 
sets two flags: one is for the option of a reduced 
print file, the other is for the option of saving a restart 
file. The flag values are

•  "0 ," off

•  "1," on

VICTORIA'S developers recommend saving restart 
files.

Output control

print graphics reduced write 
control ; control ; ou tp u t; dump flag; 

100 1500 0  1

The third card in this module will define the name of 
the restart file. If the restart flag on the second card 
was set to "0," VICTORIA will skip this card.

$ Name of Restart File 
rst.dmp
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B.3.2 TDEPCHEM

The next card holds the parameters that set the 
maximum number of iterations allowed for any 
equilibrium chemistry calculation, the convergence 
criterion for the calculations, and the maximum 
number of the inner cyclic Newtonian iterations 
performed.

If the number of chemistry iterations is exceeded and 
convergence is not achieved, VICTORIA sends an 
error message to the output file. A reasonable range 
for the maximum number of iterations is 1Q0 to 300.

VICTORIA checks for convergence by the relative 
change of each of the variables during an equilibrium 
chemistry calculation. The value of the convergence 
criterion should be chosen so mass will be conserved 
to some desired accuracy. A rule-of-thumb is to 
choose the value so that

final time x convergence criterion)
time step J _j

is less than the fractional change in mass that is 
considered acceptable over the course of the 
calculation. A reasonable range would be 1,0e-6 to 
1.0e-9.

VICTORIA needs the limit on the number of cyclic 
Newtonian iterations performed before the foil 
Newton calculation is used, as discussed in Section
5.4.4. When counting the cyclic iterations, 
VICTORIA does not count those that resulted in an 
order of magnitude change in a species concentration- 
such changes are considered excessive and are reset. 
A reasonable range for the number of Newtonian 
iterations is 5 to 100.

$ Maximum Convergence Cyclic 
$ Iterations Criterion Newtonian 

200 l.e -8 20

The chemistry input also contains a mixing option. 
This option allows the user to determine the time 
dependent average diffusion coefficient, thermal 
conductivity, and viscosity. The options are 0, use

only steam, helium, and hydrogen as the mixture; 1, 
determine the average in die bulk gas; 2 , determine 
averages in foel open pores, gap, and bulk gas. Using 
the foil mixing option, 2, will degrade CPU 
performance by approximately 25% as compared with 
option 1.

$ MIXGAS 
1

B.3.3 TDEPFUEL

Module TDEPFUEL holds the time dependent foel 
rod parameters. These parameters are

•  the interpolation scheme

•  time values for the foel rod temperatures

•  foel rod temperatures for the centerline, surface, 
and rod cladding

•  cladding failure information

•  extra input for the TRAN option

The first card in TDEPFUEL allows the user to select 
the interpolation scheme used to determine the 
temperatures at various points within the foel rod.

•  "1," linear interpolation scheme (typical of 
decay heatings and shutdown sequences)

• "2," quadratic scheme (typical of nuclear 
heating sequences)

$ Fuel Temperature Interpolation Exponent 
1

The second card holds the number of time values used 
to describe the foel rod temperatures, VICTORIA 
variables ITVALS. ITVALS must be less than the 
parameter ITIME, which is set to 50 in VICTORIA 
Version 92.
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$ Time Intervals for Fuel Rod 
$ Temperatures 

4

The third card in TDEPFUEL holds the time value or 
values used for the fuel rod temperatures at each time 
interval. These are read left to right from the lowest 
time to the highest.

$ Time Values for Fuel Rod
$ Temperatures
$ time_l time_2 time_3 time_4

0. 360. 1459. 2250.

Following the time value card are three sets of cards 
that contain for each time point, axial level, and radial 
ring the (1) fuel rod centerline temperatures, (2) fuel 
pellet surface temperatures, and (3) cladding tempera
tures. Each temperature is in K and the temperatures 
are input for each cell in the pattern indicated by 
Figure B.4. Note that the temperature at all time 
values are input before proceeding to the next cell. 
The example below has four time values and one 
radial ring. Notice that levels 6 and 7 do not have 
fuel rods.

After the temperature arrays, a card holds the 
cladding failure information that controls the timing 
and the release rate of fission products into the coolant 
channel, as discussed in Section 3.4. First on the card 
should be the cladding failure temperature which is 
used for all the cells and when the cladding fails 
causes the cladding to become very porous. Next on 
the card is the cladding porosity when full oxidation 
is reached (this allows controlled release), and the last 
entry is the cladding melt temperature, which is used 
to remove all Zr from the problem, and releases Sn in 
proportion to the oxide thickness.

$ Cladding Failure Information 
$ failure temp cladding porosity, melting 
$ of cells full oxidation temp.

2125. 0.00001 2500

The next cards are only necessary if the mechanistic 
release option (IRODR = 2) was chosen for this

$ Fuel Rod Centerline Temperature Array
$ ring 1, axial levels 1-7
$ time 1 time 2 time 3 time 4

2044. 2480. 2480. 1697.
2065. 2505. 2505. 1714.
2003. 2430. 2430. 1663.
1900. 2305. 2305. 1577.
1755. 2129. 2129. 1457.
4*0.
4*0.

$
$ Fuel Pellet Surface Temperature Array 
$ ring 1, axial levels 1-7 
$ intrvl l intrvl_2 intrvl_3 intrvl_4

2044. 2480. 2480 1697
2065. 2505. 2505. 1714.
2003. 2430. 2430. 1663.
1900. 2305. 2305. 1577
1755. 2129. 2129. 1457.
4*0.
4*0. Si S
Cladding Temperature Array
ring 1, axial levels 1-7
time ,1 time 2 time 3 time 4
2044. 248a 248(1 1697.
2065. 2505 2505. 1714.
2003. 2430. 2430. 1663.
1900. 2305 2305. 1577.
1755. 2129. 2129. 1457.
4*0.
4*0.

calculation. The cards hold the fission power in kw/m 
for each cell. This information determines how the 
fission power varies in time, and allows the user to 
change the power in time when using TRAN to 
resolve steady-state values. Cells for which this data 
does not apply should contain ”0 .0" values.

$ Fission Power per Cell 
$ time l time_2 time_3 time_4 

4*8.321 
4*8.321 
4*8.321 
4*8.321 
4*8.321 
4*0.
4*0.
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B.3.4 TDEPSTRU

Module TDEPSTRU defines the time dependent 
temperature parameters for the bulk gas, structure 
surface, cell pressures, and fluid flow. TDEPSTRU 
contains

•  time intervals for calculation

•  time values for bulk gas temperatures

•  bulk gas temperatures

•  time values for structure surface temperatures

•  structure surface temperatures

•  time values for cell pressures

• cell pressures

•  time values for fluid flow velocities

•  fluid flow velocities for radial and axial flow

If the user has not already input the number of time 
intervals for the calculation in module TDEPFUEL, 
they must input them here. If the time values are 
already in TDEPFUEL, the TDEPSTRU data must 
use the same number of values as that of TDEPFUEL. 
The first card holds the number o f time values for the 
calculation. The second card holds the time values for 
the bulk gas temperatures.

$ Number df Time Intervals 
4

The basic form of TDEPSTRU is this: a card holding 
the time values for either bulk gas temperature, 
structure surface temperatures, cell pressures, or fluid 
flow velocities, followed by a set of cards that define 
the values for each of these parameters in each axial 
level and radial ring. The order of the data must be 
bulk gas temperature, structure surface temperature, 
cell pressure, and fluid flow velocity. Times are in s, 
temperatures in K, pressures in Pa, and velocities 
in m/s.

The axial flow velocities should not be such that a 
particle crosses a cell within a single time step and 
thus violates the Courant condition.

$ Time Values for Bulk Gas Temperatures 
$ time_l time_2 time 3 time_4 

0. 367. 1459. 2250.
$ Bulk Gas Temperatures by Time 
$ Interval, Axial Level, and Radial 
$ Ring
$ ring 1
$ time 1 time 2 time 3 time 4

1934. 2370. 2370. 15877
1955. 2395. 2395. 1604.
1893. 2320. 2320. 1553.
1790. 2195. 2195. 1467.
1645. 2019. 2019. 1347.
1645. 2019. 2019. 1347.
1645. 2019. 2019. 1347.

$
$ Time Values for Structure Surface 
S Temperatures
$ time l time 2 time_3 time_4 

0. 3677 1459. 2250.
$ Structure Surface Temperatures 
$ By Time Interval, Axial Level,
$ and Radial Ring 
$  ring 1
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$ intrvl 1 intrvl 2 intrvl 3 intrvl 4
1919. 2355. 2355. 1572.
1940. 2380. 2380. 1689.
1878. 2305. 2305. 1538.
1775. 2180. 2180. 1452.
1630. 2004. 2004. 1332.
1630. 2004. 2004. 1332.
1630. 2004. 2004. 1332.

$
$ Time Values for Cell Pressures
$ intrvl 1 intrvl 2 intrvl 3 intrvl 4

0 . 360. 1459. 2250.
$ Cell Pressures by Time Interval,
$ Axial Level, and Radial Ring 
$ ring 1, intervals 1-4 

4*1.5e5 
4*1.5e5 
4*1.5e5 
4*1.5e5 
4*1.5e5 
4*1.5e5 
4*1.5e5

$
$ Time Values for Fluid Flow 
$ Velocities
$ time_ 1 time_2 time 3 time 4

0. 367. 1459" 2250.
$ Radial Fluid Flow Velocities by 
$ Time Interval, Axial Level, and 
$ Radial Ring 
$ ring 1, times 1-4 

4*0.0 
4*0.0 
4*0.0 
4*0.0 
4*0.0 
4*0.0 
4*0.0

$
$ Axial Fluid Flow Velocities by 
$ Time Interval, Axial Level, and 
$ Radial Ring 
$r ing l ,  times 1-4 

4*0.25 
4*0.25 
4*0.25 
4*0.25 
4*0.25 
4*0.02172 
4*0.02172

B.3.5 TDEPSRCE

Module TDEPSRCE holds the time dependent vapor 
and aerosol source terms. TDEPSRCE contains the

•  time-dependent aerosol sources

• time-dependent vapor sources

•  aerosol and vapor source injection locations

The first three cards allow the user to enter a time- 
dependent aerosol source at a particular cell location. 
See Section 7.1.5 for a discussion of this 
implementation.

First, the user defines the number of aerosol sources

•  n,. number of sources

•  "0 ," no source

Typically there is only one source for aerosols.

The next card holds the number of time entries for the 
aerosol source table. The VICTORIA parameter 
LSTVAL limits this value to 20. The third card has 
the time values in s for the aerosol source.

$ Number o f Aerosol Sources 
1

$ Number of Time Values for 
$ Aerosol Source Table 

2
$ Time Entries for Aerosol Source 
$ Each Time Interval 
$ t i m e l  time_2 

0.0 1000.0

The next set of cards defines the condensed phase 
species used for the aerosol source, as well as the 
fluid cell into which the source will be placed. The 
first card sets the number of species. The VICTORIA 
parameter LSRCE limits this value to 20.
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$ Number of Species in Aerosol 
2

The next group of cards holds the aerosol species 
name; fraction of the source that is a particular 
species; and the axial level of the source input cell; 
and the radial ring of the source input cell. The 
condensed phase designation, "c," must appear in the 
species name, and the sums of the species fractions 
must be one to allow a successful execution of the 
code.

$ Aerosol Species and Source 
$ Fractions
$ species name fraction

Cslc 0.5
CsOHc 0.5

$ Fluid Cell of Aerosol Source 
$ axial level radial ring

7 1

The next two cards in TDEPSRCE determine the 
aerosol source rate, the geometric mass standard 
deviation (o), and mass mean radius (r50) of the 
source. These values will be used to determine the 
aerosol source mass distribution as defined in 
Equations (7.59) to (7.61).

The first card holds the source rates in kg/s 
corresponding to the time entries input previously. 
The second card holds the standard deviation and the 
mass median radius in m, in that order.

holds the number of entries in the vapor source time 
table. The VICTORIA parameter LFPTIM limits this 
value to 20.The third card has the transient times in s 
at which these species will be input into VICTORIA.

$ Number of Vapor Species
2 ■ '

$ Number of Entries in Vapor Source 
$ Source Time Table 

2
$ Times Entries for Vapor Source 
$ time 1 time 2

0.0 1000.0

The remaining cards in module TDEPSRCE hold the 
vapor species to be injected and the bulk gas cell they 
will be injected into. Each o f these entries consists of 
two cards: the first card has (in this order) the species 
name with phase ("g" for gaseous), the axial level, 
and the radial ring of the gas cell. The second card 
determines the source rates for the species. There 
will be two entries on this card, one for each time 
point. The source rates are in kg/s.

$ Vapor Species and Source Rates 
$ vapor axial radial
$ species level ring

Cslg 1 1
$ vapor species source rate for 
$ for each transient time 
$ time 1 time 2

1.88e-8 1.88e-8

$ Aerosol Source Rates and Size Distribution 
$ time 1 time 2 

1.88e-7 1.88e-7
$ sigma mass median radius

2.00 0.5e-7

The next set of cards determines a vapor species 
aerosol source input to a fluid cell volume versus 
time. In this way, additional vapor species can be 
added to the bulk gas flow. The cards are arranged 
similarly to those for the condensed phase species.

The first card of the set holds the number of vapor 
species that will be added. The VICTORIA parameter 
LFPMAS limits this value to 20. The second card

B.3.6 TDEPTRAN

Module TDEPTRAN contains the information for the 
mechanistic release of fission products (see 
Section 3.2). This data consists of the

•  Mechanistic noble gas release output every "n" 
time steps

•  grain growth and grain boundary sweeping 
option

•  micro-cracking option

•  fuel liquefaction and dissolution option
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• fuel oxidation option

•  steady state or transient option 

The status of an option is set by a flag as

•  "0 ," off

•  "1," on

For the liquifaction option the flags are

• "0," intact geometry

• "1," rubble

• "2," liquifaction

•  "3," molten fuel

$ Transient Fuel Model Options 
$ output grain micro liquifaction 
$ ffeq. growth crack.

500 0 0 1
$ oxidation steady state =  0  
$ transient =  1

0  0

If the liquifaction and dissolution option is on 
(liquifaction > 0), the state of the fuel must be input 
for each fluid cell. The state of the fuel in a cell is 
set by

•  "0 ," intact

•  "1," rubblized

The next two cards in TDEPTRAN define these 
values.

$ Fuel Physical State by Cell 
$ cells 1-7 

7*0

B.3.6.1 Rubble Bed Param eters

If the state of fuel cell has been input as a "1," 
rubblized material, additional parameters can be input 
to allow user control. They are the porosity of the

bed, the hydraulic radius of the bed, and the effective 
Lennard-Jones characteristic diameter for volatile 
release. These parameters are discussed in Section
8.1. The default values are indicated below.

Porosity hydraulic char.
radius(m) diameter (A)

0.25 3.0e‘7 4.055

B.3.6.2 Molten Pool Parameters

If the state of a fuel cell has been input as a "3" 
molten pool, additional parameters can be input to 
allow user control. They are: (1) the effective vapor 
pressure of the fission products, which controls the 
release rate and (2) the effective viscosity of the 
molten pool, which controls the bubble rise speed. 
Both parameters are discussed in Section 8.2.

$ Number of species partial pressure 
1

$ Species Pressure (Pa)
Csg 1.5e6

$ viscosity of the molten pool (Pa-s)
0.004

B.3.7 NAMELIST

Module NAMELIST is also available in the variant 
input to allow users to change data on restarts. 
Consider the three parameters used in the aerosol 
calculation to determine the zero's of a function. The 
variables are: MAXCELS, the maximum number of 
attempts to be made to locate the zero; ETA, the 
absolute tolerance on the value of a function whose 
zero is sought; and, ZETA which determines when 
bisection is used instead of quadratic interpolation. 
To change these values the user would add the cards:

$namets
m axcels= 60 ,e ta-1.0e-9,zeta=0.5 
$end

Note that the "$" for comments in the input data is in 
column 1 whereas the "$" used in the NAMELIST 
module is in Column 2.
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The current variables accessible by the NAMELIST
module in addition to the previous three are:

thresh Aerosol number density threshold, below this 
value there can be no aerosol, default value 
=  1.0el2.

lbflag Thermophoretic deposition flag. A value of 
1 resets this deposition to a constant value 
related to vblthk, default =  0.0, uses the 
current calculated value.

vblthk If lbflag is 1, then this value will be used in 
Equation (7.38) for the thermal boundary 
layer. A value of zero for vblthk sets the 
thermophoretic velocity to zero if lbflag is 1. 
If lbflag is 0, this value is calculated by the 
code, the default is 0.0.

betamn Fraction of the open porosity that is 
interconnected, default =  0.0001. The value 
was determined as 0.15% of the open 
porosity.

betafl Cladding surface interconnectedness at
failure, default =  1.0.

x35 Maximum value o f the fuel intercon
nectedness due to frothing, default =  0.35.

tfroth Temperature at which fuel foams, default = 
2200. Note that frothing requires a 
hydrogen atmosphere be present.

B.3.8 COMPUTE

Module COMPUTE is the flag that initiates a 
VICTORIA calculation. COMPUTE will cause the 
code to calculate the time range described in 
TDEPCTRL from VTIME to ENDTV. When this 
time interval is complete, the code will invoke the 
transient input scheme again, thus allowing the user to 
run several time intervals with one input deck.

B.3.9 END

Module END is also a flag, and a call to END will 
cause VICTORIA to stop. VICTORIA will print 
"END of Calculation" to verify that it has stopped 
executing.
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B.4 Sample Input Decks

Three sample input decks are provided here: the input 
deck for a simulation of the ST-1 experiment, a restart 
deck, and a steady state plus transient input deck.
The examples of input cards in Sections B .l to B.8 
are based on the ST-1 input deck. A complete deck 
requires both the invariant (B.4.1) and variant (B.4.2)

B .4.1 ST-1 In p u t D eck

$ Job Details 
$
$ Analyzes the first 50 seconds of the transient 
$ this corresponds to the point at which rod failure will occur 
$ note that we only examine the upper half of the bundle, ie. the 
$ irradiated 15cm. The mass flows and concentrations have been 
$ adjusted to correspond to the experiment (NUREG/CR-5345 10/91)
$ VICTORIA Time = 0.0 is experiment time = 8100.0 
$ TJH 3/92
$
$ --------------------
$ Computer Type :

'SDN SP1+'
$ Calculation Description :

'ST-1 Experimental Simulation'
$
$ Run Parameters
$ Steady-State ; Transient VICTORIA ; Restart
$  —    -    - ............................

0 1 0
$
$ Internal Sub-Module Selection
$  -----------
$ Chemistry Aerosols Convection Rod Release Decay Fuel Oxidation 

1 1 1 1 1  0
$
$ Geometrical Data
$ ----------------------------
$
$ General Cell Input Section 
$   ------------------------------
$ Axial ; Radial ; Fuel Radial ; Clad Radial 

7 1 2 1
$
$ Inner Radii (m)
7*0.0 
$ Outer Radii (m)
7*0.014386 
$ Cell Heights (m)
7*0.03048

$

data decks to execute successfully. The sample restart 
deck (B.4.3) requires that a successful execution has 
taken place and that a restart was saved on the data 
set, ST1RST.DATA. The steady state plus transient 
deck (8.4.4) would be placed between the invariant 
(B.4.1) and variant (B.4.2) decks with changes to 
cards 3 and 4 of the invariant data, to indicate the 
desire for a steady state and the use of the mechanistic 
release model.
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</>

</>
</>

</>
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**FUELDATA

Fuel Data
Pellet Diam. ; Gap Thick. / Clad Thick. / Helium Pressure / Frac. Theor. Dens. 

8.04-3 3.6e-4 5.70e-4 1.0e+5 0.931
$ Initial Clad Oxide Level 

0 . 0
$ Relative Surface Area of Fractures Compared with Outer Surface of Fuel 

5.
$ Humber of Fuel Rods per Radial Ring 
5*4 ,2*0

$
$ Permiabilities
$ Pore (radial,axial) Gap(radial,axial) Cladding Fuel Film 

2*1.0e-15, 2*1.Oe-12 1.0e-12 1.0e-12
$
$ Initial Fuel Grain Inventories and Diffusion Coefficients.
$ Note that these concentrations are different than those with VICTORIA-90 
$ These reflect the actual numbers from the ORIGEK calculation as well as 
$ the change In oxygen due to some species (Ce and Pu) not being Included 
$ In VICTORIA'S data.
$
$ Number of Elements In Inventory of Grain 

13
$
$ Element 

U
$ Dzero / Theta

0.0 , ,
$ Cone.

37.01 37.01
37.01 37.01
37.01 37.01
37.01 37.01
37.01 37.01 

$ Element
O

$ Dzero ; Theta
0.0 ,

$ Cone.
75.87 75.87
75.87 75.87
75.87 75.87
75.87 75.87
75.87 75.87
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Element
Cs
Dzero ; Theta
Cone.
0.2460 0.2460
0.2460 0.2460
0.2460 0.2460
0.2460 0.2460
0.2460 0.2460
Element

Ba
Dzero ; Theta
Cone. '
0.1670 0.1670
0.1670 0.1670
0.1670 0.1670
0.1670 0.1670
0.1670 0.1670
Element
I
Dzero ; Theta

/ ,
Cone.
0.0177 0.0177
0.0177 0.0177
0.0177 0.0177
0.0177 0.0177
0.0177 0.0177
Element
Sr
Dzero ; Theta

, /
Cone.
0.1420 0.1420
0.1420 0.1420
0.1420 0.1420
0.1420 0.1420
0.1420 0.1420
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$ Element 
Zr

$ Dzero ; Theta

$ Cone. 
0.5670 
0.5670 
0.5670 
0.5670 
0.5670 
Element 

Te 
Dzero ;

0.5670
0.5670
0.5670
0.5670
0.5670

Theta
Cone.
0.0380 0.0380 
0.0380 0.0380 
0.0380 0.0380 
0.0380 0.0380 
0.0380 0.0380 
Element 

Kr
Dzero ; Theta
Cone.
0.0640 0.0640 
0.0640 0.0640 
0.0640 0.0640 
0.0640 0.0640 
0.0640 0.0640 
Element 

Xe
Dzero ; Theta
Cone.
0.4830 0.4830 
0.4830 0.4830 
0.4830 0.4830 
0.4830 0.4830 
0.4830 0.4830 
Element 

Mo
Dzero ; Theta
Cone.
0.4540 0.4540 
0.4540 0.4540 
0.4540 0.4540 
0.4540 0.4540 
0.4540 0.4540
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$ Element 
Ru

$ Dzero ; Theta
$ Cone.

0.2260 0.2260 
0.2260 0.2260 
0.2260 0.2260 
0.2260 0.2260 
0.2260 0.2260 

$ Element 
Eu

$ Dzero ; Theta
$ Cone.

0.0093 0.0093 
0.0093 0.0093 
0.0093 0.0093 
0.0093 0.0093 
0.0093 0.0093

$
$ Grain Diameters 

2*1.Oe-5 
2*1.Oe-5 
2*1.Oe-5 
2*1.Oe-5 
2*1.Oe-5

$
*‘STRUDATA 
$
$ Bend Flags 
7*0

$ Settling Flags (note that -1.0 is for Ufcward Flow) 
7*-l.0 

$ Axial Cell Areas 
5*5.522e-4,2*6.502e-4 

$ Radial Flow Areas 
8 * 0 . 0
$ Hydraulic Diameters 
5*1.818e-2,2*2.877e-2 

$ Floor Area in Cell 
7*0.0

$ Wall Area in Cell 
7*2.756e-3 
$ Ceiling Area in Cell 
7*0.0
$ Structure Identification Flag 
7*0

$
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*‘CONTDATA
Continuity Input Section
Initial Condition Values (Species, Densities) 
Values reflect the Bulk Gas Temperature Array

0.0185, 0.0183, 0.0189, 0.02, 3*0.0218

•DECAY

Data for Pipe Heat-up Model

Idecay ; Amb. Temp. (K) ; Time After Scram (s) ; kg-U/kWt Power ; Struct. Fail. Temp.
2 300. 0. .000026 2400.

Heat-up Flags— one for each Axial Level 
15*0, 3*1 
Thicknesses of Pipe Walls (m)
18*0.005
Thermal Conductivity of the Insulation (W/m/K)
18*0.001
Thicknesses of the Insulation (m)
18*0.05

•AERODATA

Multi or Single Aerosols Component (use single or multi) 
'single'
Definition of Collocation Points

ncoll ; spacing
0 10.0

$
$ mlower ; mupper 

2 .Oe-92.0e-18
$
$ Element Number

2
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Tolerance Specification

eps / maxtrys
1.0e-6 10

Aerosol Physics Data

Collision Dynamic Sticking
Shape Factor Shape Factor Efficiency

1 . 0  1 . 0  1 . 0

Cunningham Correction Factor Coefficients 
ka kq kb
1.25 0.41 0.88

Brock Thermophoretic Deposition Coefficients 
cs cm ct
1.17 1.14 1.28
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B.4.2 Variant Input Deck

**TDEPCTRL
$ Time Step Control Input
$  ..............
$ Start Time ; Time Step ; End Time

0 . 0  1 . 0  8 6 . 0

Output Control
Print Control ? Graphics Control > Output Type ; Write Dump Flag 

100 25 0 1
File Name for Restart 

'stl.rst.data'
♦TDBPCHEM

Numerical Control Data
Max Chem. Iterations 7 Convergence Criterion 7 Max Non-limited Iterations 

200 l.e-8 20
$
$ Gas Mixing (0,1,2)

1
$
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</>
</>

</>
</>

</>
VICTORIA

**TDEPFUEL
Fuel Rod Thermal Input

Fuel Temperature Interpolation Parameter
1 . 0

Number of Time Values for Temperature Arrays
4

Time Values (s) for Fuel Temperatures 
0.,367.,1459.,2250.

Fuel Rod Temperature Arrays (time,cell) (K) 
Fuel Center-line
2000., 2430., 2470., 2070
2040., 2490., 2435., 2035
1980., 2345., 2350., 1900
I860., 2190., 2160., 1750
1720., 2060.,

4*0.0
4*0.0

2010., 1560

Fuel Surface
2000., 2430., 2470., 2070
2040., 2490., 2435., 2035
1980., 2345., 2350., 1900
I860., 2190., 2160., 1750
1720., 2060.,

4*0.0
4*0.0

2010., 1560

Cladding
2000., 2430., 2470., 2070
2040., 2490., 2435., 2035
1980., 2345., 2350., 1900
I860., 2190., 2160., 1750
1720., 2060., 2010., 1560

4*0.0
4*0.0

$
$ Cladding Failure Temperature (K)
2125.0

$
$ Cladding Porosity when Fully Oxidized 
0.05

$
$ Cladding Melt Temperature
2500.0

$
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••TDBPSTRU
Bulk Gas & Structure Thermalhydraulic Input
Time Values (s) for Gas Temperatures 

0.,367.,1459.,2250.
$ Gas Temperature Array (time,cell) (K)
1925..2225..2360..1975..
1925..2235..2350..1955.
1870..2185..2240..1798.
1730..2045..2055..1635.
1580..1910..1910..1460.
1580..1910..1910..1460.
1580..1910..1910..1460.

$
$ Structure Temperatures
$ Time Values (s) for Structure Temperatures 
0.,367.,1459.,2250.

$ Structure Temperature Arrays (time,cell) (K) 
$ Ceiling
1910..2210..2345..1960.
1910..2220..2335..1940.
1855..2170..2225..1785.
1715..2030..2040..1620.
1565..1895..1895..1445.
1565..1895..1895..1445.
1565..1895..1895..1445.

$ Wall
1910..2210..2345..1960.
1910..2220..2335..1940.
1855..2170..2225..1785.
1715..2030..2040..1620.
1565..1895..1895..1445.
1565..1895..1895..1445.
1565..1895..1895..1445.

$ Floor
1910..2210..2345..1960.
1910..2220..2335..1940.
1855..2170..2225..1785.
1715..2030..2040..1620.
1565..1895..1895..1445.
1565..1895..1895..1445.
1565..1895..1895..1445.

$
$ Time Values (s) for Gas Pressures 
0.0, 650.0, 900.0, 2250.

$ Bulk Gas Pressure Array (time,cell) Pascals 
2*1.5e5 2*1.9e5
2*1.5e5 2*1.9e5
2*1.5e5 2*1.9eS
2*1.5eS 2*1.9e5 
2*1.5e5 2*1.9e5
2*1.5e5 2*1.9e5
2*1.5e5 2*1.9e5

$
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VICTORIA

$ Time Values (s) for Fluid Velocities 
0.,367.,1459.,2250.

$ Outer Radial Interface Fluid Flow Velocities 
$ (time,cell) m/s 
28*0.
Upper Axial Interface Fluid Flow Velocities

(time,cell) m/s (reflect The Bulk Gas T, Mass Flow, 
Pressure And Flow Area)

0.1456, 0.178, 0.141, 0.094
0.1472 0.18 0.142 0.095
0.1425 0.174 0.138 0.092
0.1347 0.165 0.13 0.11
0.1238 0.152 0.12 0.08
0.1052 0.129 0.102 0.068
0.1052 0.129 0.102 0.068

•TDEPSRCE
Additional Bulk Gas Sources

Number of Aerosol Sources 
0

Number of Vapor Sources 
1

Number of Time Intervals for Source 
4

Time Intervals (sec)
0.0 367.0 1459.0 2250.0
Vapor Species, Axial Level Radial Ring 
H2g 1 1
Source Rate (kg/s)

4*1.50e-06
•NAM ELIST

modify froth temperature to only allow bottom 2 cells to release
$namets 
tfroth=2370.0 
$end

•COMPUTE
•END

End of the Input Data File
•A************************************
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B .4 .3  R e s ta r t  D eck

Input Deck for VICTORIA version 92
RESTART RESTART RESTART RESTART RESTART RESTART

Computer Type :
SDN SP1+'

Calculation Description :
ST-1 Experimental Simulation'

Run Parameters 
Steady-state ; Transient VICTORIA / Restart

O i l

Pile Name for Restart 
'stl.rst.data'

go through failure of clad
•TDEPCTRL

Time step control Input
Start Time / Time Step / End Time 

0.4 90.0
Output Control
Print Control / Graphics Control / Output Type / write Dump Flag 

250 200 0 1
$ File Name for Restart Saved at 100. s 
'stl.rstl.data'

$
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*‘COMPUTE
RESTART RESTART RESTART RESTART RESTART RESTART

go through release of remaining fission products

•TDEPCTRL
Time Step Control Input
Start Time ; Time Step ; End Time

1 . 0  1 0 0 0 . 0

Output Control
Print Control ; Graphics Control ; Output Type ; Write Dump Flag 

250 200 0 1
File Name for Restart Saved at 1000. s (new name)
'stl.rst2.data'

‘COMPUTE
‘END

End of the Restart Input Data File
ft*************************************************

B-37 NUREG/CR-5545



</>
</>

</>
</>

 
<»

<»
<»

<»
 

*<
/><

/> 
-W-

 <
/><

/> 
</> 

</>
</>

</>
</>

 
<»

<»
<»

<»
 

' <
/> 

'</
><

/>
</

><
/>

VICTORIA

B.4.4 Steady State Deck

Steady State Input Data

Computer Type :
SUN SP1+'
Calculation Description :

ST-1 Experimental Simulation'
Run Parameters 

Steady-state ; Transient VICTORIA ; Restart
1 1 0

Internal Sub-Module Selection
Chemistry Aerosols Convection Rod Release Decay Fuel Oxidation 

1 1 1  2 1 0

Rest of Information from The First Table of Input

•TDEPCNTLRL
Time Step Control Input
Start Time Time Step End Time
0.0 6.43e6 6.43e7

Output Control
Print Control Graphic Control Output Type write Dump Flag 

100 100 1 1 
$
$ Dumpfile Name 

'ST1_SS.DUMP'
$
$
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**TDBPTRAN
$
$ Output Grain Micro Liquifaction Oxidation Ste«dy State-0 
$ freq growth cracking Transient state-1

10 1 0 0 0 0

**TDEPFUEL
Fuel Thermal Input Note: Low Values Typical of Steady State

SS Fuel Temperature Interpolation Parameter
2 . 0

Number of Time Values for Temperature Arrays
2
Time Values (s) for Fuel Temperatures 
0., 6.43e7
Fuel Rod Temperature Arrays (time,cell) (K) 
Fuel Center-line
1494.0 1494.0
1615.0 1615.0
1553.0 1553.0
1450.0 1450.0
1305.0 1305.0

0.0 0.0
0.0 0.0

$
$ Fuel Surface

690.0 690.0
811.0 811.0
749.0 749.0
646.0 646.0
501.0 501.0

0.0 0.0
0.0 0.0

Cladding
690.0 690.0
811.0 811.0
749.0 749.0
646.0 646.0
501.0 501.0

0.0 0.0
0.0 0.0

$
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$ Cladding Failure Temperature (K)
2125.0

$
$ Cladding Porosity when Fully Oxidized 
0.05

$
$ Cladding Melt Temperature
2140.0

$
$ Steady State Fission Power per Cell (Kw/m)
8.321 8.321
8.321 8.321
8.321 8.321
8.321 8.321
8.321 8.321
0.0 0.0
0.0 0.0

•COMPUTE
Information from Second Table of Input would be placed here 
to continue the calculation using the steady State results
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B.5 Output File Description

Except for the echoing of the input data at the start of 
each run, all the printed and graphical output from 
VICTORIA is handled through a single routine, 
OUTVIKI. The user specifies in the input data how 
often the printed and the graphical output is to occur. 
Output will occur after a specific number of time steps 
have been calculated.

B.5.1 Input Edit

The VICTORIA code echoes each card to the printer 
as it is read. In addition, after reading the entire input 
deck, VICTORIA edits the data. Figure B.5 is an 
example of some of these edits occurring after the 
input has been read. The input routines also check for 
consistency within the data. If the data appears to be 
in error a message is sent to the main output device 
and the code continues processing data. After reading 
all the input data a message is sent to the main printer 
indicating that the user should correct the previous 
errors. The code stops the calculation and issues a 
final message to the console printer indicating which 
routine is in error. The most common error occurs 
when the code attempts to read a keyword, like 
**DECAY, as a number. This error occurs because 
the code has been given insufficient data in the 
previous keyword data block; the user should examine 
that block of data for the real error.

B.5.2 Transient Mass Balance

In addition to stored information for each species, it 
is often useful to have the current mass balance 
information for each element. At the beginning of a 
full edit, a routine, OUTBAL, calculates the mass of 
each element in each cell in the fuel grains, fuel 
pores, fuel-cladding gap, bulk gas, aerosol, and 
structure film. OUTBAL calculates for the entire 
problem the net amount of gas lost, aerosol lost, and 
the total amount of aerosol and vapor source for each 
element. OUTBAL then calculates the overall mass 
balance for each element.

B.5.3 Transient Printed Output

Routine OUTPNT controls the printed output. 
Between full prints, subroutine VIKI92 edits the time 
step control information. This allows the user to

monitor the stability of the calculation and to know 
which module may be having problems. The central 
processor unit (CPU) time necessary for the 
calculation is provided for each module. TTie columns 
output are: Step Number, Total Time, Time Step, 
Fuel Release CPU Time, Species Chemistry CPU 
Time, Bulk Gas Transport CPU Time, In-cell Aerosol 
Behavior CPU Time, Between Cell Aerosol Transport 
CPU Time, Decay Power CPU Time, and the time to 
initialize the boundary layer.

On a full edit, OUTPNT writes to the information 
below (and shown in Figures B.6 through B.8) for 
each cell.

At the start of the full edit the current input 
temperature conditions are displayed. These are 
followed by the species mass densities within the 
grains, pores, gap, clad, film, bulk gas, aerosol, and 
structure. After the speciation display the code gives 
the total vapor pressure and the mass removed from 
the calculation due to chemisorption effects. Also 
shown on Figure B.6 is part of the elemental mass 
distribution. This figure and the following two figures 
are abbreviations of the actual output, and are only 
meant to indicate the values being displayed.

Figure B.7 displays the information from the aerosol 
calculation. In particular the mass density of aerosol 
is shown for each bin, the deposition masses (note that 
the total mass on the surface also includes the effects 
of condensation and evaporation), rate of resuspension 
and deposition, the aerosol standard deviation and 
number concentration. The remaining section of 
Figure B.7 shows the calculated deposition rate for 
each bin size as well as the average deposition by 
cause.

Figure B.8 indicates the last type of output, 
information about all cells. It gives the mass 
distribution for each element and shows the current 
mass error in the balance/initial+ source column.

Routine OUTPNT does not print output directly. 
Instead, a separate routine, SCREEN, controls the 
print formatting. The OUTPNT routine calls 
SCREEN, which determines where on an imaginary 
screen a number or string of characters will be 
written. The screen is much larger than can possibly 
be printed, and is currently set at 500 characters wide 
by 256 lines long. When all the values have been
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VICTORIA 92 3/15/92
Calculations Performed on SDN SP1+
with 26 elements 288 species, of which 110 can be aerosols 
ST-1 experimental simulation
****** TRANIF 83, VICTORIA, Read dump Flag ******
ltrss - 0
ivk - 1
irstr » 0
•••*•• option Control Data ******
ichem - 1 laero - 1 lconvc - 1 irodr - 1 ldecay
****** Cell Data ******
Number of axial levels » 7
Number of radial rings * 1
Number of fuel nodes - 2
Number of clad nodes - 1
****** cell Geometrical Data ******
Inner radius of cell annulus-
0.0000E+00 0.00008+00 0.00-008*00 0.00008*00 0.00008*00
****** Cell Widths ******
Widths m Radial ring number - 1
Widths -
0.14398-01 0.14398-01 0.14398-01 0.14398-01 0.14398-01
****** Cell Heights ******
Heights »
0.30488-01 0.30488-01 0.30488-01 0.30488-01 0.30488-01
cell interfaces arei
0.0000 0.0305 0.0610 0.0914 0.1219 0.1524
••FDBLDATA

1 1oxful - 3

.00008*00 0.00008*00

.14398-01 0.14398-01

.30488-01 0.30488-01

.1829 0.2134

Figure B.5. Example of VICTORIA input edits.
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temperatures (K) and pressures (Pa) at time - 1.000E+03 s

1, fuel temp, fuel temp, clad temp, gas temp. gas press, film temp. strc. temp. cell. temp, wall temp.

2.480E+03 
2.5056+03 
2 .4306+03 
2.305E+03 
2.1296+03

2 .480E+03 
2.505E+03 
2.430E+03 
2.3056+03 
2.129E+03

2.480E+03 
2.5056+03 
2.4306+03 
2.3056+03 
2.1296+03

2.3706+03 
2.3956+03 
2.3206+03 
2.1956+03 
2.0196+03 
2.0196+03 
2.0196+03

1.9006+05 
1.9006+05 
1.9006+05
1.9 006+05
1.9 006+05 
1.9006+05 
1.9006+05

2.3556+03 
2.3806+03 
2.3 056+03 
2.180E+03 
2.0046+03 
2.0046+03 
2 .0096+03

2 .3556+03 
2 .3806+03 
2.3 056+03 
2 .1806+03 
2.004E+03 
2 .004E+03 
2.008E+03

2 .355E+03 
2 .380E+03 
2.305E+03 
2 .180E+03 
2.004B+03 
2.004E+03 
2 .008E+03

2 .355E+03
2.3 80E + 03
2.3 05E + 03 
2.180E+03 
2.004E+03 
2 .004E+03 
2 .0086+03

species densities (kg/m**3) at 1 - 1 j ■ 2 time - 1.000B+03 s

species grains 1 pores grains 2 pores gap clad film bulk gas aerosol

Cslc
Cslg
Csg
Gsc
BaOg
BaOc

4.8946-05
2.8956-03
8.9936-06
3.3836+00

1.1056-05
2.3286-06
1.4706-03
1.3116-03

4.8816-05
2.8876-03
6.9936-06
3.3836+00

1.0916-05 
2.2986-06 
1.463E-03 
1.3046-03

1.4356-08 
1.807E-06 
1.0256-03 
1.5286-06

2.6796-06
1.0426-03

3.5516-07
1.8446-04

1.599E-07 
1.8446-04

1.39 8E-16

3.0676-14

press. (Pa) 1.944E+05 1.9446+05 1.901E+05 1.9126+05 1.8576+05 1.7816+05

Cesium hydroxide chemlsorptlon 0.0006+00 (kg)
Tellurium chemlsorptlon In Zlrcaloy 9.1926-10 (kg)

element masses (kg) at 1 1 j 2 time - 1.0006+03 s

element grains pores gap clad film bulk gas aerosol structure total

Ba 1.3216-04 1.5786-10 7.3206-13 1.1996-12 2.2466-13 7.9515-13 8.2666-21 1.5516-13 1.3216-04
Cs 1.6936-08 1.1936-09 1.2016-09 2.1466-09 3.7106-10 1.3146-09 2.1716-19 2.5646-10 2.3166-08
H 1.2786-17 7.7266-09 2.0846-08 3.7036-08 3.5386-08 1.2546-07 1.4356-27 2.4486-08 2.2646-07
I 2.5296-12 3.1176-12 2.0986-12 3.7396-12 6.5096-13 2.3066-12 4.8246-22 4.4986-13 1.4446-11
Mo 2.3606-04 1.4906-05 1.3626-11 3.6436-14 6.1996-15 2.0486-14 2.3636-15 4.9846-15 2.5096-04
0 6.9956-03 6.9956-03

Figure B.5. Example of VICTORIA input edits (Continued).

floor temp.

2.355E+03 
2 .3806+03 
2 .3056+03 
2.1806+03 
2.004B+03 
2.0046+03 
2.008E+03

structure

1.5106-16
1.7066-07
1.8446-04
3.1016-14

1.780B+05
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>
aerosol densities (kg/m**3) at 1 - 1 j ■ 2 time - 1.0008+03 s

mass (kg) 2.OB-18 2.OB-17 2. OB-16 2.OB-15 2.OB-14 2.OB-13 2.OB-12 2.OB-11 2.0B-10 2.0B-09
radius (m) 4.3B-08 9.2B-08 2.0B-07 4.3B-07 9.2B-07 2.0E-06 4.3B-06 9.2B-06 2.0B-05 4.3B-05
Cslc 1.398E-16 1.162B-21 2.774B-27 1.127B-33 3.1888-46 4.896B-48 3.651B-55 3.003B-63 8.612B-72 8.566B-81
Csc 3.067B-14 2.549B-19 6.082B-25 2.471B-31 6.991B-44 1.074B-45 8.007B-53 6.585B-61 1.889B-69 1.879B-78
BaI2c 2.394B-22 1.990E-27 4.748B-33 1.929B-3 9 5.457B-52 8.381B-54 6.250B-61 5.140B-69 1.474B-77 1.466B-8 6
Bac 1.023B-15 8.507B-21 2.030B-26 8.247B-33 2.333B-45 3.5838-47 2.672B-54 2.198B-62 6.303B-71 6.269B-80
BaTec 2.836B-16 2.357B-21 5.625B-27 2.2858-33 6.465B-46 9.929B-48 7.405B-55 6. 090B-63 1.747B-71 1.737B-80

total 1.955B-09 1.625B-14 3.877B-20 1.57 5B-26 4.4568-39 6.844B-41 5.104B-4 8 4.197B-56 1.204B-64 1.197B-73

aerosol summary at 1 - 1 j - 2 time - 1.0008+03 s

total mass mass net mass geometric geometric particle
deposited mass (kg) on surface resusp. deposition median standard mean conc.

celling wall floor (kg) rate (kg/s) rate (kg/s) diameter deviation diameter (Zm**3)
Cslc 5.525B-16 2.080B-22 3.824B-23 2.4878-06 1.004E+00 7.865B-08 6.7986+01
Csc 6.344B-16 4.273B-20 8.307B-21 2.4878-06 1.004E+00 7.865B-08 1.477E+04
BaI2c 3.773B-23 4.061B-28 6.595B-29 2.487B-06 1.004B+00 7.865E-08 1.172B-04
Bac 1.742B-19 1.4658-21 2.768B-22 2.4878-06 1.004E+00 7.865B-08 4.9208+02
BaTec 1.452B-19 4.735B-22 7.688B-23 2.487B-06 1.004E + 00 7.865B-08 1.367E+02

total . 3.742B-13 . 3.284B-15 . 5.289B-16 2.487B-06 1.004B+00 7.865E-08 9.402E+08

deposition velocities (m/s) at 1 - 1 j - 2 time = 1.000E+03 s

mass (kg) 
radius (m)

laminar
turb
thermo
gravity

collocation points 
2.OB-16 2.0E-17
4.3B-08 

1.001E-04

3.549B-05

9.2E-08 

3.656B-05

7.771B-05

2.OB-16 
2.0B-07

1.734E-04

2.OB-15 
4.3E-07

2.OB-14 
9.2E-07

2.OB-13 
2.0B-06

2.OB-12 
4.3B-06

1.238B-03 
4.029B-04

1.145B-03 
1.017B-03

1.012E-03 
2.964E-03

8.253B-04 
1.033E-02

2.OB-11 
9.2B-06

1.352B-05 5.132B-06 2.055B-06 9.051B-07 4.487B-07 2.434B-07

5.907B-04 
4.123E-02

2.0B-10 
2.0B-05

1.387B-07

3 .733B-04 
1.773E-01

2.0E-09
4.3E-05

8.111E-08

2.241E-04 
7.924E-01

bend(/s)

Figure B.5. Example of VICTORIA input edits (Continued).
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element maeeee (kg) In all celle at time - 1.000B+03 s

element gralne pores gap clad film control bulk gas aerosol structure total
Ba 6.6078-04 1.015B-09 2.972E-12 4.534B-12 1.298E-12 . 1.087E-11 4.7518-17 1.367B-12 6.607B-04
Cs 3.893E-06 1.043E-05 1.792E-08 3.144B-08 5.434E-09 . 7.004E-08 1.937E-16 7.550E-09 1.446B-05
H 3.487B-17 3.836E-08 1.0838-07 1.9048-07 1.8638-07 . 1.4108-06 8.0948-24 1.8498-07 2.1188-06
I 2.6868-09 1.5128-09 3.1728-11 5.5228-11 9.6138-12 1.2528-10 2.1268-18 1.3458-11 4.4348-09
Mo 1.1808-03 7.4438-05 4.4118-11 1.1578-13 2.586E-14 . 5.4598-14 2.1108-13 7.0918-12 1.2558-03
0 3.4988-02 . . . . . . . .  3.4988-02

element masses (kg) In all cells at time - 1.000B+03 s

element lost gas gas see lost aero aero see Initial balance bal/init+sce 
Ba 2.1018-09 . 2.3928-14 . 6.6078-04 -1.3568-16 0.000000
Cs 9.2768-04 . 1.070B-11 . 9.4208-04 2.0018-12 0.000000
H 3.7488-04 3.7508-04 1.5888-21 . 1.8728-06 -3.2678-18 0.000000
1 6.4718-05 . 3.0088-13 . 6.4728-05 2.2558-17 0.000000
Mo 8.6778-12 . 4.3398-11 . 1.2558-03 -4.7708-18 0.000000
O . . . .  3.4988-02 -1.0208-15 0.000000

Figure B.5. Example of VICTORIA input edits (Concluded).
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temperatures (K) and pressures (Pa) at time - 1.000B+03 s

i, jj fuel temp. fuel temp. clad temp. gas temp. gas press. film temp. strc. temp. cell. temp. wall temp. floor temp
1 2.4538+03 2.4S3B+03 2.453B+03 2.303B+03 1.9008+05 2.288B+03 2.2888*03 2.2888+03 2.2888+03 2.2888+03
2 2.458B+03 2.458B+03 2.458B+03 2.302B+03 1.900B+05 2.287B+03 2.2878*03 2.2878+03 2.2878+03 2.2878+03
3 2.348B+03 2.348B+03 2.348B+03 2.217B+03 1.9008*05 2.202B+03 2.202B+03 2.2028+03 2.2028+03 2.2028+03
4 2.173B+03 2.173B+03 2.173B+03 2.051B+03 1.900B+0S 2.036B+03 2.0368+03 2.0368+03 2.0368+03 2.0368+03
5 2.031B+03 2.0318+03 2.031B+03 1.910B+03 1.900B+0S 1.895B+03 1.8958+03 1.8958+03 1.8958+03 1.8958+03
6 1.910B+03 1.900B+05 1.8958*03 1.8958+03 1.8958+03 1.8958+03 1.8958+03
7 1.910B+03 1.900B+05 1.8998*03 1.8988+03 1.8988+03 1.8988+03 1.8988+03

species densities (kg/m**3) at i - 1 j ■ 1 time . 1.000B+03 s
species grains 1 pores 1 grains 2 pores 2 gap clad 1 film bulk gas aerosol structure
Cslc 2.1438-03 . 2.1408-03 1.2248-06 . 6.7268-16 7.3108-16
Cslg . 1.1558-04 1.1538-04 1.5178-04 1.2338-04 2.2358-06 7.0548-07 7.5338-07
CsOBc . 8.8858-05 8.7088-05 5.8478-09 3.9278-20 3.6768-19
csOHg . 3.1068-05 3.0448-05 4.7018-06 1.3478-05 2.088B-07 2.3928-10 2.1828-09
Csg 1.3268-03 1.3688-02 1.2958-03 1.3418-02 6.8768-03 6.4128-03 1.3048-04 1.2998-04 1.2998-04
Cs20g . 9.5368-10 9.1638-10 7.2508-11 5.1888-09 5.6928-11 6.4198-17 5.7988-16
Cs202H2g . 7.3898-14 7.0978-14 1.6938-15 1.0918-12 1.1548-14 7.0218-24 6.1458-22
Csc 8.0868-02 4.8168-02 7.9028-02 4.7218-02 1.0528-05 2.3188-14 2.3478-14
CsOg 2.7368-06 2.1478-08 2.6748-06 2.1058-08 3.2488-09 5.6708-09 1.0668-10 6.7118-14 5.5308-13
Cs2g . 1.5218-06 . 1.4628-06 3.8428-07 6.9238-06 7.7178-08 1.501B-10 1.5168-10
CsHg . 1.2798-04 . 1.2548-04 6.4348-05 5.7588-05 1.1898-06 1.025B-06 1.007B-06
Cs2Tec • 2.7358-03 • 2.6458-03 1.8378-10 • • 1.0778-21 1.3158-21
press. (Pa) 1.8758+05 1.8758+05 1.8128+05 1.8168+05 1.7708+05 1.6678+05 1.6678+05

Cesium hydroxide chemisorption 0.0008+00 (kg)
Tellurium chemisorption in Zircaloy 5.1248-06 (kg)

element masses (kg) at i > 1 j ■ 1 time ■ 1.000B+03 s

element grains pores gap clad film bulk gas aerosol structure total
Ba 1.3218-04 1.1438-09 3.1758-12 2.7268-13 7.1988-15 2.5168-14 2.9978-22 4.9098-15 1.3218-04
Cs 4.6558-07 2.7398-08 1.0688-08 1.3348-08 2.6488-10 9.2698-10 1.6628-19 1.808B-10 5.1818-07
H 5.7728-18 7.4618-09 2.0258-08 3.5768-08 3.4558-08 1.2258-07 1.9548-27 2.3908-08 2.205B-07
I 1.5188-11 4.7208-10 9.6648-11 1.2978-10 2.5158-12 8.8038-12 2.3208-21 1.7188-12 7.2498-10
0 6.9748-03 2.1968-05 3.5608-08 2.2828-08 1.2718-12 5.6338-13 8.7848-18 8.6668-13 6.9968-03
Ru 1.2248-04 9.2378-06 7.7628-12 2.0478-14 5.4188-16 1.7738-15 1.300B-16 4.1238-16 1.3178-04
Sn 7.9758-17 1.0438-10 2.9638-13 2.1358-04 2.0878-09 1.7288-14 7.0508-21 3.3718-15 2.1358-04
Sr 7.1688-05 7.3128-10 3.6698-12 2.5118-13 6.5908-15 2.3048-14 3.0678-23 4.4968-15 7.1688-05
Te 1.4338-05 1.0388-06 2.4398-11 5.1328-06 9.9268-13 3.4648-12 1.7778-20 6.7558-13 2.0508-05
0 5.061B-02 1.6358-04 6.5108-09 2.1838-11 5.8048-13 2.0258-12 3.6838-15 3.9658-13 5.0778-02

Figure B.6. Sample problem Cs species densities and masses.
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aerosol densities (kg/m**3) at 1 « 1 j * 1 time ■ 1.000B+03 ■

mass (kg) 2.08-18 2.08-17 2.08-16 2.08-15 2.08-14 2.08-13 2.08-12 2.08-11 2.0B-10 2.08-09
radius (m) 3.68-08 7.98-08 1.78-07 3.68-07 7.98-07 1.78-06 3.68-06 7.98-06 1.78-05 3.68-05

Cslc 6.7268-16 7.8568-22 1.1788-27 1.9228-46 5.2178-48 1.0868-47 3.2648-55 2.9918-63 8.6328-72 8.2808-81
CsOHc 3.9278-20 4.5878-26 6.8778-32 1.1228-50 3.0468-52 6.3448-52 1.9068-59 1.7468-67 5.0408-76 4.8348-85
Csc 2.3188-14 2.7088-20 4.0608-26 6.6258-45 1.7988-46 3.7458-46 1.1258-53 1.0318-61 2.9758-70 2.8548-79
Cs20c 4.2328-31 4.9438-37 7.4118-43 1.2098-61 3.2838-63 6.8368-63 2.0548-70 1.8828-78 5.4318-87 5.2108-96
Cs2Zr03c 1.8388-21 2.1478-27 3.2188-33 5.2528-52 1.4258-53 2.9698-53 8.9188-61 8.1728-69 2.3588-77 2.2628-86
Cs2Zr205c 1.9658-23 2.2968-29 3.4428-35 5.6178-54 1.5258-55 3.1758-55 9.5388-63 8.7408-71 2.5228-79 2.4208-88
Cs2Zr307c 4.7998-26 5.6058-32 8.4038-38 1.3718-56 3.7228-58 7.7528-58 2.3298-65 2.1348-73 6.1588-82 5.9078-91
Cs2Tec 1.0778-21 1.2588-27 1.8858-33 3.0778-52 8.3528-54 1.7398-53 5.2258-61 4.7888-69 1.3828-77 1.32SB-86

total 2.2028-09 2.5728-15 3.8568-21 6.2938-40 1.7088-41 3.5578-41 1.0698-48 9.7928-57 2.8268-65 2.7118-74

aerosol summary at 1 1 i 1 time - 1.000B+03 a

total mass mass net mass geometric geometric particle
deposited mass (kg) on surface reeuep. deposition median standard mean conc.

ceiling wall floor (kg) rate (kg/s) rate (kg/s) diameter deviation diameter (/m**3)
cslc 2.0928-16 1.007B-21 3.1328-22 7.3688-08 1.0038*00 7.3688-08 3.1658+02
CsOBc 1.1098-19 5.0658-25 1.8248-26 7.3688-08 1.0038+00 7.3688-08 1.8448-02
Csc 2.1868-16 3.2348-20 1.0758-20 7.3688-08 1.0038+00 7.3688-08 1.0878+04
Cs20c 1.6568-28 5.7808-36 1.9738-37 7.3688-08 1.003B+00 7.3688-08 1.9948-13
Cs2Zr03c 1.3518-17 5.8198-25 8.6008-28 7.3688-08 1.003B+00 7.3688-08 8.6938-04
Cs2Zr205c 8.2558-18 1.4148-25 9.2318-30 7.3688-08 1.0038+00 7.3688-08 9.3308-06
Cs2Zr307c 1.7468-18 7.8218-27 2.2628-32 7.3688-08 1.003B+00 7.3688-08 2.2868-08
Cs2Tac 7.3138-22 1.8128-27 • 5.0208-28 7.3688-08 1.003B+00 7.3688-08 5.0748-04

total 5.7488-13 1.1278-15 1.0178-15 7.3688-08 1.003B+00 7.3688-08 1.0288+09

deposition velocities (m/s) it 1 a 1 j ■ 1 time ■ 1.Q00B+03 s

collocation points 
mass (kg) 2.OB-18 2.OB-17
radius (m) 3.6B-08 7.9B-08

6.3348-05laminar
turb
thermo
gravity

1.7358-04

2.OB-16 
1.78-07

4.2 03B-05 9.191B-05 2.04SB-04

2.OB-15 
3.6B-07

2.OB-14 
7.98-07

2.OB-13 
'1.78-06

2.OB-12 
3.68-06

2.08-11
7.9B-06

2.0B-10 
1.7B-05

1.367B-03 
4.7258-04

1.270B-03
1.179B-03

1.1288-03 
3.3778-03

9.3038-04
1.1568-02

6.7588-04
4.5658-02

2.0B-09
3.68-05

2.3368-05 8.8228-06 3.5038-06 1.5248-06 7.4638-07 4.0188-07 2.2818-07 1.3318-07

4.3148-04
1.9518-01

2.5938-04
8.6968-01

bend(/s)

Figure B.7. Sample problem Cs aerosol densities.
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element maeeee (kg) In all cells at time ■ 1.000B+03 e

element grains pores gap clad film
Ba 6.607B-04 5.014B-09 2.548B-11 7.385B-13 7.009B-14
CS 4.223B-0S 6.044B-05 4.892B-07 1.15IB-07 7.9968-09
H 1.7418-17 3.290B-08 1.036B-07 1.456B-07 1.830B-07
I 7.224B-08 2.167B-07 5.010B-09 1.238B-09 8.3148-11
Mo 1.180B-03 7.4858-05 3.676B-10 1.64SB-14 1.411B-1S
0 3.487B-02 1.099B-04 1.994B-07 3.17SB-07 1.8058-11
RU 6.1268-04 4.579B-05 2.093B-11 5.081S-14 4.524B-15
8n 2.780B-16 1.271B-09 6.S93B-12 1.067B-03 1.044B-08
Sr 3.584B-04 2.216B-09 2.244B-11 6.677B-13 6.408B-14
Te 7.465B-05 3.319B-05 7.876B-11 1.924B-05 8.807B-12
V 2.530B-01 8.17SB-04 1.761B-08 5.450B-11 5.057B-12
Zr 1.490B-03 2.566B-09 5.118B-07 6.564B-02 6.419B-07

Sb . .
Bu 4.073B-0S 1.294B-11 5.409B-12 8.104B-12 7.427B-13
Kr 7.081B-07 1.195B-08 1.259B-08 3.082B-09 2.0748-10
Xe 8.383B-06 1.418B-07 1.493B-07 3.646B-08 2.452B-09
He 2.495B-09 3.750B-11 4.065B-11 1.126B-11 7.843B-13
AT . . . .

control

ST-1 experimental simulation

bulk gas aerosol structure total
5.809B-13 1.8508-15 1.607B-13 6.6078-04
8.1998-08 3.2208-14 9.5238-09 1.0348-04
1.399B-06 8.5268-22 1.8278-07 2.0478-06
8.7458-10 6.5498-17 1.0068-10 2.9628-07
1.7338-15 1.0848-14 8.5678-12 1.2558-03
1.038B-10 6.1158-12 3.7608-10 3.4988-02
7.9308-15 3.0758-14 2.1388-12 6.5838-04
6.2598-13 4.6208-17 8.0328-14 1.0678-03
5.2718-13 1.6628-15 1.4528-13 3.5848-04
6.4808-09 6.908B-1S 4.8838-10 1.2718-04
1.3348-11 2.8288-11 1.9758-09 2.5398-01
2.4308-12 7.1388-12 2.6288-10 6.7138-02

6.3148-12 4.3018-27 7.8778-13 4.0738-05
2.1788-09 2.S08B-10 7.3838-07
2.5768-08 2.9658-09 8.7418-06
8.0408-12 9.3418-13 2.5948-09

VICTORIA 92 3/15/92
Fri Aug 7 06t04>32 1992 page 919

element masses (kg) in all cells at time ■ 1.0008*03 s

element lost gas gas see lost aero aero see initial balance bal/init+sc«
Ba 4.2478-10 1.2518-12 6.6078-04 -3.8998-15 0.000000
Cs 8.3868-04 1.1268-10 9.4208-04 -2.7988-13 0.000000
H 1.5008-03 1.5008-03 2.3978-17 1.8718-06 -1.3518-14 0.000000
I 6.4428-05 4.7198-13 6.4728-05 -3.1178-19 0.000000
MO 7.2748-11 7.2408-11 1.25SB-03 -9.6828-16 0.000000
0 2.2898-06 2.2788-09 3.4998-02 -9.2298-16 0.000000
RU 1.7398-11 1.4138-11 6.5838-04 -8.0888-17 0.000000
sn 7.1508-09 1.5138-13 1.067B-03 -4.9878-18 0.000000
sr 2.2588-10 6.8898-13 3.5848-04 4.0128-18 0.000000
Ts 1.2638-OS 3.4158-12 1.3978-04 -2.2508-18 0.000000
0 1.9868-08 1.2768-08 2.5398-01 -3.7198-15 0.000000
zr 2.1118-09 1.6098-09 6.7138-02 2.7768-17 0.000000

Sb
BU 5.4718-09 1.1678-24 4.0738-05
Kr 1.5388-04 1.5458-04 4.4188-18 0.000000
Xe 1.8198-03 1.8278-03 2.6898-17 0.000000
He 1.2698-06 . 1.2718-06 5.2948-20 0.000000
Ar . . . .

Figure B.8. Sample problem total elemental masses.
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written to the screen, the screen is printed in sections 
of suitable sizes, which are currently limited to 132 
characters in width. This produces clear, readable 
output with a minimum of wasted paper.

Routine SCREEN has several entry point locations to 
perform these tasks:

•  SCRFP - used to indicate that a real number 
will be printed at a particular location. 
Optionally, a dot can be printed if the input 
value is zero.

• SCRINT - similar to SCRFP and used to 
indicate that an integer will be printed.

• SCRCHR - used to indicate that a character 
string will be printed at a particular location.

•  PRELUD - used to indicate those parts of the 
imaginary screen that are to be reprinted if the 
screen has to be split in two or more sections 
for printing.

• SCREEN - used to indicate that the imaginary 
screen will be printed. After printing, the 
screen is cleared.

B.5.4 Error Messages and Problems

In addition to the error messages it produces while 
processing input, VICTORIA also produces messages 
warning of potential problems and indicates substantial 
problems. Under the guise of warning messages are 
edits of correlational limits and recalculations within 
a time step. These messages are only warnings and 
are typically sent to the NTTY file along with the 
step-by-step edit of computer use. Substantial errors 
are usually sent to the main output file, NOUTV. 
These errors indicate a problem with either the input 
or the solution space. Substantial errors are usually 
preceded by excessive computer use, as we have 
attempted to make the code robust. Typical problems 
that have been observed are:

• Mass is not conserved or the code cannot 
compute friction factors. Such problems are 
usually caused by a lack of the dominant species 
in the bulk flow; i.e. the steam or hydrogen has 
been removed from a cell. Mass removal is 
typically due to the inconsistent combination of

input pressures, temperatures, and interfacial 
velocities.

• Chemistry fails (error message may mention 
"failure," "retry with liquid fraction," "SPOFS 
error," or all of these). This error will evolve 
into a mass conservation problem if the 
calculation is continued. Many times the mass 
balance is acceptable and the results are good. 
The chemistry solution problem is due to either 
assuming a dominant species when there is an 
off-diagonal oxide that must be satisfied, or else 
assuming that there was no condensed phase at 
the start of the step. A close examination of the 
species involved may indicate that the input 
vapor species should have been an input aerosol 
species or that a fission product, (such as Zr) is 
controlling the uranium chemistry and the user 
doesn't need to track its behavior.

• Few aerosols are formed or the code calculates 
excessive condensation. This error will occur 
when the user has chosen a time step that forces 
the species to traverse more than one cell in a 
time step which does not allow time for the 
speciation (condensation/evaporation) to occur 
at the proper location.

•  Excessive time spent on the chemistry 
calculation. Verify that the input does not cause 
large temperature gradients, large temperature 
changes in time, or has temperatures below 
500 K. If the input has these, then reduce the 
length • of a node, reduce the time step, or 
increase the temperature, respectively.

•  The aerosol solution gives an error such as 
IDID=-4. In these cases, the input was incor
rectly specified. Typically the convergence 
criteria was either non-existent or too stringent.

If the user corrects a problem that we are unaware of, 
or is unable to correct a problem please send the 
appropriate information to Sandia. Appendix D is a 
sample VICTORIA Problem Report sheet that may be 
copied.

B.6 Graphics File Description

VICTORIA can also produce an unformatted dump for 
subsequent graphical output. This dump was designed
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for use with the TRAGIC graphics package, a local 
WINFRITH code package. The data written to the 
graphics file is similar to that which is printed out, but 
with some additional variables.

There is a nine item array written to the graphics file 
for each variable; the array tells the code the limits of 
the variables. The array pattern for each variable is:

1. SPEC - species number

2. ELEM - element number

3. COMP - vapor species number

4. AERO - aerosol species number

5. SECT - aerosol section

6. NODE - fuel rod node

7. FNODE - fuel pellet node

8. J - axial node

9. I - radial node

NODE and FNODE are both included, because some 
variables have values for each node in the fuel and the 
clad, while others have values only for each fuel 
node.

Individual values of the SPEC dimension are given 
names (for example CsOHg, CsOHc), as are values of 
the ELEM dimension (for example Cs). COMP and 
AERO values are given names that consist of the 
corresponding species name with the final "g" or "c" 
replaced by "V" or "A," respectively. However, the 
Boron aerosol is called BAE to avoid conflict with the 
element Barium, Ba.

Individual values of the Node dimension are also 
given values (for example FUEL1, FUEL2, GAP, 
CLAD). A list o f all variables on the graphics file is 
given in Table B.2. Several examples, using the 
standard problem input from Section B .4.1 and B.4.2. 
VICTORIA 92, are displayed graphically in 
Figures B.9 and B. 12.
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Table B.2 
Graphics output variables

VICTORIA

Variable Description

TIME Time(s)
VOLUME Cell Volume (m )
STRCAREA Structure surface area in cell (m2)
NODEVOL Fuel node volume (m )
CRDVOL Control rod film volume (m3)
ALPHA Fuel porosity
GRAIN Species density in grains (kg/nt3)
PORE Species density in pores (kg/m )
GASDEN Gas density in bulk gas (kg/m3)
CONTROL Control rod film density (kg/m3)
STRUCT Structure density (kg/m3)
GASLOST Gas lost through exit (kg)
XMAS Mass at collocation points (kg)
RADIUS Size at collocation points (m)

From the Aerosol calculation (aerosol dependent)

AERODEN Aerosol density (kg/m3)
CEILING Ceiling deposition (kg)
WALL Wall deposition (kg)
FLOOR Floor deposition (kg)
AMMDAL Overall mass median diameter (m)
MMD Mass median diameter (m)
G50AL Overall geometric mean diameter (m)
G50 Geometric mean diameter (m)
GEOSDAL Overall geometric standard deviation
GEOSD Geometric standard deviation
DEPRAT Mass deposition rate (kg/s)
AEROLOST Aerosol lost through exit (kg)
SOURCE Aerosol source (kg)

From the Chemistry calculation (by element)

CLGRAIN Mass in grains for each cell (kg)
CLPORE Mass in pores (kg)
CLGAP Mass in gap (kg)
CLCLAD Mass in clad (kg)
CLFILM Mass in film (kg)
CLFILMCR Mass in control rod film (kg)
CLGAS Mass in bulk gas (kg)
CLAERO Mass in aerosols (kg)
CLSTRUCT Mass on structures
ELGRAIN Total mass in grains for all cells (kg)
ELPORE Total mass in pores (kg)
ELGAP Total mass in gap (kg)
ELCLAD Total mass in clad (kg)
ELFILM Total mass in film (kg)
ELFILMCR Total mass in control rod film (kg)
ELGAS Total mass in bulk gas (kg)
ELAERO Total mass in aerosols (kg)
ELSTRUCT Total mass on structures (kg)
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Table B.2 
Graphics output variables (concluded)

Variable Description

From the Chemistry calculation (by element) (Concluded)

ELOSTGAS Total mass lost as gas (kg)
ELGASSRC Total mass source of gas (kg)
ELOSTAER Total mass lost as aerosol (kg)
ELAERSRC Total mass source of aerosol (kg)
EINITIAL Total initial mass for all cells (kg)
ELBALANC Mass balance for all cells (kg)
ELFRBLNC Mass balance/total initial mass 

From the Aerosol calculation (by collocation point)

VLAM Laminar deposition velocity (m/s)
VTURB Turbulent deposition velocity (m/s)
VTHRM Thermophoretic deposition velocity (m/s)
VGRAV Gravitational deposition velocity (m/s)
AVLAM Average laminar deposition velocity (m/s)
AVTURB Average turbulent deposition velocity (m/s)
AVTHRM Average thermophoretic deposition velocity 

(m/s)
AVGRAV Average gravitational deposition velocity (m/s)
BNDRAT Bend deposition rate (/s)
AVBEND Average bend deposition rate (/m)
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Figure B.9. Sample problem fission product release fraction versus time.
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Figure B.10. Sample problem exit aerosol particle concentration versus time. 
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Figure B . l l .  Sample problem shroud surface layer deposits versus time.
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References for Appendix B
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APPENDIX C: Subroutine Glossary and Flow Charts

The subroutines in VICTORIA are listed below, with 
short descriptions of their functions. Following the 
listing are flowcharts of the subroutine calls.

ARODEN - Calculates the moments of the discretized 
number density distribution using the trapezium rule.

ARODEP - Calculates the particle deposition rates at 
the collocation points. The deposition rates for 
gravity, Brownian diffusion, and thermophoresis are 
identical to those used in MAEROS. Deposition due 
to turbulent diffusion, turbulent impaction, and 
diffusiophoresis have also been included. The 
diffusiophoresis formula is taken from a later version 
of MAEROS which includes this mechanism and is no 
longer input by the user. The particle radius, mass, 
and mobility at the collocation points are assumed to 
have been previously calculated. Deposition rates 
onto floors, walls and ceilings are kept separate to 
enable the mass deposited onto the three surfaces to be 
separately integrated.

AROFE - Calculates the value of one element from a 
choice of several finite elements at ARG. The 
elements calculated are centered with respect to 
ARG=0, are symmetric, and have unit spacing. ARG 
is therefore scaled by the collocation interval (the 
points are equally spaced) and translated, assuming the 
argument to be mass; i.e. for the k-th element, the 
transformation: x =  (loge(m) - loge(mO))/dlogem - k 
is done. The transformation is not done when k =  0.

AROFLO - Determines flow properties needed to 
calculate deposition velocities and agglomeration rates.

AROFRC - Calculates the Fanning friction factor for 
a cylindrical pipe with arbitrary roughness.

AROGLM - Calculates the agglomeration rates of the 
particles due to Brownian motion, gravity and 
turbulence at all combinations of the collocation 
points.

AROINT - Calculates the integral of the k-th finite 
element up to ARG, where ARG is ln(mass). ARG is 
scaled by the collocation interval and translated so that 
the element is centered about zero. The elements are

symmetric and have a total integral of unity so only 
the integral from zero up to the absolute value o f the 
scaled argument is calculated. These integrals are 
calculated from analytic formulae since they may have 
to be done many times.

AROLIF - Calculates the particle resuspension rates at 
the collocation points. The model used is based on an 
empirical relation derived from the ORNL/ART 
Series 2 results. The correlation accounts for time 
and bulk flow velocity dependence, but effects of 
aerosol type, size, deposit thickness, shape, and other 
factors have riot been included.

AROMAS - Calculates the cumulative mass density of 
the discretized distribution up to x, and subtracts half 
the total mass density. The result is zero when x is 
x50. x is log(mass).

AROMOB - Calculates particle mobilities at the 
collocation points.

AROMOM - Called by ARODENS to perform part of 
the number density distribution calculations. This 
subroutine calculates moments of the discretized 
number density distribution using the trapezium rule.

AROPRP - Estimates the physical properties of the 
aerosol mixture needed for aerosol calculations.

ARORHS - Calculates dz/dt arising from the 
agglomeration, deposition, source, and leak terms on 
the right-hand-side of the discretized equations. The 
dependent variable of the aerosol equation is chosen to 
be the number density times mass. This quantity is 
better suited to numerical quadrature. The mass 
deposited on floors is integrated in z(ncoll+ l), the 
mass deposited on walls is integrated in z(ncoll+2), 
the mass deposited on ceilings is integrated in 
z(ncoll+3), the source mass is integrated in 
z(ncoll+4), and the leaked mass is integrated in 
z(ncoll+5).

AROSIG - This subroutine calculates the log-normal 
number density distribution given the cube root of the 
geometric mass standard deviation (in keeping with 
the normal convention), siggln (no units), the mass 
median radius, rSOgln (m), and the total mass density, 
and dnglnm (kg m**-3). The discretized distribution
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is returned as the number density times mass, since 
this is the chosen dependent variable of the aerosol 
equation.

AROSIZ - Calculates particle radii at the collocation 
points. The radius defined here is an equivalent 
radius, which is the radius o f a spherical particle of 
equal mass. Non-sphericity is taken into account via 
correction factors (called shape factors).

AROSLN - Sets-up the source number density 
distribution for the aerosol source. AROSLN takes 
the source distribution to be log-normal. The three 
input parameters are the cube root of the geometric 
mass standard deviation (in keeping with the normal 
convention), sigsln (no units), the mass median radius, 
rSOsln (m), and the mass density generation rate, 
denslm (kg m**-3 s**-l).

AROSLV - Sets-up the input for the CLAMS ODE 
solver DEBDF, calls DEBDF for one time step, and 
checks that the integration was done correctly.

AROSOL - Calculates the physical properties of 
aerosols within a cell. Determines agglomeration, 
deposition, growth, and convection of aerosol 
particles, and sets up aerosol source and continuity 
arrays.

AROTRN - Controls the calculation of aerosol 
convection in the bulk gas. Sets up the finite 
difference equations, revises the aerosol distribution 
array, and revises boundary conditions.

AROZER - Locates zeros of a function of one 
variable. The method employs inverse quadratic 
interpolation and bi-section.

BAND - Solves a banded matrix.

BCFILM - Initializes bulk gas thermophysical 
properties at each time step, and defines transport 
array values.

BCGAS - Transfers externally supplied information 
relating to the current time step concerning flow field 
properties, such as temperature, pressure, and speed 
to the information in the x array.

CHEMGE - Calculates the scaled gradient vector 
(which is xe times ge) at the current position of xe. It

is equivalent to the residual mass balance of the ie-th 
element; i.e. it is the molar abundance of the ie-th 
element at the current value of xe minus the molar 
abundance at equilibrium. If xe is zero then ge is 
defined to be zero.

CHEMHA - Calculates the scaled hessian matrix for 
all elements (which equals he * xe(ie)*xe(ie')) at the 
current guess. It is equivalent to the Jacobian of the 
scaled gradient vectors calculated in CHEMGE times 
xe. he is symmetric so it is stored in compact form. If 
xe(ie) or xe(ie') are zero then the corresponding 
off-diagonal elements of he are defined to be zero and 
the diagonal element is defined to be unity. A specific 
test for xe(ie) equal to zero has been included only for 
the diagonal elements; the off-diagonal elements will 
automatically be set to zero.

CHEMHE - Calculates the scaled CHEMHA on an 
element by element basis.

CHEMRS - Calculates the equilibrium constants for 
dissociation of each species into its component 
elements in gaseous form. CHEMRS calculates the 
equilibrium constant for each species using a new 
method which does not require modification when 
species and/or elements are added or removed.

CHEM W A - C alculates the species m olar 
concentrations given all of the element molar 
abundances.

CHEMWS - Calculates CHEMWA for any one 
element.

CHMGAS - Performs the chemistry for the fuel open 
porosity, bulk gas, gap, and structure regions. The 
solution method is based on changing variables to a 
new set including molecular hydrogen, steam, and the 
remaining elemental species. A cyclically ordered 
Newton method is used on subsets of the variables; 
the subsets here are the individual variables. The 
subroutine has been extended to do the full Newton 
method in place of the cyclically ordered Newton 
method when the latter method does not appear to be 
converging quickly. The same set of variables is used 
in both cases.

CHMGRN - Solves the system of non-linear algebraic 
equations which determines the equilibrium species 
concentrations in the fuel grains and at the grain
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surfaces. The solution method is based on changing 
variables to a new set consisting of solid uranium 
dioxide and the remaining elemental species. A 
cyclically ordered Newton method is used on subsets 
of the variables; the subsets here are the individual 
variables. The subroutine has been extended to do the 
full Newton method in place of the cyclically ordered 
Newton method when the latter method does not 
appear to be converging quickly. The same set of 
variables is used in both cases.

CHMSRP - Models CsOH interaction with stainless 
steel, based on deposition experiments performed at 
Winfrith. Model takes into account CsOH surface 
coverage (predominant at low temperatures) and 
CsOH present in the oxide layer (predominant at high 
temperatures).

CHMSTY - Controls the chemistry calculations (both 
equilibrium and non-equilibrium).

CHMTE - Model for the interaction of Tellurium 
vapor with Zircaloy-2 over the temperature range 
600-1000°C. This model calculates the vapor 
deposition velocities of Te onto Zircaloy as a function 
of temperature and clad oxidation. Once the Te is 
trapped by the clad it stays there.

CHMUOX - Calculates the amount of U 02 oxidation 
in a time step.

CHMUVL - Calculates the amount of U 0 2 oxidative 
volatilization (as U 0 3) in a time step.

CHMZOX - Calculates clad oxidation. No heat 
balance is done and the thermal hydraulics supplied to 
VICTORIA are assumed to be consistent with the 
oxidation rate calculated here. The details of how the 
Urbanic and Heidrick correlations are interpreted are 
explained in Chapter 5 of this manual.

CRDACT - Calculates the activity coefficient of the 
i'th constituent of the silver/indium/cadmium control 
rod alloy by using the Wilson equation.

CRDCHM - Evaluates Gibbs' free energies of species 
found in the control rod alloys.

CRDDGB - Determines the change in Gibbs free 
energy for control rod pressure calculations.

Subroutine Glossary

CRDFAL - Determines control rod failure and adds 
mass to film and bulk flow arrays.

CRDGIB - Evaluates Gibbs’ free energies of species 
found in control rod alloys.

CRDPRS - Determines control rod species vapor 
pressures.

DATAER - Default data with aerosol routines.

DATCHM - Data for chemistry routines.

DATGEN - Data for mechanistic release routines.

DEABM - SLATEC library subroutine that solves 
systems of ordinary differential equations by the 
Adams-Bashforth-Moulton formula. This solver is 
intended for mildly stiff systems; Subsection C. 1.6 has 
additional information.

DEBDF - SLATEC library subroutine that solves 
systems of ordinary differential equations by the 
backward difference formula. This solver is intended 
for stiff systems; Subsection C.1.6 has additional 
information. Written by B. L. Buzbee, 1984.

DECAHT - Determines structural material heat-up due 
to fission product decay heating.

DECAY - Calculates the decay heat power per unit 
area on the structure surfaces.

DERKF - SLATEC library subroutine that solves 
systems of ordinary differential equations by 
Runge-Kutta formula. This solver is intended for 
non-stiff systems.

ERF - Standard error function.

GASDFL - Corrects the diffusion coefficient to allow 
for species-dependant diffusion lengths in turbulent 
flow.

GASDIF - Determines the diffusion coefficient of 
species "isp" in a mixture of vapors located in the 
radial cell "ifl" of layer "layer."

GASLD - Calculates the collision integral for mass 
diffusion based on the Lennard-Jones potential.
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GASLJ - Calculates the collision integral for viscosity 
and thermal conductivity integral based on the 
Lennard-Jones potential.

G ASPRP - Estimates the properties of the gas mixture 
that are needed for the aerosol and the boundary 
thickness calculations. To increase the generality, the 
properties are calculated for a mixture of all the gas 
species.

GASTRN - Calculates the transport of fission products 
in the bulk gas and surface films.

GAUSS - Integrates real functions of one variable 
over finite intervals using an adaptive 8-point 
Legrende-Gauss algorithm. GaussS is intended 
primarily for high-accuracy integration or the 
integration of smooth functions. Written by B.L. 
Buzbee, 1984.

INAERO - Inputs the physical properties affecting the 
aerosol.

INRLSE - Calculates parameters used in TRAN fuel 
release models and initializes constants.

INSS - Initial conditions input for VICTORIA.

INTS - Transient conditions input for VICTORIA.

LEMENT - Locates the place in the "elems" array 
where "aa" resides.

NCHMRF - Calculates the position of the (ie,je) 
element of a symmetric matrix stored in compact 
form, c.

NSPECI - Locates the place in the species array 
where aa resides.

OUTBAL - Performs a mass balance of each element 
over each cell in the fuel grains, fuel pores, fuel-clad 
gap, clad, clad film, bulk gas, aerosol, and structure 
film. OUTBAL also calculates the net amount of bulk 
gas and aerosol lost for the entire problem and the 
total amount of aerosol generated for each element. 
Finally, it calculates an overall mass balance for each 
element.

OUTGRF - Writes the data file for graphics post 
processing.

OUTPRT - Controls the flow of data to the output and 
graphics files.

OUTVIK - Controls output of data for a formatted 
output file and for an unformatted graphics file.

POLATE - Performs a linear interpolation of data 
from a look-up table.

RELBUB - Calculates bubble size distributions.

RELDBR - Driver routine for molten-pool and rubble- 
bed releases from fuel.

RELDRV - Main calculation routine for the release of 
intact fuel.

RELEAS - Controls the calculation of the fission 
product transport from the fuel grains to the bulk gas 
for both intact and debris zones.

RELFLX - Calculates the fission product release from 
the grain.

RELHRD - Calculates hard-sphere-model equation of 
state.

RELMEC - Performs calculations for various 
fission-product release mechanisms such as resolution, 
coelescence, and microcracking.

RELNLE - Solves nonlinear equation of state for 
model radius using "regula falsi" method.

RELRAD - Calculates new gas bubble radii.

RELROD - Determines the fission product release 
from intact rods. RELROD assumes that transport 
radially and axially can be separated. Note that 
depending upon irodr the user gets TRAN or Booth 
diffusion from the grain. Transport in the open 
interconnected pores and gap (and clad to rod film) is 
handled independently of the release model chosen in 
this routine.
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RELUOX - Calculates the factor that diffusion 
coefficients must be multiplied by to account for 
deviations from stoichiometry in the U 02 fuel.

RELVP - Calculates gas species vapor pressures for 
use in molten-pool model.

RESTRT - Performs constants initialization and 
restarts.

SAROCO - Calculates all non-zero values of the 
integral of gk(mi-m) * gj(m) with respect to ln(m) for 
the range 0 <  m <  mi.

S AROCP - Calculates aerosol particle masses that will 
serve as collocation points.

SAROFN - Calculates the function !og(l-exp(-x)). A 
series expansion is used when x >  =  log(10) or x 
<  =  0.1 in order to avoid rounding errors.

SAROIN - Sets up indexing to right-hand-side terms 
for aerosol calculations.

SAROJK - Calculates the integrand in the integral 
required for the production coefficient.

SARONM - Calculates a normalization for the 
agglomeration terms which guarantees mass 
conservation. The production term must be multiplied 
by the normalization if it is non-zero, otherwise the 
corresponding destruction term must be set to zero.

SCHEM - Calculates the net change in the number of 
molecules in the gas phase for each species when it 
dissociates to its component elements in gaseous form. 
The Gibbs free energy parameters are converted so 
that the species Gibbs free energies will be calculated 
relative to energies for the component elements in 
gaseous form.

SCNSPL - Determines which parts of the imaginary 
screen need to be reprinted if the screen has to be split 
into two or more parts.

SCRCHR - Indicates that a character string will be 
printed at a particular location.

SCREEN - Indicates that the imaginary screen will be 
printed. This print subroutine enables a program to 
treat the output file as a large screen onto which real 
values, integers, or characters may be written, in any 
position and in any order. The subroutine can handle 
a screen o f up to 256 lines by 500 columns, 
irrespective of the physical size o f the line printer. 
Large screens are automatically split up into smaller 
screens for printing.

SCRFP - Indicates that a real number will be printed 
at a particular location. Optionally, a dot can be 
printed if the value is zero.

SCRINT - Indicates that an integer will be printed at 
a particular location.

SGEOM - Calculates the geometrical relationships 
within a fuel cell.

SGTSL - Solves the system A*X =B, where A is a 
tri-diagonal. Written by B.L. Buzbee, 1984.

SPOFS - A SLATEC subroutine that solves a real, 
positive-definite, symmetric system o f linear algebraic 
equations using the LINPACK subroutines SPOCO 
and SPOSL. SPOFS was developed by Los Alamos 
National Laboratory. The LINPACK subroutines used 
by SPOFS are described in detail in the LINPACK 
users guide published by the Society for Industrial and 
Applied Mathmatics (SIAM) dated 1979. Written by
B.L. Buzbee, 1984.

SSORT - SLATEC subroutine that sorts an array into 
either increasing or decreasing order. Written by
B.L. Buzbee, 1984.

VIKI92 - The driver for the fission product behavior 
package. The main loop executes once per time step.
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VIKI92
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-INSS

-INTS

LEMENT
-RESTRT

SCHEM-

INAERO

SGEOM
SARCOP
SAROIN

SAROCP

SARION
INRLSE

—  RESTRT

-►IN AERO 1

INRLSE
RELDRV

INRLSE

DATCHM
CRDCHM
LEMENT
NSPECI

NSPECI

SAROFN

QAUS8 
• SSORT 
SAROFN 
SAROJK

INRLSE

NSPECI

AROFE

Figure C .l. Subroutine calls from main program.
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VIKI92 — |---- ►BCG AS
-POLATEu„ ,

I n
OASU

I ►GASDIF -GASLO

Figure C.2. Subroutine calls from main program.
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VIKI92 OUTVIK —
OUTBAL

OUTRPT

OUTGRF

NSPECI

SCNSPL
SCRNCHR
SCRINT
SCRFP

SCREEN

NSPECI

NSPECI

Figure C.3. Subroutine calls from main program.
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VIKI92 -►CHMSTY ■
CHMGRN

CHMZOX

CHMTE

CHMUOX

CHMUVL 

—  CHMSRP 

CHMGAS

AROPRP

GASPRP

AROSIZ

CHEMRS

CHEMGE

CHEMWA

CHEMHE

CHEMWS

CHEMHA

SP O FS—

CHEMRS

CHEMGE

CHEMWA

CHEMHE

CHEMWS

CHEMHA

SP O FS—

SPOSL

SPOCO

SPOSL

SPOCO

Figure C.4. Subroutine calls from main program.
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VIKI92 -T-*- RELEAS —i
[-► RELDBR -

RELROD-

•CRDFAL—
-•-CRDPRS

-►AROSLN 

-AROSIZ

RELDRV 

RELDRV-

RELUOX

GASPRP-

►SGTSL 
- GASDIF 

■ RELFLX

- CRDDGB■

- CRDACT 

-AROSIG

- RELNET

- RELMEC■ 

- RELBUB

-GASLJ

k — RELTST— 

I—► RELNOD

-ERF

-CRDCHM

Figure C.5. Subroutine calls from main program.
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VIKI92

VIKI92

GASTRN
BAND

-GASDFL

DECAY-

DECAHT

Figure C.6. Subroutine calls from main program . 
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■AROSOL- AROSLN■ 

AROSIZ 

AROPRP 

AROFLO -

AROGLM

ARODEP

AROLIF

AROMOB

AROSIG

AROFRC

AROZER

AROSLV
ARORHS

DEBDF

DEABM
ARODEN

DERKF

AROMOM
-AROZER

-AROMAS

-AROFE

AROINT

AROLIF

AROTRN

~ L BAND

Figure C.7 Subroutine calls from main program.
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APPENDIX D: Sample Problem Report Sheet

VICTORIA PROBLEM REPORT

Return to: Division 6422
Sandia National Laboratories 
P.O. Box 5800
Albuquerque, NM USA 87185

Nam e____________________________________ _ D ate___

Computer___________________________________ Location

Problem Summary:__________________________________________

Problem Classification:

Manual Error__________ .________________Manual Unclear
Desirable New Feature ________ ;______________ Input Error
Calculational E r r o r _______________________Unexplained Bomb
Compiler P r o b l e m _______________________Large Quantitive E rro r.
Small Quantitative E rro r___________________ ;___

Problem Description:
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