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Abstract

Fuel Analysis under Steady-state and Transients (FAST) is the U.S. Nuclear Regulatory Commis-
sion (NRC)’'s computer code that calculates the steady-state and transient response of nuclear
reactor fuel rods during long-term in-reactor burnup, anticipated operational occurrences (AOOs),
design basis accidents (DBAs), and dry storage conditions. The code calculates the temperature,
pressure, and deformation of a fuel rod as functions of time-dependent fuel rod power and coolant
boundary conditions. The phenomena modeled by the code include:

heat conduction through the fuel and other materials

e heat transfer from the cladding-to-coolant

e cladding elastic and plastic deformation, including creep
e fuel-cladding mechanical interaction

e fission gas release from the fuel

e rod internal pressure and void volume

cladding oxidation

The code contains necessary material and coolant properties, as well as clad-to-coolant heat-
transfer correlations, for normal operation through postulated accidents and AOOs for today’s
U.S.-based light water reactor (LWR) fuel designs. FAST-1.2 also contains preliminary materi-
als and models for new LWR fuel concepts, such as accident tolerant fuel (ATF), and non-LWR
fuel concepts such as metallic fuels for sodium fast reactors (SFRs). FAST has been developed
for use on Windows and Linux operating systems.

This document describes FAST-1.2 and is one of a series of documents on the code; the other
documents detail the material properties used by FAST as well as its integral assessment to ex-
periments and commercial data.

Abstract \%
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Foreword

Computer codes related to fuel performance have played an important role in the work of the U.S.
Nuclear Regulatory Commission (NRC) since the agency’s inception in 1975. Formal requirements
for fuel performance analysis appear in several of the agency’s regulatory guides and regulations,
including those related to emergency core cooling system evaluation models, as set forth in Ap-
pendix K to Title 10, Part 50, of the Code of Federal Regulations (10 CFR Part 50), “Domestic
Licensing of Production and Utilization Facilities.”

This document describes the NRC'’s fuel performance code, FAST (Fuel Analysis under Steady-
state and Transients) Version-1.2. FAST is a merger of the NRC’s previous steady-state fuel per-
formance code FRAPCON-4.0 and transient fuel performance code FRAPTRAN-2.0. This code
provides the ability to accurately calculate the long-term burnup response of a single light water
reactor (LWR) fuel rod, as well as various operational transients and hypothetical accidents, ac-
complishing a key objective of the NRC’s reactor safety research program. The FAST code serves
as an independent audit tool used in the NRC’s review of industry fuel performance codes and
industry analyses that demonstrate a given fuel design application meeting specified acceptable
design limits in U.S. NRC Standard Review Plan (SRP) Section 4.2 [NRC, 2007].

FAST is built off the foundation of FRAPCON-4.0 with the addition of the transient conduction
solution, new clad-to-coolant heat transfer models, a more detailed coolant enthalpy rise model,
high temperature cladding oxidation, new cladding deformation (ballooning) and failure models,
transient internal gas flow, an updated fission gas release model, and new material properties to
scope out new fuel and cladding materials under consideration in the U.S. nuclear industry.

FAST-1.2 incorporates code cleanup of the material library, MatLib, and the removal of unused
code. These changes may result in faster run times due to the streamlining of internal calls to
MatLib, however the code results of FAST-1.2 simulations are near identical or identical to FAST-
1.1. The FAST user will posibly experience faster run times while the code developer will experi-
ence easier usability of the source code.

Foreword
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Executive Summary

The nuclear fuel performance code, FAST, has been co-developed by the U.S. Nuclear Regulatory
Commission and Pacific Northwest National Laboratory (PNNL) as a confirmatory tool designed to
calculate the steady-state and transient fuel behavior at high burnup (up to rod-average burnup of
62 GWD/MTU, depending on application). The code is an evolution of the former PNNL developed
codes FRAPCON and FRAPTRAN, which were used to calculate the steady-state and transient
response of LWR fuel rods, respectively. This document is Volume 1 of a three volume series of
reports that describes the current version of FAST. Volume 1 contains:

1. Code limitations and structure;
2. Fuel performance model summaries; and

3. Code input instructions and features to aid the user.

Volume 2 [Geelhood et al., 2023b] provides a code assessment based on comparisons of code
predictions to integral performance data up to high burnup. Volume 3 [Geelhood et al., 2023c]
provides a description and assessment of the material models used by FAST’s material library,
MatLib.

The FAST code is designed to perform steady-state and transient fuel rod calculations. The code
uses a single-channel coolant enthalpy rise model. The code uses a finite difference heat conduc-
tion model, which uses a variable mesh spacing in the fuel material to accommodate for the power
peaking at the pellet edge that occurs in high-burnup fuel.

FAST has been validated for boiling water reactors (BWRs), pressurized reactors (PWRs), and
heavy water reactors (HWRs). The fuels that have been validated are uranium dioxide (UO,),
mixed oxide fuel (MOX), urania-gadolinia (UO,-Gd,03), and UO, with zirconium diboride (ZrB,)
coatings. The cladding types that have been validated are Zircaloy-2, Zircaloy-4, M5®", ZIRLO®?,
and Optimized ZIRLO™:3. FAST-1.2 can predict fuel and cladding temperature, rod internal pres-
sure, fission gas release, cladding axial and hoop strain, and cladding corrosion and hydriding.
The code uses an updated version of the MATPRO material properties package [Hagrman et al.,
1981] as described in a separate material properties handbook [Geelhood et al., 2023c] that has
been updated for high burnup conditions and advanced cladding alloys.

"M5° is a registered trademark of Framatome.
2ZIRLO® is a registered trademark of Westinghouse Electric Company LLC
3Optimized ZIRLO™ is a trademark of Westinghouse Electric Company LLC.
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1.0 Introduction

1.1 Objective of the FAST Code

The ability to accurately calculate the performance of light water reactor (LWR) fuel rods under
long-term burnup conditions is a major objective of the reactor safety research program being
conducted by the U.S. Nuclear Regulatory Commission (NRC). To achieve this objective, the NRC
has sponsored an extensive program of analytical computer code development, as well as both
in-pile and out-of-pile experiments to benchmark and assess the analytical code capabilities. The
computer code, FRAPCON-3, was originally developed to calculate the long-term burnup response
of a single fuel rod. This report describes FAST-1.2, the fourth release of this code.

FAST (Fuel Analysis under Steady-State and Transients) is an analytical tool that calculates the
thermal-mechanical behavior of nuclear fuel when given power and boundary conditions. There
are two conditions that are commonly referred to as “steady-state” and “transient”. For the term
“steady-state” to apply (i.e., time-independent), changes must be sufficiently slow. This includes
situations such as long periods at constant power and slow power ramps that are typical of nor-
mal power reactor operations. “Transient” means rapid power and/or boundary condition changes
(time-dependent) such as an anticipated operating occurrence (AOQ), reactivity-initiated accident
(RIA), or loss-of-coolant accident (LOCA) events. FAST-1.2 may be used for AOO transients while
FRAPTRAN-2.0 initialized with FRAPCON-4.0 should still be used to model RIAand LOCA events.
The code calculates the variation with time of all significant fuel rod variables, including fuel and
cladding temperatures, cladding hoop strain, cladding oxidation, hydriding, fuel irradiation swelling,
fuel densification, fission gas release (FGR), and rod internal gas pressure.

FAST uses fuel, cladding, and gas material properties from MatLib [Geelhood et al., 2023c] that
have been recently updated to include burnup-dependent properties and properties for advanced
fuel, cladding, and coolants. The only material properties not included in the updated MatLib doc-
ument are FGR, cladding corrosion, and cladding hydrogen pickup, and these properties are de-
scribed in this document. The material properties in FRAPCON-3 are contained in modular sub-
routines that define material properties for temperatures ranging from room temperature to tem-
peratures above melting and for rod-average burnup levels between 0 and 62 GWd/MTU. Each
subroutine defines only a single material property. For example, FAST contains subroutines defin-
ing fuel thermal conductivity as a function of fuel temperature, fuel density, and burnup; fuel thermal
expansion as a function of fuel temperature; and the cladding stress-strain relation as a function
of cladding temperature, strain rate, cold work, hydride content, and fast neutron fluence.

The predecessors of FAST are the FRAPCON-4.0 [Geelhood et al., 2015b] and FRAPTRAN-2.0
[Geelhood et al., 2015a] codes.

FAST-1.0 took a major step toward code simplification by removing extra input parameters and
model selection features that cannot easily be measured and have a large impact on results. Also,
reasonable default values were set for some parameters. The only model options available to the
user are in the selection of the mechanical model and in the selection of the FGR model.

For the mechanical model, the user may select the FRACAS-I model (finite difference model) or the
FEA (finite element analysis) model. The FRACAS-I model is recommended by Pacific Northwest
National Laboratory (PNNL) and is the default selection. The FEA model is useful for modeling
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cladding axial strain in cases where there is slip between the fuel and cladding. The details of the
FEA model are described elsewhere [Knuutila, 2006]. This document is posted on the FAST code
users’ group website https://fast.labworks.org. Only the FRACAS-1 mechanical model will be
described in this document.

For the FGR model, the user can select the Massih model, one of the American Nuclear Soci-
ety (ANS) 5.4 models (ANS-1982 or ANS-2011), or the FRAPFGR model. The Massih model is
recommended and is the default model. The ANS-5.4 1982 model is useful for calculating the re-
lease of short-lived radioactive gas nuclides and has been shown to provide very conservative
release values [ANS, 1982]. The ANS-5.4 2011 model also calculates the short-lived radioactive
gas nuclides but is non-conservative with respect to total FGR as it does not include any long-
lived nuclides (such as Kr or Xe) [ANS, 2011]. The FRAPFGR model is useful for determining the
distribution of fission gases within the fuel pellet (grain boundary vs. retained within grains). The
Massih and FRAPFGR models will be described in this document.

FAST-1.2 includes fuel models for uranium dioxide (UO;), mixed oxide fuel (MOX), integral fuel
burnable absorber (IFBA) and gadolinia doped fuel (UO,-Gd,03), and cladding models for Zircaloy-
2, Zircaloy-4, M5, ZIRLO, and Optimized ZIRLO. For scoping studies, FAST has been updated with
properties for accident tolerant fuel (ATF) candidate claddings (FeCrAl and HT-9) and cladding
coatings (Cr and CrN) as well as metallic fuels (U-Pu-Zr). Other code improvements include an
Excel-based input generator, an Excel-based plot routine, and the ability to bias model predictions
for uncertainty analyses.

1.2 Limitations of FAST-1.2

The FAST-1.2 code has inherent limitations. The major limitations are as follows:

1. The code is limited to modeling fuel consisting of UO,, UO,-(<10 wt% PuO,) (MOX), and
UO2-(<10wt% Gd,03) (UO,-Gd,03) pellets in zirconium alloy cladding with a gas gap
under LWR and heavy water reactor (HWR) conditions from standard temperature and
pressure (STP) up to pressurized water reactor (PWR) operating conditions. Some addi-
tional fuel, cladding, and coolant materials are available [Geelhood et al., 2023c] but have
not been validated and additional model changes may be required to accommodate them.

2. The code has been validated up to a rod-average burnup of 62 GWd/MTU, although the
code should give reasonable predictions for burnup beyond this level for some parameters.
Also, the code is not validated beyond the fuel or cladding melting temperature. If melting
of the fuel or the cladding occurs, the code will stop.

3. The thermal models of the code are based on 1-D radial heat flow. This assumption is
valid for modeling a typical fuel rod (i.e., with a large length-to-diameter ratio). Similarly,
the FGR models are based on steady-state and slow power ramp data and do not re-
flect release rates expected for rapid power changes. Therefore, under normal operation
analysis, time steps should be no less than 0.1 day but no greater than 50 days. When
modeling transients or power ramps, the FGR model will not allow for re-solutioning of the
gases.
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4. Only small cladding deformations (<5% hoop strain) are meaningfully calculated. All of
the thermal and mechanics modeling assumes an axisymmetric fuel rod with no axial
constraints. These assumptions are reasonable for modeling an LWR fuel rod.

5. The code’s ability to predict cladding strains resulting from pellet-cladding mechanical
interaction (PCMI) has been assessed against power ramp data. FAST has been found
to slightly overpredict cladding strain up to a burnup of about 65 GWd/MTU. The limited
high burnup data suggests that FAST may underpredict the cladding strain during power
ramps at very high burnup (i.e., > 65 GWd/MTU) for hold times greater than 30 minutes.

1.3 Report Outline and Relation to Other Reports

The full documentation of this fuel performance code is described in three documents. The code
structure and behavioral models are described in the Code Description (this document). Sec-
tions 2.0 and 3.0 of this report deal with the modeling concepts and the code description, respec-
tively. Instructions for creating an input file are discussed in Appendix A. The reader is cautioned
that although the thermal and mechanical models are described separately, they actually are highly
interrelated. Section 2.2 is included to outline these interrelationships.

This report does not present an assessment of the code performance with respect to in-reactor
data. Critical comparisons with experimental data from well-characterized, instrumented test rods
are presented in Volume 2 of this series of reports [Geelhood et al., 2023b].

The basic fuel, cladding, fill gas, and coolant material properties used in FAST-1.2 are described
in the third volume of this series of reports [Geelhood et al., 2023c]. Table 1-1 shows where each
specific material property and model used in the NRC fuel performance codes are documented.
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Table 1-1. Roadmap to documentation of models and properties used in NRC’s fuel performance

Introduction

code FAST

Model/Property

FAST-1.2)

Fuel thermal conductivity
Fuel thermal expansion
Fuel melting temperature
Fuel specific heat

Fuel enthalpy

Fuel emissivity

Fuel densification

Fuel swelling — solid

Fuel swelling — gaseous
Fission gas release

Fuel relocation

Fuel grain growth

High burnup rim model
Nitrogen release

Helium release

Radial power profile

Stored energy

Decay heat model

Fuel and cladding temperature solution
Cladding thermal conductivity
Cladding thermal expansion
Cladding Young’s modulus
Cladding creep model
Cladding specific heat
Cladding emissivity
Cladding axial growth
Cladding Meyer hardness
Cladding annealing

Cladding yield stress, ultimate stress, and plastic defor-
mation

Cladding failure criteria

Cladding waterside corrosion
Cladding hydrogen pickup

Cladding high temperature oxidation

Cladding ballooning model

MatLib Document
MatLib Document
MatLib Document
MatLib Document
MatLib Document
MatLib Document
MatLib Document
MatLib Document
MatLib Document
FAST-1.2 Code Description
FAST-1.2 Code Description
FAST-1.2 Code Description
FAST-1.2 Code Description
FAST-1.2 Code Description
FAST-1.2 Code Description
FAST-1.2 Code Description
FAST-1.2 Code Description
FAST-1.2 Code Description
FAST-1.2 Code Description
MatLib Document
MatLib Document
MatLib Document
MatLib Document
MatLib Document
MatLib Document
MatLib Document
MatLib Document
FAST-1.2 Code Description
FAST-1.2 Code Description

FAST-1.2 Code Description
FAST-1.2 Code Description
FAST-1.2 Code Description
FAST-1.2 Code Description
FAST-1.2 Code Description
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Table 1-1. Roadmap to documentation of models and properties used in NRC'’s fuel performance
code FAST (continued)

Model/Property FAST-1.2@

Cladding mechanical deformation FAST-1.2 Code Description
Oxide thermal conductivity MatLib Document

Crud thermal conductivity MatLib Document

Gas conductivity MatLib Document

Gap conductance FAST-1.2 Code Description
Plenum gas temperature FAST-1.2 Code Description
Rod internal pressure FAST-1.2 Code Description
Coolant temperature and heat transfer coefficients FAST-1.2 Code Description

Not Developed at PNNL

Water-cooled, water-moderated energy reactor fuel and NUREG/IA-0164
cladding models

Cladding finite element analysis model VTT-R-11337-06

(@ MatLib Document [Geelhood et al., 2023c]
FAST-1.2 Code Description (this document) [Geelhood et al., 2023a]
NUREG/IA-0164 [Shestopalov et al., 1999]
VTT-R-11337-06 [Knuutila, 2006]
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2.0 General Modeling Description
2.1 Solution Scheme

FAST-1.2 has two solution schemes for solving the conduction equation in order to obtain the
temperature profile; one is for the steady-state (time-independent) solution and the other is for the
transient (time-dependent) solution.

2.1.1 Steady-State

FAST code iteratively calculates the interrelated effects of fuel and cladding temperature, rod inter-
nal gas pressure, fuel and cladding deformation, release of fission product gases, fuel swelling and
densification, cladding thermal expansion and irradiation-induced growth, cladding corrosion and
hydriding, and crud deposition for a given buildup rate as functions of time and fuel-rod-specific
power.

The calculation procedure is illustrated in Figure 2-1, with a simplified flowchart of FAST. The
calculation begins by processing input data. Next, the initial fuel rod state is determined through
a self-initialization calculation. Time is advanced according to the input-specified time-step size,
a steady-state solution is performed, and the new fuel rod state is determined. The new fuel rod
state provides the initial state conditions for the next time step. The calculations are cycled in this
manner for the user-specified number of time steps.

Input data
are specified

¥

Initial conditions
are computed

)

Fuel rod temperatures
are computed

¥

Fuel and cladding
deformation are
computed

Iteration on gap temperature
difference criterion < 1% AT

Gas release, void
volumes, and gas
pressure are computed

Iteration on gas pressure convergence criterion < 1% AP

T
7

New time step

Figure 2-1. Simplified FAST steady-state flowchart
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The solution for each time step consists of:

1. Calculating the temperature of the fuel and the cladding
2. Calculating fuel and cladding deformation

3. Calculating the fission product generation and release, void volume, and fuel rod internal
gas pressure

Each calculation is made in a separate subcode. As shown in Figure 2-1, the fuel rod response for
each time step is determined by repeated cycling through two nested loops of iterative calculations
until the fuel-cladding gap temperature difference and internal gas pressure converge.

For the FRACAS-I mechanical model [Bohn, 1977], the fuel temperature and deformation are al-
ternately calculated in the inner loop. On the first cycle through this loop for each time step, the gap
conductance is computed using the fuel-cladding gap size from the previous time step. Then the
fuel rod temperature distribution is computed. This temperature distribution feeds the deformation
calculation by influencing the fuel and cladding thermal expansions and the cladding stress-strain
relation. An updated fuel-cladding gap size is calculated and used in the gap conductance calcula-
tion on the next cycle through the inner loop. The cyclic process through the inner loop is repeated
until two successive cycles calculate essentially the same temperature distribution.

The outer loop of calculations is cycled in a manner similar to that of the inner loop, but with
the amount of internal gas being determined during each iteration. The calculation alternates be-
tween the fuel rod void volume-gas pressure calculation and the fuel rod temperature-deformation
calculation. On the first cycle through the outer loop for each time step, the gas pressure from
the previous time step is used. For each cycle through the outer loop, the number of gas moles
is calculated and the updated gas pressure is computed and fed back to the deformation and
temperature calculations (the inner loop). The calculations are cycled until two successive cycles
calculate essentially the same gas pressure, and then a new power-time step is begun.

2.1.2 Transient

The transient solution to the conduction equation is similar to the steady-state solution described
above in Section 2.1.1 with the addition of the time-dependent terms (density, specific heat, and
time). The code iteratively calculates the interrelated effects of fuel and cladding temperature, fuel
rod plenum temperature, fuel and cladding deformation, and rod internal gas pressure. Charts of
the overall flow of the computations are shown in Figures 2-2 through 2-4. The input requirements
and initialization procedure are shown in Figure 2-2; the temperature, mechanical response, and
pressure calculations are shown in Figure 2-3; and the cladding oxidation, local cladding balloon-
ing, and FGR calculations are shown in Figure 2-4.
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Figure 2-2. Flowchart of FAST transient (Part 1)
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Figure 2-3. Flowchart of FAST transient (Part 2)
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End time
e reached? STOP

Figure 2-4. Flowchart of FAST transient (Part 3)

As shown in Figure 2-3, the temperature, mechanical response, and internal gas pressure cal-
culations are performed iteratively so that all significant interactions are taken into account. For
example, the deformation of the cladding affects the fuel rod internal gas pressure because the
internal volume of the rod is changed. The deformation of the cladding also affects the temperature
of the fuel and cladding because the flow of heat from the fuel to the cladding is dependent on the
fuel-cladding gap width and interface pressure when the gap is closed.

These and all other interactions are accounted for by repeatedly cycling through two nested loops
of calculations until convergence is achieved. In the outside loop, the fuel rod temperature and
mechanical response are alternately calculated. On the first cycle through this loop, the gap con-
ductance is calculated using the fuel-cladding gap size from the previous time step.

Then the fuel rod temperature distribution is calculated. This temperature distribution then feeds
into the mechanical response calculations and influences such variables as the fuel and cladding
thermal expansions and the cladding stress-strain relation. A new fuel-cladding gap is calculated
which is used in the gap conductance calculation on the next cycle of calculations. The calcula-
tions are cycled until two successive cycles compute the same temperature distribution within the
convergence criteria.

The inner loop of calculations, shown in Figure 2-3, is cycled in a manner similar to that used
for the outer loop, but with the internal gas pressure being the variable determined by iteration.
The fuel rod mechanical response and gas pressure are alternately determined. The temperature
distribution remains the same during the inner loop of calculations. On the first cycle through this
loop, the mechanical response is calculated using the previous time step gas pressure. Variables
that influence the gas pressure solution, such as fuel-cladding gap width and plenum volume,
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are calculated. Then the gas pressure calculation is made and an updated cladding internal gas
pressure is fed back to the mechanical response calculations. The calculations are cycled until
two successive cycles result in the same gas pressure within the convergence criteria.

After the two loops of calculations have converged, cladding oxidation, local cladding ballooning,
and FGR are calculated. These calculations are performed only once per time step.

2.2 Coupling of Thermal and Mechanical Models
2.2.1 Steady-State

The close coupling of the thermal modeling and mechanical modeling is the result of the existence
of the fuel-cladding gap. As the fuel temperature increases, the extreme stresses resulting from
the large temperature gradients in the fuel cause the fuel to crack and relocate. Cracks can be
circumferential or radial, but are predominantly radial. Void space, which is originally in the fuel-
cladding gap, is relocated into the fuel as fragments of fuel move outwardly into the fuel-cladding

gap.

As the fuel becomes hotter, the fuel expands, filling some of the voids within the fuel. However,
asperities do not align exactly, thereby causing the fuel diameter to appear larger and the fuel
to interact with the cladding at a lower power than that expected due to normal expansion (or
contraction) mechanisms, including thermal expansion, swelling, and densification. FRACAS-I has
been modified to allow 50% of the original fuel surface relocation to be recovered due to fuel
swelling before hard contact is established between the fuel and the cladding.

The modeling of the cracked and relocated fuel, both thermally and mechanically, requires ac-
counting for changed fuel-cladding gap size (and hence gap conductance) and the changed fuel
pellet diameter as the fuel interacts with the cladding. The fuel surface relocation provides a new
fuel-cladding gap size for calculating gap conductance and mechanical interactions. Also consid-
ered is the shift of voids from the fuel-cladding gap into cracks in the fuel pellet (and the resultant
pressure change due to higher temperature in the cracks) and the feedback into the mechanics
and thermal calculations.

FRACAS-I uses the relocated fuel-cladding gap size for the thermal calculations and makes partial
use of the fuel surface relocation in the mechanics calculation (i.e., when 50% of the relocation
is recovered, the code assumes the pellet to be a rigid structure, and, therefore, hard contact is
assumed between the fuel and cladding).

2.2.2 Transient

The order of the general models in FAST is shown in Figure 2-5. The solution for the fuel rod
variables begins with the calculation of the temperatures of the fuel and cladding. The temperature
of the gases in the fuel rod is then calculated. Next, the stresses and strains in the fuel and cladding
are calculated. The pressure of the gas inside the fuel rod is then calculated, including predicting
the FGR. This sequence of calculations is cycled until essentially the same temperature distribution
(i.e., within specified convergence criteria) is calculated for two successive cycles. Finally, the
cladding oxidation and clad ballooning are calculated. Time is then incrementally advanced, and
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the complete sequence of calculations is then repeated to obtain the values of the fuel rod variables
at the advanced time.
STERT

- 5 Fuel and cladding
temperature model

!

Plenum temperature
model

l

Fuel and cladding

deformation model

Internal gas pressure

model and fission gas
release model

—

Cladding oxidation
model

:

Cladding ballooning
model

New Timestep

END
FINISH

Figure 2-5. Order of FAST solution schemes

The models interact in several ways. The temperature of the fuel, which is calculated by the thermal
model, is dependent on the width of the fuel-cladding gap and fuel-cladding interfacial pressure,
which is calculated by the deformation model. The diameter of the fuel pellet is dependent on
the temperature distribution in the fuel pellet. The mechanical properties of the cladding vary sig-
nificantly with temperature. The internal gas pressure varies with the temperature of the fuel rod
gases, the strains of the fuel and cladding, and any FGR predicted. The stresses and strains in the
cladding are dependent on the internal gas pressure. In addition, there is a burnup dependence
to the initial value of numerous variables necessary for calculating the transient response of a fuel
rod.

The model interactions are taken into account by iterative calculations. The variables calculated
in one model are treated as independent variables by the other models. For example, the fuel-
cladding gap size, which is calculated by the deformation model, is treated as an independent
variable by the thermal model. On the first iteration of a new time step, the thermal model assumes
the fuel-cladding gap size is equal to the value calculated by the deformation model on the last
iteration of the previous time step. On the i*" iteration, the thermal model assumes the fuel-cladding
gap size is equal to the value calculated by the deformation model in the (i — 1) iteration.

The sequence of the iterative computations is shown in Figure 2-5. Two nested loops of calcula-
tions are repeatedly cycled until convergence occurs. In the inside loop, the deformation and gas
pressure models are repeatedly cycled until two successive cycles calculate gas pressure within
the convergence criteria. Convergence usually occurs within two cycles. In the outside loop, the
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fuel and cladding thermal model, plenum gas thermal model, and the inner loop are repeatedly
cycled until the fuel rod temperature distribution is calculated within the convergence criteria. Con-
vergence usually occurs within two or three cycles. After the computations of the outer loop have
converged, the cladding oxidation and ballooning are calculated, and a new time step is taken.

The convergences of both the inner and the outer calculational loops are accelerated by use of
the method of Newton. In the inner loop, the deformation model for the (i + 1)!* iteration is given
the predicted gas pressure for the (i + 1)!" iteration. The gas pressure is predicted by the method
of Newton and is based on the gas pressures calculated in the (i — 1)* and i*" iterations. The gas
pressure is predicted by:

pi-1_ e
, ‘ pi—pt?
Pl = r_ 7 (2-1)

) pi— pi-t
BBt

Where,

Py = Gas pressure predicted for the (z)™" iteration

P = Gas pressure calculated for the ()" iteration

The convergence of the outer loop is accelerated in a manner similar to that of the inner loop, but
with the fuel-cladding gap conductance as the predicted variable instead of the gas pressure.

2.3 Mesh Layout
2.3.1 Cylindrical Geometry

The default geometry modeled by FAST is an axi-symmetric (2-D (r, z)) solid right cylinder. The
mesh is generated internally by FAST during code initialization, determined by the number of mesh
points and geometry, which are defined in the input file. There are three meshes that are generated
by the code for calculating different values:

e Thermal mesh: Calculates the thermal and mechanical solutions

e Fission gas mesh: Calculates the fission gas diffusion and release

e Void volume mesh: Calculates the void volume and rod internal pressure

2.3.2 Thermal Mesh

The thermal mesh is composed of several different layers of materials, including fuel, gas, cladding,
coating, oxide and crud layers, as shown in Figure 2-6.
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ID Oxide 0D Oxide /
Fuel xide

| Gap Clad Coating
™ a )
Centerline

Surface l l ‘/’/CfUd

Radial Node ID 1 2 3 nmesh

# of user-defined 2 ncmesh . ncrud
i nr 2 noxide
boundaries

Figure 2-6. Schematic of fuel rod materials and node placement

The input variables that define the dimensions of each material are shown in Table 2-1. Not all
materials are allowed as inputs (e.g., oxide thicknesses) due to these initially being non-existent
during fabrication and forming once in reactor. The code initially establishes these as small meshes
(1 x 1072 m) with the same properties as the base cladding material until the layer forms.

Table 2-1. Input variables defining radial geometry dimensions used in thermal mesh

Variable Description
rc Fuel inner radius
thkgap Gas-gap thickness
thkcoatid Cladding I_D oxide coating
thickness
thkcld Cladding thickness
dco Cladding Outer Diameter
I Claddingtr(])i?kr?::jse coating
crdt Crud thickness

The frpcn block in the input file contains the variables used to define the number of radial bound-
aries for each material region. The default number of boundaries for each material are reproduced
in Table 2-2. A minimum of two boundaries (left and right) are required to model each material.

General Modeling Description 14
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Table 2-2. Input variables defining number of radial material boundaries

Variable Material Boundary Dveafful:t

nr Fuel 17

- Gas-gap 2

- Cladding ID Oxide 2
nlayersid Cladding ID Coating 1
ncmesh Cladding 1
nlayers Cladding OD Coating 1
noxide Cladding OD Oxide 1
ncrud Crud 1

The total number of radial nodes in the conduction solution is defined as the sum of all radial nodes
in the fuel, gap, ID oxide, cladding, OD oxide, and crud layers, as shown in Equation 2-2.

NnNodes =NFuer + NGap + Nip—Ozide + NID—Coating
+ Nciad + Nop—Coating + NoD—0Ozide + NCrud (2-2)

Due to adjoining material boundaries, the number of boundaries for each material is reduced by 1
(except for the fuel, as it is considered as the starting boundary and has an independently defined
left and right boundary). Substituting in the user-defined values,

NnNodes =nr + (2—1)+ (2 — 1) + (ncmesh — 1) + (noxide — 1) + (ncrud — 1) (2-3)

By default (assuming no coating layers present),

NNodes =174+ 1+1+1+141=22 (2-4)

Where Nyqes is the same as the variable nmesh (used internally by FAST) shown in Figure 2-6.

The placement of the fuel radial nodes (r ;) is shown in Equation 2-5. More boundaries are placed
at the pellet outer edge than in the center of the pellet to capture the effects of edge power peaking
with high burnup fuel.

nr — 1

ri= (1 - [ - r> (rp —7e) + Te (2-5)

Where,
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i = Location of fuel radial node i

rp = Fuel pellet radius, m

r. = Fuel central hole (if exists) radius, m

rp = Number of radial boundaries in the fuel (see nr in Table 2-2)

nr = Number of radial fuel boundaries

The placement of the remaining boundaries assumes an equal radial distance spacing. For exam-
ple, the spacing of each cladding mesh is calculated as:

Tclad_outer — Tclad_inner
Telad,i = (2-6)
ncmesh — 1

Resulting in each cladding node placement:

Tclad,yi = Telad,i—1 + Tclad,i (2'7)

Note: This radial mesh placement is repeated for each axial node. However, there is the ability for
the user to specify different dimensions at each axial node (see Appendix B.4).

The placement of each axial boundary can be either equally-spaced (default) or defined lengths.
The variables related to the axial mesh formation are shown in Table 2-3.

Table 2-3. Input variables defining number of axial material boundaries and geometry

Variable Boundary Default Value
na Axial mesh placement 9
Variable Description -
totl Fuel column axial length -
deltaz Length of each axial node =
cpl Plenum axial length -

If equally-spaced axial lengths are used, the length of each axial node (Az;) is calculated using
Equations 2-8 and 2-9.

totl

Fuel: Az; j—11a =
b b na

(2-8)

Plenum: Azp, 11 = cpl (2-9)
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If variable axial spacing is used, the length of each axial node is specified in the input file and
calculated using Equations 2-10 and 2-11.

Fuel: Azi’i:Lna = deltaz (Z) (2-10)

Plenum: Azp, 1 = cpl (2-11)

Note: » 7%, deltaz (i) = totl
A schematic of the discretization is shown in Figure 2-7.

cladding thickness (thkcld)

re
\ clp
crud thickness (crdt)
\ deltaz (na)
Gas-gap thickness (thkgap)
deltaz (3)
totl
deltaz (2)
deltaz (1)

deo/2

Figure 2-7. Axial and radial discretization of user-defined fuel rod geometry

2.3.3 Void Volume Mesh

The mesh that is used for void volume calculations is discretized similar to the thermal mesh,
except that the void volume mesh is focused only on the fuel and gas-gap (i.e., areas where voids
are present) and accounts for the presence of dish and chamfers on the fuel pellet. The radial
locations are defined the same as Equation 2-5. The difference is in the height of each radial node,
accounting for the presence of the dish/chamfer. A schematic of a dish and chamfer is shown in
Figure 2-8, and a description of the input geometry terms is shown in Table 2-4.

General Modeling Description
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chﬁ?fru

chmfrii™N__/ M

dishsd

Figure 2-8. Layout of user-defined inputs for fuel pellet dish and chamfer

Table 2-4. Variables used to define dish and chamfer geometry

Variable Description

Height (depth) of pellet dish, assumed to be a

hdish spherical indentation
i Pellet end-dish shoulder width (outer radius of
dishsd . .
pellet - radius of dish)
chmfrh Chamfer height
chmfrw Chamfer width

PNNL-33994

A schematic of the fuel pellet when no dishes or chamfers are present is shown in Figure 2-9.

General Modeling Description
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T T

(a) Cold pellet interface

W () Hot pellet interface
F

“‘“-;/’Ff‘x\h,ﬂp;ﬁﬂ

Figure 2-9. A schematic of the impact of dishes and chamfers on void volume

2.3.4 Fission Gas Release Mesh

The FGR calculation typically requires a finer level of discretization on the fuel pellet than the
thermal mesh (Note: there is no mesh on any other materials). The mesh is generated with equal
area rings (Ay,,) using Equation 2-12. The user-defined input for the number of radial rings is
ngasr, compared to the number of radial boundaries, nr, in the thermal mesh. Note that the number
of radial boundaries is equal to the number of rings + 1, so the number of boundaries used in the
FGR mesh is ngasr + 1.

™ (ry? —rc?)
ngasr

Afgr,i = (2'12)

By using equal area rings, the radius of each ring is calculated using Equation 2-13. Rather than
the radius be taken at the boundary (i.e., starting at r. and ending at r,,), the radius is calculated
as the area-average radius of each radial ring.

A (X
riv1 = /72 + far, (2-13)
21

The fission gas mesh uses temperatures and radial power distribution from the thermal mesh by
performing interpolation based on radial location.
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2.4 Plenum Thermal Response

2.41 Plenum Temperature Equations

The plenum thermal model calculates the energy exchange between the plenum gas and struc-
tural components, which consists of the hold-down spring, end fuel pellet, and cladding. Energy

exchange between the gas and structural components occurs by natural convection, conduction,
and radiation. A schematic of these energy exchange mechanisms is shown in Figure 2-10.

xonduction
/Spring

Natural
convection

Radiation

Coolant<«—» Natural

convection

Cladding

Natural
convection

O ‘

| End pellet

Figure 2-10. Energy flow in plenum model — energy exchange mechanisms

The spring is modeled by two nodes of equal mass (a center node and a surface node) as shown
in Figure 2-11.

R55 = radius of spring TSS Spring
I / cross sections
55

sC
\ 2

Figure 2-11. Energy flow in plenum model — spring model with two nodes
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The cladding is modeled by three nodes (two surface nodes and one center node) as shown in
Figure 2-12. The center node has twice the mass of the surface nodes. This nodalization scheme
results in a set of six energy equations from which the plenum thermal response can be calculated.

o
\‘/
Cladding
cle
Vcli'» k— clo
T
*T . &)
cli clo
Ar
2
< Ar >

Figure 2-12. Cladding nodalization

The transient energy equations for the gas, spring, and cladding are as follows (the nomenclature
used in the equations is defined in Table 2-5:

1. Plenum gas

oT,
VapgCo— )/

gﬁ = Aephep (Tep - Tg) + Aclhcl (Tcli - Tg) + ASShS (TSS - Tg) (2'14)

2. Spring center node

T A Tss — T
Ve O 035 g 4 Aschs (Tss ~ Tsc) (2-15)
ot Rgs
3. Spring surface node
ViaCaps 2558 a4 4 ks (Tsc — Tss) + Asshrags (Tei — Tss)
ssUspPs ot =(qVss SChs\LSC SS SSlrads \Lcli SS (2-16)

+ Agshs (Ty — Tss) + Assheons (Teti — Tss)

where h..,s is the conductance between the spring and cladding. The conductance is
used only when a stagnant gas condition exists; that is, when the natural convection heat
transfer coefficient for the spring (i) is zero.

General Modeling Description
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4. Cladding interior node

Ty
‘/YclipchCZT;h :q‘/cli + Aclhradc (TSS - Tcli) + Aclhcl (Tg - Tcli)

Ak, (2-17)
+ Aclhconc (TSS - Tcli) + # (Tclc - Tcli)

2

5. Cladding central node

8TC c . AC kc AC kc
chlcpclcclaitl =qVee + # (Tclz' - Tclc) + # (Tclo - Tclc) (2'18)
2 2
6. Cladding exterior node
Tclo = L cool (2'1 9)

Table 2-5. Nomenclature for plenum thermal model

Variable Description
Quantities
A Surface area
C Heat capacitance
DIAC Diameter of.the spring
coll
DIAS Diameter qf the spring
wire
— Gray body shape from
Fi 9

body 1 to body 2

r View factor from body 1
1=2 to body 2
Gr Grashof number
3 Surface heat transfer to
coolant
I Gamma flux
D Inside diamgter of the
cladding
k Thermal conductivity
Length
oD Outside d|ameter of the
cladding
Pr Prandtl number
q Energy
7’ Surface heat flux
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Table 2-5. Nomenclature for plenum thermal model (continued)

Variable

Description

=/

q

R

AR

< N

cl
cle
cli
clo

cool

conc, cons

conv

ep

sc

SS

rads, radc

m,m—+ 1

Volumetric heat
generation

Radius

Thickness of the
cladding

Temperature
Volume

Stefan-Boltzman
constant

Heat capacitance of gas
Density
Absorption coefficient
Emissivity

Spring to cladding

spacing = 12=D1AC

Time
Subscripts
Cladding
Cladding center node
Cladding interior node
Cladding outside node
Coolant

Conduction between the
spring and cladding

Convective heat transfer
to coolant

End pellet
Gas
Plenum
Spring center node
Spring surface node
Spring

Radiation heat transfer
between the spring and
the cladding

Old and new time step

General Modeling Description
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For steady-state analysis, the time derivatives of temperature on the left side of Equations 2-14
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through 2-18 are set equal to zero and the temperature distribution in the spring and cladding is
assumed to be uniform.

To obtain a set of algebraic equations, Equations 2-14 through 2-19 are written in the Crank-
Nicolson implicit finite difference form [Crank and Nicolson, 1974]. This formulation results in a set
of six equations and six unknowns. The details of the finite difference formulation of Equations 2-14
through 2-19 and the logic of the plenum temperature model are given in Appendix D.

2.4.2 Heat Conduction Coefficients

Heat transfer between the plenum gas and the structural components occurs by natural convec-
tion, conduction, and radiation. The required heat transfer coefficients for these three modes are
described in the following section.

2.4.2.1 Natural Convection Heat Transfer Coefficients

Energy exchange by natural convection occurs between the plenum gas and the top of the fuel
pellet stack, the spring, and the cladding. Heat transfer coefficients h.,, hs, and h;, in the equations
above, model this energy exchange. To calculate these heat transfer coefficients, the top of the
fuel stack is assumed to be a flat plate, the spring is assumed to be a horizontal cylinder, and the
cladding is assumed to be a vertical surface. Both laminar and turbulent natural convection are
assumed to occur. Correlations for the heat transfer coefficients for these types of heat transfer
are obtained from [Kreith, 1964] and [McAdams, 1954].

The flat plate natural convection coefficients used for the end pellet surface heat transfer are given
below, using the nomenclature from Table 2-5.

1. For laminar conditions on a heated surface:

hep = 0.5414:9(G“;17;)OQ5 (2-20)
2. For turbulent conditions (Grashof Number, Gr >2.0 x 107), on a heated surface:

hep = 0.14kg(GrZ;)033 (2-21)
3. For laminar conditions on a cooled surface:

hep = 0.27k9(G“;)17;)025 (2-22)

The following natural convection coefficients for horizontal cylinders are used for the film coefficient
for the spring.

1. For laminar conditions:
(GTPT)U'25

he = 053Ky 5o e

(2-23)

General Modeling Description
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2. For turbulent conditions (1.0 x 10° < Gr < 1.0 x 10"2):

hs = 0.18 (T, — Tss)"™* (2-24)

The vertical surface natural convection coefficients used for the cladding interior surface are given
below.

1. For laminar conditions:

Ppy0-25
hey = 0.551@((;7";) (2-25)
p
2. For turbulent conditions (Gr > 1 x 107):
0.4
he = 0.021k:g(GT§r) (2-26)
p

These natural convection correlations were derived for flat plates, horizontal cylinders, and vertical
surfaces in an infinite gas volume. Heat transfer coefficients calculated using these correlations are
expected to be higher than those actually existing within the confined space of the plenum. Until
additional plenum temperature experimental data are available, these coefficients are believed to
provide an acceptable estimate of the true value.

2.4.2.2 Conduction Heat Transfer Coefficients

Conduction of energy between the spring and cladding is represented by the heat transfer coef-
ficients heons and heone in Equations 2-16 and 2-17. These coefficients are both calculated when
stagnant gas conditions exist. The conduction coefficients are calculated based on the spring and
cladding geometries shown in Figure 2-13 and the following assumptions:

e The cladding and spring surface temperatures are uniform.

e Energy is conducted only in the direction perpendicular to the cladding wall (heat flow is one-
dimensional).

General Modeling Description
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Cladding

/_\’

Figure 2-13. Geometrical relationship between the cladding and spring

Based on these assumptions, and the geometry given in Figure 2-13, the energy (¢) conducted
from an elemental surface area of the spring (LsRsdf) to the cladding is:

kg (Tss — Tai) (LsRs sin 0d0)
N d+ Rg — Rgsinf

(2-27)
Where,

6 = Azimuthal coordinate

By integration of Equation 2-27 over the surface area of the spring facing the cladding, the total

flow of energy is given by:
] Rs
17}%32 " tan 3 — 55ks
2 Rs?
(04 2Rs) 1= Giorsy

The two conduction heat transfer coefficients, h.ons and he.,., are calculated by Equations 2-29
and 2-30.

o="

T 2

TR S 228
(Tss Tz){ 2RS+RS ( )

kgAss
q=-1==
v

0=0

h - 1Tss = Tei) (2-29)
Ass

General Modeling Description
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B Ass
hconc - hconsT (2 30)

cl

When natural convection heat transfer exists (h. or hs greater than 0.0), energy is assumed to
flow to the gas from the spring and then from the gas to the cladding wall, or vice versa. Under
these conditions, h.ons and hen. are set equal to zero. Therefore, heons and heon are used only
when the temperature is uniform throughout the plenum. Future plenum data or analytical analysis
may indicate that natural convection flow between the spring and cladding does not exist, in which
case non-zero conduction coefficients should be used at all times.

2.4.2.3 Radiation Heat Transfer Coefficients
Transport of energy by radiation between the spring and cladding is included in the plenum model
by use of the heat transfer coefficients h,.qs and h,.q. in Equations 2-16 and 2-17. These co-

efficients are derived from the radiant energy exchange equation for two gray bodies in thermal
equilibrium as follows [Kreith, 1964]:

Q152 = AiF 100 (T = 1Y) (2-31)

Where,

g1—2 = Net rate of heat flow by radiation between bodies 1 and 2

The gray body factor, F';_,», is related to the geometrical view factor, F_.5, from body 1 to body 2
by:

1
1-— €1 1 1-— €9
Arer A1Fio  Ases

A1Fio9 = (2-32)

Using Equations 2-31 and 2-32 and approximating the geometric view factor from the cladding to
the spring, F_g, by:

Ass (244 — Ass) Ass

Fy o= 2-33
: 2Acl 4A012 ( )
The net radiation energy exchange between the cladding and spring may be written as:

qcl—s = Aclfcl—s (Tcli4 - TSS4) (2'34)

The radiation heat transfer coefficients, h,.q. and h,.qs, are calculated by Equations 2-35 and 2-36.

General Modeling Description
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hyade = fel—s (TZZ — TSS) (2-35)
cl
Acl
hrads = Prade—— 2-36
d 4 Ao (2-36)

2.4.2.4 Gamma Heating of the Spring and Cladding

The volumetric power generation term, ¢, used in Equation 2-15 through 2-18, represents the
gamma radiation heating of the spring and cladding. A simple relationship is used to calculate g.
The relationship used is derived from the gamma flux attenuation equation:

—dI (z) = X,1 (x)dx (2-37)

Where,

I (z) = Gamma flux
¥, = Gamma ray absorption coefficient

x = Spatial dimension of solid on which the gamma radiation is incident

Because the cladding and spring are thin in cross section, the gamma ray flux can be assumed
constant throughout the volume. Of the gamma flux, I, incident on the spring and cladding, the
portion absorbed, I, can be described by:

-1 =3It (2-38)
Where,
T = Thickness of the spring or cladding

Therefore, the volumetric gamma ray absorption rate is given by:

R Y | (2-39)

8|~

Equation 2-39 can also represent gamma volumetric energy deposition by letting I represent the
energy flux associated with the gamma radiation. Approximately 10% of the energy released by the
fission of uranium is in the form of high energy gamma radiation. Therefore, the gamma energy
flux leaving the fuel rod would be approximately equal to 10% of the thermal flux. The gamma
energy flux throughout the reactor can then be estimated by:
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I =0.10g,,, (2-40)

Where,

7.4 = Average fuel rod power, kW/m

For zirconium, ¥, is approximately 36.1 1/m. Therefore, the gamma energy deposition rate is given
by Equation 2-41. This is an estimate of the gamma heating rate for the spring and cladding.

=q = 3.617q,,4 (2-41)

2.4.3 Stored Energy

The stored energy in the fuel rod is calculated separately for the fuel and the cladding, by summing
the energy of each pellet or cladding ring calculated at the ring temperature. The expression for
stored energy is shown in Equation 2-42.

I T;
-_ 11y ‘ C T)dT
ES _ 2271 fT,,.Ef p( ) (2_42)

m

Where,

E, = Stored energy, J/kg

m; = Mass of ring segment i, kg

T; = Temperature of ring segment i, K

T,.; = Reference temperature for stored energy, K

C, (T') = Specific heat evaluated at temperature 7', J/kg-K
m = Total mass of the axial node, kg

I = Number of annular rings

The stored energy is calculated for each axial node. By default, the reference temperature (7. )
is taken at STP conditions (298 K or 77 °F); however, this can be changed using the input file.
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2.5 Fuel Rod Mechanical Response

An accurate calculation of fuel and cladding deformation is necessary in any fuel rod response
analysis because the heat transfer coefficient across the fuel-cladding gap is a function of both the
effective fuel-cladding gap size and the fuel-cladding interfacial pressure. In addition, an accurate
calculation of stresses in the cladding is needed to accurately calculate the strain and the onset of
cladding failure (and subsequent release of fission products). This section describes the default
mechanical model, FRACAS-I. The optional cladding FEA model is described elsewhere [Knuutila,
2006].

2.51 The FRACAS-1 Model

The FRACAS-I model is available for the calculation of the small displacement deformation of the
fuel and cladding. The simplified model, FRACAS-I, neglects the stress-induced deformation of
the fuel, and is called the “rigid pellet model.”

In analyzing the deformation of fuel rods, two physical situations are envisioned. The first situa-
tion occurs when the fuel and cladding are not in contact. Here the problem of a cylindrical shell
(the cladding) with specified internal and external pressures and a specified cladding temperature
distribution must be solved. This situation is called the “open gap” regime.

The second situation envisioned is when the fuel (considerably hotter than the cladding) has ex-
panded so as to be in contact with the cladding. Further heating (thermal expansion) of the fuel
“drives” the cladding outward. This situation is called the “closed gap” regime. In addition, this
closed gap can occur due to fuel swelling, relocation, and the creep of the cladding onto the fuel
due to a high coolant pressure.

The deformation analysis in FAST consists of a small deformation analysis that includes stresses,
strains, and displacements in the fuel and cladding for the entire fuel rod. This analysis assumes
that the cladding retains its cylindrical shape during deformation, and includes the effects of the
following:

e Fuel thermal expansion, swelling, densification, and relocation

e Cladding thermal expansion, creep, and plasticity

e Fission gas and external coolant pressures

As part of the small displacement analysis, the applicable local deformation regime (open gap or

closed gap) is determined. Finally, an analysis is performed to determine cladding stresses and
strains.

In Section 2.5.1.1, the general theory of plastic analysis is outlined and the method of solution used
in the FRACAS-I model is presented. This method of solution is used in the rigid pellet model. In
Section 2.5.1.2, the equations for the rigid pellet model are described.

General Modeling Description
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2.5.1.1 General Theory and Method of Solution
The general theory of plastic analysis and the method of solution are used in the rigid pellet model.
General Considerations in Elastic-Plastic Analysis

Problems involving elastic-plastic deformation and multiaxial stress states involve aspects that do
not require consideration in a uniaxial problem. In the following discussion, an attempt is made
to briefly outline the structure of incremental plasticity and to outline the method of successive
substitutions (also called the method of successive elastic solutions) [Mendelson, 1968], which
has been used successfully in treating multiaxial elastic-plastic problems. The method can be
used for any problem for which a solution based on elasticity can be obtained. This method is
used in the rigid pellet model.

In a problem involving only uniaxial stress, o1, the strain, ¢4, is related to the stress by an experi-
mentally determined stress-strain curve as shown in Figure 2-14 (including the elastic strains and
plastic strains, but without thermal expansion strains) so Hooke’s law is taken as:

o = % vl g / adT (2-43)

Where,

g1 = Total strain, m/m

o1 = Uniaxial stress, MPa

E = Modulus of elasticity, MPa

el = Plastic strain, m/m

a = Thermal expansion coefficient, K™

T = Temperature, K
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a

A / > I
— —
L

Figure 2-14. Typical isothermal stress-strain curve

The onset of yielding occurs at the yield stress, which can be determined directly from Figure 2-14.
Given aload (stress) history, the resulting deformation can be determined in a simple manner. The
increase of yield stress with work-hardening is easily computed directly from Figure 2-14.

In a problem involving multiaxial states of stress, as with a fuel rod, the situation is not as clear. In
such a problem, a method of relating the onset of plastic deformation to the results of a uniaxial test
is required, and further, when plastic deformation occurs, some means is needed for determining
how much plastic deformation has occurred and how that deformation is distributed among the
individual components of strain. These two complications are taken into account by use of the

so-called “yield function” and “flow rule,” respectively.

A wealth of experimental evidence exists on the onset of yielding in a multiaxial stress state. Most
of this evidence supports the von Mises yield criterion, which asserts that yielding occurs when

the stress state is such that:

(o1 — 02)* + (02 — 03)* + (05 — 01)* (2-44)

| =

Where,

o; = Principle stresses in direction i,i =1, 2, 3

o, = Yield stress as determined in a uniaxial stress-strain test

General Modeling Description
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The square root of the left side of Equation 2-44 is referred to as the “effective stress,” 0., and this
effective stress is one commonly used type of yield function.

To determine how the yield stress changes with permanent deformation, the yield stress is hypoth-
esized to be a function of the equivalent plastic strain, e”. An increment of equivalent plastic strain
is determined at each load step, and ? is defined as the sum of all increments incurred, as shown
in Equation 2-45.

eh =) deP (2-45)

Each increment of effective plastic strain is related to the individual plastic strain components by:

2
de? = \sf\/ (e — deB)? + (deb — deB)? + (deb — deb)? (2-46)
Where,

de? = Plastic strain components in principle coordinates

Experimental results indicate that at pressures on the order of the yield stress, plastic deformation
occurs with no change in volume, which implies that:

del + deb + deb = 0 (2-47)

Therefore, in a uniaxial test with oy = o, 09 = 03 = 0, the plastic strain increments are:

1
deb = del} = —§d€]1’ (2-48)

Therefore, in a uniaxial test, Equations 2-44 and 2-46 reduce to:

o =0y (2-49)

de? = de? (2-50)

Thus, when the assumption is made that the yield stress is a function of the total effective plastic
strain (called the “strain-hardening hypothesis”), the functional relationship between yield stress
and plastic strain can be taken directly from a uniaxial stress-strain curve by virtue of Equations 2-
49 and 2-50.

The relationship between the magnitudes of the plastic strain increments and the effective plastic
strain increment is provided by the Prandtl-Reuss flow rule:
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3 del

deP
€’+2Je

S;,1=1,2,3 (2-51)
Where,

S; = Deviatoric stress components (in principal coordinates)

Furthermore, the deviatoric stress components, S;, are defined by:

1
Si:Uifg(JlJrUQ%»Ug),i:1,2,3 (2-52)

Equation 2-51 embodies the fundamental observation of plastic deformation; that is, plastic strain
increments are proportional to the deviatoric stresses. The constant of proportionality is determined
by the choice of the yield function. Direct substitution shows that Equations 2-44, 2-46, 2-51, and 2-
52 are consistent with one another.

Once the plastic strain increments have been determined for a given load step, the total strains
are determined from a generalized form of Hooke’s law given by:

1
g1 = (01 v (024 03)) + ] +def + / andt (2-53a)
€2 = ;(02—1/(014-03))+5Z2)+d5}27+/0‘2dt (2-53b)
1
€3 = E(0'3—V(02+01))+5§+d5§+/a3dt (2-53¢)

Where,

e’ = Total plastic strain components at the end of the previous load increment
E = Modulus of elasticity [Geelhood et al., 2023c]

v = Poisson’s ratio [Geelhood et al., 2023c]

The remaining continuum field equations of equilibrium, strain displacement, and strain compati-
bility are unchanged. The complete set of governing equations is presented in Table 2-6, written
in terms of rectangular Cartesian coordinates and employing the usual indicial notation in which a
repeated Latin index implies summation (index notation). This set of equations is augmented by
an experimentally determined uniaxial stress-strain relation.
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Table 2-6. Summary of FRACAS-I governing equations

Parameter Governing Equation
Equilibrium ojij+pfi=0

Stress strain gij = Y20y — 6,5 (% — [ odT) + eb. + de?,
Compatibility Eijkl + Eklyij — Eikjl — Ejtik = 0

(o cl \/ éSi'Si'
Definitions used in plasticity S

A 1
Sij = 0ij — 50kk

Prandtl-Reuss flow rule de? = 345,
J 2 o, J

Where,

o = Stress tensor
p = Mass density

fi = Components of body force per unit mass
The Method of Solution

When the problem under consideration is statically determinate so that stresses can be found
from equilibrium conditions alone, the resulting plastic deformation can be determined directly.
However, when the problem is statically indeterminate and the stresses and deformation must be
found simultaneously, the full set of plasticity equations proves to be quite formidable, even in the
case of simple loadings and geometries.

One numerical procedure which has been used with considerable success is the method of suc-
cessive substitutions. This method can be applied to any problem for which an elastic solution can
be obtained, either in closed form or numerically. A full discussion of this technique, including a
number of technologically useful examples, is contained in [Knuutila, 2006].

Briefly, the method involves dividing the loading path into small increments. For example, in the
present application, the loads are external pressure, temperature, and either internal pressure or
a prescribed displacement of the inside surface of the cladding. These loads all vary during the
operating history of the fuel rod. For each new increment of the loading, the solution to all the
plasticity equations listed in Table 2-6 is obtained as follows.

First, an initial estimate of the plastic strain increments, defj, is made. Based on these values,
the equations of equilibrium, Hooke’s law, and strain-displacement and so obtained, the devia-
toric stresses, S;;, may be computed. This “pseudo-elastic” solution represents one path in the
computational scheme.

Independently, through use of the assumed dsfj values, the increment of effective plastic strain,
deP, may be computed. From this result and the stress-strain curve, a value of the effective stress,
oe, is obtained from Equation 2-44.
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Finally, a new estimate of the plastic strain increments is obtained from the Prandtl-Reuss flow
rule:

3 deP
d€fj = 50_7651] (2'54)
The entire process is continued until the d»s]i”j converges. A schematic of the iteration scheme is
shown in Figure 2-15.

deP deP O obtained from
estimated "~ computed o-€ curve

\ \

) New estimate of dg”
Elastic problem solved ‘ obtained from
for strains and stresses o .

Prandtl-Reus equations

Process repeated until de;” converges

Figure 2-15. Schematic of the method of successive elastic solutions

The mechanism by which improved estimates of defj are obtained results from the fact that the
effective stress obtained from deP and the stress-strain curve will not be equal to the effective
stress that would be obtained with the stresses from the elastic solution. The effective stresses
will only agree when convergence is obtained.

The question of convergence is one that cannot, in general, be answered a priori. However, conver-
gence can be shown to be obtained for sufficiently small load increments. Experience has shown
that this technique is suitable for both steady-state and transient fuel rod analyses.

Extension to Creep

The method of solution described for the time-independent plasticity calculations can also be
used for time-dependent creep calculations. In this context, the term “creep” refers to any time-
dependent constant volume permanent deformation. Creep is a stress-driven process and is usu-
ally highly dependent on temperature. The only change required to extend the method of suc-
cessive elastic solutions to allow consideration of creep is to rewrite the Prandtl-Reuss flow rule,
Equation 2-51, as:

EAL VCAt (01+02+03)

def =15 S1+ (2-55a)
Oc 9 Om

=5 — 1.55At52 n VeAt (o1 + o2 + 03) (2-55b)
lo 9 Om
A A

des = 15580 g, VAt (o1 + 02+ 0y) (2-55¢)

O 9 Om
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Where,

om = Mean stress

The first term on the right-hand side of each of these equations (Equation 2-55) computes the con-
stant volume creep, whereas the second term in each equation computes the permanent change
in volume. To use this form of the flow rule, two additional material property correlations must be
available. The first is a correlation for constant volume creep, ¢ (taken in a uniaxial test), as a
function of stress, time, temperature, and neutron flux, namely:

e = f (07 T.t, ¢) (2_56)

Where,

o = Uniaxial stress, MPa
T = Temperature, K
t=Time, s

¢ = Neutron flux, n/m?-s

In the FRACAS-I model, the strain hardening hypothesis is assumed, which implies that the strain
correlation can be differentiated with respect to time and solved for creep strain rate in the form:

€=h(0,e%t,T,9) (2-57)

which is no longer an explicit function of time. The function h is contained in subroutine CREPR, and
is described as follows.

A model described by Limback and Andersson [Limback and Andersson, 1996] of ABB Atom and
AB Sandvik Steel, respectively, was selected for cladding irradiation creep in FAST. This model
uses a thermal creep model described by [Matsuo, 1987] and an empirical irradiation creep rate
with tuned model parameters that were fit to the data set given by [Franklin et al., 1983]. The
Limback model was further modified by PNNL to use effective stress rather than hoop stress as
an input so that the principal stresses could be included and account for the difference in creep
behavior during tensile and compressive creep. Several of the fitting coefficients from the Lim-
back paper were consequently changed to accommodate this change based on comparisons to
several data sets [Franklin et al., 1983] [Soniak et al., 2002] [Gilbon et al., 2000] [Sontheimer and
Nissen, 1994]. In addition, a temperature-dependent term was added to the formula for irradiation
creep strain rate. This was done because creep data were used with temperature greater than the
temperature of the data given by Franklin, and these data along with the Franklin data showed a
dependence on temperature. This model has different parameters for stress relief annealed (SRA)
and re-crystallized annealed (RXA) cladding types, and provides reasonable creep strains in the
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LWR range of temperature and cladding hoop stresses that compare well to data. This model is
described below.

The steady-state thermal and irradiation creep rates are given by:

. W B aoep\m —Q
Ep = AT (Mnh 15 ) exp (RT) (2-58a)
F=1.148 x 10° = 59.9-T (2-58b)
a; =650 [1 —0.56 (1 —exp (—1.4 x 10727@"%))] (2-58¢)
Eirp = 09 ot [(T) (2-59)

Where,

€, i = Thermal and irradiation strain rate, respectively, m/m—hr
A = Constant (see Table 2-7)

E = Young’s modulus, MPa

T = Temperature, K

a; = Fluence term (parameters changed from original Limback equation [Limback and Ander-
sson, 1996])

® = Fast neutron fluence, n/m?2

o.rs = Effective stress, MPa

n = Stress exponent (see Table 2-7)

Q@ = Activation energy, 201000 J/mol

R = Universal gas constant, 8.314 J/mol-K
cp = Constant (see Table 2-7)

¢ = Fast neutron flux, n/m?-s

c1 = Flux exponent, 0.85

co = Stress exponent, 1.0

f(T) = Temperature term (see Table 2-7)
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A number of variables for the thermal and irradiation strain rates are dependent on the cladding
cold work (refer to [Geelhood et al., 2023c]):

Table 2-7. Parameters for FAST-1.2 creep equation for SRA and RXA cladding

Parameter Values for SRA Values for RXA Units
A 1.08 x 109 5.47 x 108 K/MPa-hr
n 2.0 3.5 unitless
o 4.0985 x 10724 1.87473 x 10724 (n/m?-s)¢*MPa™
f(T) for T < 570K 0.7283 0.7994 unitless
f(T) for570K< T < 625K -7.0237 +0.0136 T -3.18562 + 6.99132x 1073 T unitless
f(T) for T > 625K 1.4763 1.1840 unitless

These rates are added together, so:

Eth+irr = Eth + Eirr (2-60)
The saturated primary hoop strain is given by:

es = 0.0216¢5% (2 — tanh (35500e4,5r)) > (2-61)

The total thermal strain is given by:

e = ey (1= exp (=520 Zunsint ) ) + Einsinet (2-62)

In FAST, strain rate is used. Taking the derivative with respect to time of the expression above
gives:

' 26€5\/Ethrirr . :
ey = me exp <—52m) + Ethtirr (2-63)

The first term in Equation 2-63 represents the primary creep. It has been observed that following
significant changes in stress or stress reversals, the primary creep is best related to the change
in effective stress and the direction of the change in hoop stress [Geelhood, 2013]. In FAST, the
first term in Equation 2-63 is calculated based on the time since the last significant stress change
(> 5MPa) using the change in effective stress and in the direction of the change in hoop stress.

The effective stress in the cladding is found using the principal stresses at the mid-wall radius
using the thick wall formula as shown in Equations 2-64 to 2-66.
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Where,

o, = Radial stress, MPa

oy = Tangential stres, MPa

o, = Longitudinal stress, MPa
P; = Inner pressure, MPa

P, = Outer pressure, MPa

r; = Inner radius, cm

r, = Outer radius, cm

r = Radius within tube, cm

The effective stress, 0.y, is then given by:

((O’l — )’ + (01— 0,)° + (0, — 0'1)2>

PNNL-33994

(2-64)

(2-65)

(2-66)

(2-67)

The correlations above are developed for SRA and RXA Zircaloy-4 and Zircaloy-2. For M5, the
correlation for RXA Zircaloy is used. For ZIRLO and Optimized ZIRLO, the correlation for SRA

Zircaloy reduced by a factor of 0.8 is used [Sabol et al., 1994].

A plot of the resulting creep is shown as a function of time and effective stress for representative

flux and temperature values in Figures 2-16 and 2-17.
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Figure 2-16. Cladding creep as a function of time and hoop stress for 630 °F and ¢ =
1 x 10"® n/m?-s for SRA Zircaloy
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Figure 2-17. Cladding creep as a function of time and hoop stress for 630 °F and ¢ =
1 x 10"® n/m2?-s for RXA Zircaloy

The second additional correlation required is a relationship between the rate of permanent volu-
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metric strain and the applied loads; that is:

Ve= g (Umv T,t, Vavail) (2'68)

Where,

om = (01 + 02+ 03)/3 = Mean stress, MPa
T = Temperature, K
t=Time, s

Vawaeit = Measure of maximum permanent volumetric change possible

The permanent volumetric strain increment dV.. is related to the creep increments by the equation:

AV = de§ + de§ + de§ (2-69)

As previously noted, the FRACAS-I model is the default model available for analyzing the small
deformation of the fuel and cladding. The model considers the fuel pellets to be essentially rigid
and to deform due to thermal expansion, swelling, and densification only. Thus, in the rigid pellet
model, the displacement of the fuel is calculated independently of the deformation of the cladding.
This rigid pellet analysis is performed with the FRACAS-I subcode.

2.5.1.2 Rigid Pellet Cladding Deformation Model

FRACAS-I consists of a cladding deformation model and a fuel deformation model. If the fuel-
cladding gap is closed, the fuel deformation model will apply a driving force to the cladding defor-
mation model. The cladding deformation model, however, never influences the fuel deformation
model.

The cladding deformation model in FRACAS-I is based on the following assumptions:

Incremental theory of plasticity

e Prandtl-Reuss flow rule

e Isotropic work-hardening

e Thick wall cladding (thick wall approximation formula is used to calculate stress at midwall)
e If fuel and cladding are in contact, no axial slippage occurs at fuel cladding interface

e Bending strains and stresses in cladding are negligible

e Axisymmetric loading and deformation of cladding
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The fuel deformation model in FRACAS-I is based on the following assumptions:

Thermal expansion, swelling, and densification are the only sources for fuel deformation

No resistance to expansion of fuel

No creep deformation of fuel

Isotropic fuel properties

The cladding and fuel deformation models in FRACAS-I are described below.
Cladding Deformation Model

The rigid pellet cladding deformation subcode (FRACAS-I) consists of four sets of models, each
used independently.

Deformation and stresses in the cladding in the open gap regime are computed using a model
which considers a thick wall cylindrical shell with specified internal and external pressures and a
prescribed uniform temperature.

Calculations for the closed gap regime are made using a model which considers a cylindrical shell
with prescribed external pressure and a prescribed radial displacement of the cladding inside sur-
face. The prescribed displacement is obtained from the fuel expansion models (including swelling)
described later in this section. Further, since no slippage is assumed when the fuel and cladding
are in contact, the axial expansion of the fuel is transmitted directly to the cladding, and hence,
the change in axial strain in the shell is also prescribed.

The decision whether the fuel-cladding gap is open or closed is made by considering the relative
movement of the cladding inside surface and the fuel outside surface. At the completion of the
FRACAS-I analysis, either a new fuel-cladding gap size or a new fuel-cladding interfacial pressure
and the elastic-plastic cladding stresses and strains are obtained.

Two additional models are used to compute changes in yield stress with work-hardening, given a
uniaxial stress-strain curve. This stress-strain curve is obtained from the updated MATPRO prop-
erties. The first model computes the effective total strain and new effective plastic strain, given a
value of effective stress and the effective plastic strain at the end of the last loading increment. The
second model computes the effective stress, given an increment of plastic strain and the effective
plastic strain at the end of the last loading increment. Depending on the work-hardened value of
yield stress, loading can be either elastic or plastic, and unloading is constrained to occur elasti-
cally. (Isotropic work-hardening is assumed in these calculations.) These four sets of models are
described below.

The determination of whether or not the fuel is in contact with the cladding is made by comparing
the radial displacement (delta change) of the fuel surface (u,’f“d) with the radial displacement (delta
change) that would occur in the cladding (u¢%?) due to the prescribed external (coolant) pressure

and the prescribed internal (fission and fill gas) pressure. The free radial displacement of the
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cladding is obtained using Equation 2-53. The following expression is used to determine if fuel-
cladding contact has occurred:

ujuel > Uilad +6 (2_70)

Where,

0 = As-fabricated fuel-cladding gap size, m

If Equation 2-70 is satisfied, the fuel is in contact with the cladding. The loading history enters
into this decision by virtue of the permanent plastic cladding strains which are applied to the as-
fabricated geometry. These plastic strains, and total effective plastic strain, ¢, are retained for
use in subsequent calculations.

If the fuel and cladding displacements are such that Equation 2-70 is not satisfied, the fuel-cladding
gap has not closed during the current step and the solution obtained by the open gap solution is
appropriate. The current value of the fuel-cladding gap size is then computed and is used in the
temperature calculations. The plastic strain values may be changed in the solution if additional
plastic straining has occurred.

If Equation 2-70 is satisfied, however, fuel and cladding contact has occurred during the current
loading increment. At the contact interface, radial continuity requires that:

uilad _ uZuel -5 (2_71)

while in the axial direction the assumption is made that no slippage occurs between the fuel and
the cladding. This state is referred to as “lockup.”

Note that only the additional strain which occurs in the fuel after lockup has occurred is transferred
to the cladding. Thus, if a%d is the axial strain in the cladding just prior to contact, and 5£fgel is the

corresponding axial strain in the fuel, then the no-slippage condition in the axial direction becomes:

comd el = cfut @72

The values of the “prestrains”, 52661 and 53{3‘1, are set equal to the values of the strains that existed
in the fuel and cladding at the time of fuel-cladding gap closure and are stored and used in the
cladding sequence of calculations. The values are updated at the end of any load increment during
which the fuel-cladding gap is closed.

After ufle? and ¢ have been computed, they are used in a calculation which considers a cylin-
drical shell with prescribed axial strain, external pressure, and prescribed radial displacement of
the inside surface. After the solution is obtained, a value of the fuel-cladding interfacial pressure
is computed along with new plastic strains and stresses.
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The open gap modeling considers a cylindrical shell loaded by both internal and external pres-
sures. Axisymmetric loading and deformation are assumed. Loading is also restricted to being
uniform in the axial direction and no bending is considered. The geometry and coordinates are
shown in Figure 2-18. The displacements of the midplane of the shell are v and w in the radial and
axial directions, respectively.

ﬂr
P,
R
Q) By

Holddown spring Fuel

(/L L LY LSS LSS LS LR PSS,

FIF I FIF I I FFI TIPS

Figure 2-18. Fuel rod geometry and coordinates

For this case, the equilibrium equations are identically satisfied by the thick wall approximation

below.
Py —ro P,
oo = % (2-73)
riQPZ- — rgPo
0, = 7z (2-74)
Where,

o4 = Hoop stress, MPa
o, = Axial stress, MPa
r; = Inside radius of cladding, m

r, = Outside radius of cladding, m
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P; = Fuel rod internal gas pressure, MPa
P, = Coolant pressure, MPa

t = Cladding thickness, m

For membrane shell theory, the strains are related to the midplane displacements by:

U
€9 = —
T
ow
5 e —
20z

Where,

7 = Radius of the midplane

PNNL-33994

(2-75)

(2-76)

Strain across the thickness of the shell is allowed. In shell theory, since the radial stress can be
neglected, and since the hoop stress, o,, and axial stress, o, are uniform across the thickness
when bending is not considered, the radial strain is due only to the Poisson effect and is uniform
across the thickness. (Normally, radial strains are not considered in a shell theory, but plastic radial

strains must be included when plastic deformations are considered.)

The stress-strain relations are written in incremental form as:

T

1
cg = ) (09 —voy) +55 +de£ +/ apdT
To
1 P P ’
e, = — (0, —vop) +e, +de, + adT
E T
v P P g
& =% (09 —vo.) +e, +de, +/ o dT
To

Where,

t, = Strain-free reference temperature, K
a = Coefficient of thermal expansion
t = Current average cladding temperature, K

E = Modulus of elasticity
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v = Poisson’s ratio

The terms ¢}, e, and e!’ are the plastic strains at the end of the last load increment, and del, dsl’,
and de!’ are the additional plastic strain increments which occur due to the new load increment.

The magnitude of the additional plastic strain increments is determined by the effective stress and
the Prandtl-Reuss flow rule, expressed as:

oo = \}5 (00— 02)2 + (02) + (00)?]® (2-80)
P
d? = 35 for i=r.6,2 (2-81)
2 o,
1 .
S; =0 — 3 (09 +0,) for i=r,0,z (2-82)

The solution of the open gap case proceeds as follows. At the end of the last load increment the
plastic strain components, ¢£’, 7’ and e!” are known. Also the total effective plastic strain, ¢, is
known.

The loading is now incremented with the prescribed values of P;, P,, and T. The new stresses
can be determined from Equation 2-73 and Equation 2-74, and a new value of effective stress is
obtained from Equation 2-80.

The increment of effective plastic strain, de”’, which results from the current increment of loading,
can now be determined from the uniaxial stress-strain curve at the new value of ., as shown in
Figure 2-19. (The new elastic loading curve depends on the value of sfld.)
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P
£o1d

Figure 2-19. Calculation of effective stress o, from dep

Once de? is determined, the individual plastic strain components are found from Equation 2-81,
and the total strain components are obtained from Equations 2-77 through 2-79.

The displacement of the inside surface of the shell must be determined so that a new fuel-cladding
gap width can be computed. The radial displacement of the inside surface is given by:

u(r;) =Teb — %57‘ (2-83)

where the first term is the radial displacement of the midplane (from Equation 2-75) and ¢, is the
uniform strain across the cladding thickness, ¢.

The cladding thickness is computed by the equation:
t=14+¢e)t, (2-84)
Where,

t, = As-fabricated, unstressed thickness

The final step performed is to add the plastic strain increments to the previous plastic strain values;
that is:
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() new = (66) g + det (2-85a)
(&) new = (1) g + et (2-85b)
() pew = (&1 g + ey (2-85¢)
(&) pew = (7) g + der’ (2-85d)

These values are used for the next load increment.

Thus, all the stresses and strains can be computed directly, since in this case the stresses are
determinate. In the case of the fuel-driven cladding displacement, the stresses depend on the
displacement, and such a straightforward solution is not possible.

The closed gap modeling considers the problem of a cylindrical shell for which the radial displace-
ment of the inside surface and axial strain are prescribed. Here the stresses cannot be computed
directly since the pressure at the inside surface (the fuel-cladding interfacial pressure) must be
determined as part of the solution.

As in the open gap modeling, the displacement at the inside surface is given by:

u(r;) =u— %57« (2-86)

Where,

u = radial displacement of the midplane
From Equation 2-75, u = rey and:

t
u(r;) =Teg — 5& (2-87)

Thus, prescribing the displacement of the inside surface of the shell is equivalent to a constraining
relation between epand ¢;. As before, Hooke’s law is taken in the form:

T

1

g = 5 (060 —vo,) + ef + dsZP + /asz (2-88)
To
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T
1
&=z (02 —vog) + b +del + /ocsz (2-89)
To
T
& = —% (09 — 02) + el +del’ + /ardT (2-90)
To

Use of Equations 2-87 and 2-90 in Equation 2-88 results in a relation between the stresses oy and
0., and the prescribed displacement u(r;):

T T
1
Py [€f+def—i—/adT] — |:€5+d85+/04dT] =

T() TO
1 vt t
(Yoo (£ 1))

Equations 2-89 and 2-91 are now a pair of simultaneous algebraic equations for the stresses
o and o, which may be written as:

=3
N |
=3

(2-91)

A Awz| oo | B (2-92)
Ag1 Azl |op By
Where,
A =1+4
Ao (4 1)
A21 - —U
Aoy =1

T
55+de§+TfadT

T
el +del + [ adT
To

T

— (r3) Et
By = <Eur+4r

)_E

T
By, =FE (52 — Bl +def + [ adT)
T

Then the stresses can be written explicitly as:

B1 Az — BaAja
on = 2-93
O A Ay — A Ady ( )
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_ By Ay — Bi1 A
A1z — A1pAAy

(2-94)

Oz

These equations relate the stresses to u(r;) and ¢, which are prescribed, and to da’g, de?, and deb,
which are to be determined. The remaining equations which must be satisfied are:

oo — \}i (09 — 02)% + (02)2 + (06)?] (2-95)
det’ = ‘f [(def — def)? + (def — deb)? + (del - dsf)Q]% (2-96)
and the Prandtl-Reuss flow equations (defined in Equation 2-81):
3del [ 1 |
P _— - —_—— -
dey = 2 o _09 3(094—02)_ (2-97)
3del [ 1 1
P - — —_—— -
de, = 5 o _az 3(09 +0’Z)_ (2-98)
del = —del — de? (2-99)

The effective stress, o., and the plastic strain increment, de”’, must, of course, be related by the
uniaxial stress-strain law. Equations 2-93 through 2-99 must be simultaneously satisfied for each
loading increment.

As discussed in Section 2.5.1.1, a straightforward numerical solution to these equations can be
obtained using the method of successive elastic solutions. By this method, arbitrary values are
initially assumed for the increments of plastic strain, and Equations 2-93 through 2-99 are used to
obtain improved estimates of the plastic strain components. The following steps are performed for
each increment of load:

1. Values of del), de?, and delare assumed. Then, de*" is computed from Equation 2-96 and
the effective stress is obtained from the stress-strain curve at the value of d=*".

2. From Hooke’s law, still using the assumed plastic strain increments and the prescribed
values of u(r;) and ¢, values for the stresses can be obtained from Equations 2-93 and 2-
94,

3. New values for dcl), d<?, and def'are now computed from the Prandtl-Reuss relations:

def

P
_ 3 {ai - % (o0 + az)} fori—r0,2 (2-100)

2 0
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4. The old and new values of dag, de?, and deslare compared and the process continued until
convergence is obtained.

5. Once convergence has been obtained, the fuel-cladding interfacial pressure is computed
from the following thick wall approximation equation:

Py = 170t ol (2-101)

i

When Steps 1 through 5 have been accomplished, the solution is complete, provided that the
fuel-cladding interface pressure is not less than the local gas pressure.

However, due to unequal amounts of plastic straining in the hoop and axial directions upon unload-
ing, the fuel-cladding interfacial pressure as obtained in step 5 is often less than the gas pressure
even though the fuel-cladding gap has not opened. When this situation occurs, the frictional “lock-
ing” (which is assumed to constrain the cladding axial deformation to equal the fuel axial deforma-
tion) no longer exists. The axial strain and stress adjust themselves so that the fuel-cladding inter-
facial pressure equals the gas pressure, at which point the axial strain is again “locked.” Thus, upon
further unloading, the axial strain and the hoop and axial stresses continually readjust themselves
to maintain the fuel-cladding interfacial pressure equal to the gas pressure until the fuel-cladding
gap opens. Since the unloading occurs elastically, a solution for this portion of the fuel-cladding
interaction problem can be obtained directly as discussed below.

Since the external pressure and the fuel-cladding interfacial pressure are known, the hoop stress
is obtained from Equation 2-101 as:

oy = TiPintt_ TP (2-102)

From Equation 2-87, the following expression can be written:

l
u{ue —54—%6
?

(2-103)

Ep =

Substitution of ¢y and ¢,., as given by Equations 2-88 and 2-90, into Equation 2-103 results in an
explicit equation for o,:

Urio, = <r + V;) og +rE </ adT + def) — %E </ adT + def) — Eu(r;) (2-104)

in which o4 is known from Equation 2-102. With ¢, and oy known, the strains may be computed
from Hooke’s law, Equations 2-88 through 2-90. This set of equations is automatically invoked
whenever P,,; is computed to be less than the local gas pressure.

As in the open gap modeling, the last step is to set the plastic strain components and total effective
strain equal to their new values by adding in the computed increments de? and de?.

General Modeling Description 52



PNNL-33994

The stress-strain modeling is used to relate stress and plastic strain, taking into consideration the
direction of loading and the previous plastic deformation. A typical stress-strain curve is shown
in Figure 2-20. This curve presents the results of a uniaxial stress-strain experiment and may be
interpreted beyond initial yield as the focus of work-hardened yield stresses. The equation of the
curve is provided by the updated MATPRO properties at each temperature given in Section 2.5.1.3.

Stress

Strain

Figure 2-20. |dealized stress-strain behavior

To use this information, the usual idealization of the mechanical behavior of metals is made. Thus,
linear elastic behavior is assumed until a sharply defined yield stress is reached, after which plastic
(irrecoverable) deformation occurs. Unloading from a stress state beyond the initial yield stress,
o, , is assumed to occur along a straight line having the elastic modulus for its slope. When the
(uniaxial) stress is removed completely, a residual plastic strain remains, and this completely de-
termines the subsequent yield stress. That is, when the specimen is loaded again, loading will
occur along line BA in Figure 2-20 and no additional deformation will occur until point A is again
reached. Point A is the subsequent yield stress. If o = f(¢) is the equation of the plastic portion of
the stress-strain curve (YAC), then for a given value of plastic strain, the subsequent yield stress
is found by simultaneously solving the pair of equations.

o= f(e) (2-105a)
o=FE( - (2-105b)

Which may be written as:
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o= f (% n EP) (2-106)

This nonlinear equation may be solved efficiently by using an iteration scheme:

o™t =f ((;7 + 5P> form=0,1,2... (2-107)

The initial iterate, ¢™, is arbitrary, and without loss of generality, is taken as 34.5 MPa. For any
monotonically, increasing stress-plastic strain relation, the iteration scheme in Equation 2-107 will
converge uniformly and absolutely.

The computations of the stress-strain modeling are described below. The first computes strain as
a function of plastic strain, temperature, and stress. The second computes stress as a function of
plastic strain, temperature, and plastic strain increments.

Values of plastic strain, el temperature, and stress are used as follows:
1. Foragiven temperature, 0 = f(¢) is obtained from the updated MATPRO properties given
in Section 2.5.1.3.
2. The yield stress o, for given *" is obtained from Equation 2-107.
3. Fora given value of stress, o,

o ifo<oy

€= 2 +eP
E (2-108)
new P
P ~Eod
o ifo> Oy

e=f(o)
P ___ 0 }
Enew =€~ L (2-109)
dEP = gfew 6Zd

Where FE is computed using the correlation in the material properties handbook [Luscher and
Geelhood, 2014].

Values of plastic strain, ¥, temperature, and plastic strain increment, ds”, are used as follows:

1. Foragiventemperature, 0 = f(¢) is obtained from the updated MATPRO properties given
in Section 2.5.1.3.

2. The yield stress o, for given ¢ is obtained from Equation 2-107.

3. Given de”: see Equation 2-110 and Figure 2-21.
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(2-110)
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Figure 2-21. Computing stress

Since de” > 0, the new value of stress and strain must lie on the plastic portion of the stress-strain
curve o = f(g). So, o and ¢ are obtained by performing a simultaneous solution, as before.

2.5.1.3 Updated MATPRO Cladding Mechanical Properties Models

The mechanical properties of fuel rod Zircaloy cladding are known to change with irradiation be-
cause of damage induced from the fast neutron fluence. The changes are similar to cold-working
the material because dislocation tangles are created that tend to both strengthen and harden the
cladding while decreasing the ductility. In addition to the fast fluence effects, the presence of ex-
cess hydrogen in the form of hydrides in the Zircaloy may also affect the mechanical properties.

Three MATPRO models have been modified to account for the high fast neutron fluence levels,
temperature, and strain rate. Those models are a) the strength coefficient in CKMN, b) the strain

hardening exponent in CKMN, and c) the strain rate exponent in CKMN.

Strength Coefficient, K

The strength coefficient, K, has been modified from MATPRO and is a function of temperature, fast
neutron fluence, cold work, and alloy composition. The strength coefficient has not been found to
be a function of hydrogen concentration. The fluence dependency, K (®), has been modified from
MATPRO to better fit the high burnup data. The models for the strength coefficients of Zircaloy-2

and Zircaloy-4 are given below.
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K(T)-(1+K(CW) + K(®))

K =
K(Zry)
Where,
1.17628 x 10° + 4.54859 x 10° - T
- T < 750K
— 3.28185 x 10% - T2,
2. 27 x 10°
9.522488 % 106 exp (8500TZX0> , 750K < T < 1090 K
K(T) =
1.841376039 x 10% — 1.434544 x 10° - T, 1090K < T < 1255K
4.330 x 10" — 6.685 x 10* - T + 3.7579 x 10 - T2
a4 1255K < T < 2100K
—7.33%x1073. 73,
K(CW) = 0.546CW
(0.1464 + 1.464 x 1072°®) f(CW,T), @ < 0.1 x 10?5 n/m?
K(®) = <2928 x 10726, 0.1%x10%®n/m? < & < 2 x 10%° n/m?
0.53236 + 2.6618 x 10~27®, 2%x10%®n/m? < & < 12 x 10%° n/m?
T — 550
F(CW,T) = 2.25exp(—20CW) min [1,exp ( 10 >} +1
Where,

K(Zry) = 1.305 for Zircaloy-2; 1 for Zircaloy-4
T = Temperature, K
CW = Cold work (valid from 0 to 0.75), unitless

® = Fast neutron fluence, n/m? (E > 1 MeV)

PNNL-33994

(2-111)

(2-112)

(2-113)

(2-114)

(2-115)

The effective cold work and fast neutron fluence used to calculate the strength coefficient, K, can
be reduced by annealing if the time and/or temperature are high enough. FAST uses the MATPRO
model, CANEAL, to calculate the effective cold work and fast neutron fluence at each time step

using the following equations.
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—2. 108
CW; = CWi_1exp |—1.504 (1.504(1 + 2.2 x 10" %®;_1) texp <33TGXO)] (2-116)
20
B, — 1x10 (2-117)
6 —5.35 x 102 10%
2.49 x 10~ %t exp T8 + B,

Where,
CW;_1, and CW; = Effective cold work for strength coefficient at the start and end of the time
step, respectively, unitless

®;, and ®; ; = Effective fast neutron fluence for strength coefficient at the start and end of the
time step, respectively, n/m?

t = Time step size, s

T = Cladding temperature, K
Strain-Hardening Exponent, n
The strain-hardening exponent, n, has been modified from MATPRO to better fit the high burnup
data and is a function of temperature, fast neutron fluence, and alloy composition. The strain

hardening exponent has not been found to be a function of hydrogen concentration. The models
for the strain hardening exponents of Zircaloy-2 and Zircaloy-4 are given below.

n(T)n(®)

= AR 2-118
" n(Zry) ( )
Where,
0.11405, T < 419.4K
—9.490 x 1072 4+ 1.165 x 10737
P Ctons  419.4K < T <1099.0772K
n(T) = —1.992 x 107°T% + 9.588 x 10~'°T", (2-119)
—0.22655119 + 2.5 x 10747, 1099.0772K < T < 1600 K
0.17344880, T > 1600K
1.321 + 0.48 x 10~%9, ® < 0.1 x 102 n/m?
1. . 1072 0.1%x10%®n/m? < & < 2 x 10%° n/m?
(@) = 369 + 0.096 x 10 , nm? < & < n/m (2-120)
1.5435 + 0.008727 x 10~%®, 2x10%®n/m? < & < 7.5 x 10%° n/m?
1.608953, d > 7.5 % 10?5 n/m?
and,
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n(Zry) = 1.0 for Zircaloy-4; 1.6 for Zircaloy-2
T = Temperature, K

® = Fast neutron fluence (E > 1MeV), n/m?

The effective fast neutron fluence used to calculate the strain-hardening exponent, n, can be re-
duced by annealing if the time or temperature, or both, are high enough. FAST uses the MATPRO
model, CANEAL, to calculate the effective fast neutron fluence at each time step using the following

equation.
1 1 20
o= A . (2-121)
9 49 x 10~6¢e —5.35 x 10 Jr1><10
. Xp T8 B,
Where,

d;, and ®;_, = Effective fast neutron fluence for strain hardening exponent at the start and end
of the time step, respectively, n/m?

t = Time step size, s

T = Cladding temperature, K

Strain Rate Exponent

The strain rate exponent, m, has been modified from MATPRO to better fit the high burnup data
and is given by a function of temperature only as described in the equation below.

0.015, T < 750K
m = 7.458 x 10747 — 0.544338, 750K < T < 800K (2-122)
3.24124 x 10747 — 0.20701, T > 800K

Where,

m = Strain rate exponent

T = Temperature, K

The impact of the strain rate exponent on yield stress is to increase the yield strength with increas-
ing strain rate, but the effect is not large. For example, increasing the strain rate from 1 x 107 s™’
to 1.0s™" will increase the yield strength by about 15% .
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Assembled Model

Tensile strength, yield strength, and strain are calculated using the same relationships in MAT-
PRO’s CMLIMT subroutine with slight modifications. The true ultimate strength is calculated using:

€ m n
oc=K (1)(103> 6p+e (2'123)

Where,

o = True ultimate strength, MPa

K = Strength coefficient, MPa

¢ = Strain rate, unitless

m = Strain rate sensitivity constant from MATPRO, unitless
ep+re = True strain at maximum load, unitless

n = Strain hardening exponent, unitless

This is a change in the original MATPRO model in that the true strain at maximum load in the
original model was set equal to the strain hardening exponent. This change was made to better fit
the ultimate tensile strength data.

The CMLIMT subroutine equations predicting true yield strength and true strain at yield remain
unchanged.

This model is applicable over the following ranges with an uncertainty (standard deviation) on yield
and tensile strength of approximately 17% relative.

e Cladding temperature: 560 to 700K

e Oxide corrosion thickness: 0 to 100 um

e Excess hydrogen level: 0 to 650 ppm

e Strainrate: 1x10™%to1x107°1/s

e Fast neutron fluence: 0 to 12 x 102° n/m?

e Zircaloy: cold work and stress relieved

A plot of predicted vs. measured yield stress is shown in Figure 2-22. Further data comparisons
are shown in [Geelhood et al., 2008].
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Figure 2-22. Predicted vs. measured yield stress from the PNNL database (293K < T' < 755K,
0<®<14%x10%n/m?,0 < H,, < 850ppm)

Rigid Pellet Fuel Deformation in FRACAS-I

This section describes the analytical models used to compute fuel deformation in FRACAS-I. Mod-
els are available to calculate length change and fuel radial displacement. Relocation is also con-
sidered in FRACAS-I and is also discussed in this section. The effect of relocation is included in
the thermal response; however, no hard contact between the fuel and cladding (and therefore no
mechanical interaction) is allowed until the other fuel expansion components (swelling and ther-
mal expansion) recover 50% of the original relocated pellet radius. Therefore, the rigid pellet for
mechanical analyses, and that also controls contact conductance, includes 50% of the original
relocated pellet radius as well as the other pellet expansion components.

The assumptions made with respect to fuel deformation in FRACAS-I are that no pellet deformation
is induced by fuel-cladding contact stress or thermal stress and that free-ring thermal expansion
applies. Each individual fuel ring is assumed to expand without restraint from any other ring, and
the total expansion is the sum of the individual expansions.

Radial Deformation

By default, radial deformation of the pellet due to thermal expansion, irradiation swelling, and
densification is calculated with a free-ring expansion model. The governing equation for this model
is:
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N
Ry =Y Ar [1+aT,., (Ti — They) +5f+5ﬂ (2-124)
=1

Where,

Ry = Hot-pellet radius, m

o, = Coefficient of thermal expansion of the i radial temperature, 1/K
T; = Average temperature of i** radial ring, K

T, = Reference temperature, K

r; = Width of i radial ring, m

N = Number of annular rings unitless

e; = Swelling strain (positive)

e5 = Densification strain (negative)

The fuel densification and solid fuel swelling models are briefly discussed. The densification asymp-
totically approaches the (input) ultimate density change, typically over a local (node-average) bur-
nup of approximately 5 GWd/MTU. Solid fuel swelling is considered only as the athermal swelling
associated with solid fission product accumulation. It is linear with local (node-average) burnup,
and starts following a burnup of 6 GWd/MTU (delayed for swelling into as-fabricated porosity). It
then accumulates per time step at a rate equal to 0.062 volume%/GWd/MTU up to 80 GWd/MTU
and 0.086 volume%/GWd/MTU beyond 80 GWd/MTU [Luscher and Geelhood, 2014].

A gasesous swelling model is included in FAST. The model is based on data from Mogensen
[Mogensen et al., 1985] and was developed after ramp test results suggested gaseous swelling
may influence permanent cladding hoop strain in high burnup rods. The linear strain is given as a
function of temperature over the ranges given in the following equations. These models are phased
in between 40 and 50 GWd/MTU by applying a factor that varies linearly between 0 and 1 at 40
and 50 GWd/MTU, respectively.

(2-125)

Al 455 x107°T —4.7x 1072,  960°C < T < 1370°C
! —4.05 x 107° 4+ 7.40 x 1072, 1370°C < T < 1832°C

An alternative thermal expansion model is included in FAST and can be activated by setting
nthermex = 1 in the user input file. This model uses the thermal expansion strain to calculate
a displacement in the circumferential direction and then calculate the change in radius that would
result from the change in circumference. The change in radius is calculated at each point along
the fuel radius, and the maximum value of the change is determined:
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ug,max = max [, (T; — Trey) 7i] (2-126)

Where,

up,max = Maximum change in radius due to circumferential expansion, m
ar, = Coefficient of thermal expansion of the i radial temperature, 1/K
T; = Average temperature of i** radial ring, K

T, = Reference temperature, K

r; = As-fabricated pellet radius at i* radial ring, m

The sum of the displacements due to radial thermal expansion is then added to this maximum
value for the area beyond the radius of maximum radius change, 7y max. Including swelling and
densification strain, the hot pellet radius calculated using the alternative thermal expansion model
becomes:

N N
Rit = Rastab + ugmax + Y [Ariar, (Ti — Trep)] + > Arg [55 + 5?} (2-127)

=76, max =1

For nthermex = 1, FAST compares the results of Equation 2-124 to Equation 2-127 and sets
the hot pellet radius equal to whichever value is greater. For most cases (parabolic temperature
distributions) Equation 2-124 provides the maximum value for the displacement of the outer edge
of the fuel. However, when a temperature profile is edge peaked, as in a RIA shortly after the power
pulse, Equation 2-127 gives a larger value for Ry than Equation 2-124. Assessment of cladding
permanent hoop strain following an RIA suggests that the hoop strain is best predicted when the
second option (nthermex = 1) is used. This option is recommended for RIA cases.

Axial Deformation

Axial deformation of the total fuel stack takes into account the thermal, densification, and swelling
strains at each axial node. The calculation proceeds differently for flat-ended versus dished-pellets
as described below.

For flat-ended pellets, the volume-averaged ring axial deformation is calculated for each axial
node, and these are summed to find the total stack deformation assuming isotropic behavior. The
ring deformations account for thermal, densification, and swelling strains specific to each ring.

For dished pellets, the axial deformation of the “maximum ring” (the ring with the maximum de-
formed length) per node is found, and these “maximum ring” deformations are summed to find
the total deformation. Typically, the “maximum ring” is the innermost ring on the dish shoulder be-
cause the deformation of the rings within the dish does not fill the dish volume, as illustrated in
Figure 2-23.
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Figure 2-23. Interpellet void volume

Fuel Relocation

Fuel pellet center temperatures measured at beginning of life (BOL) in instrumented test rods
have repeatedly been found to be lower than values predicted by thermal performance computer
programs when the predicted fuel-cladding gap in operation is calculated based only on fuel and
cladding thermal expansion [Lanning, 1982]. It has long been concluded, based on microscopic
examination of fuel cross sections [Galbraith, 1973] [Cunningham and Beyer, 1984], that fuel pellet
cracking promotes an outward relocation of the pellet fragments that causes additional gap clo-
sure. This process begins at BOL and quickly reaches equilibrium. [Oguma, 1983] characterized
this approach to equilibrium based on his analysis of BOL test rod elongation data from Halden
instrumented test assemblies.

The fuel pellet cracking that promotes relocation is predominantly radial; however, some circumfer-
ential components to these crack patterns exist, and these components could alter the fuel thermal
conductivity. Thus, cracking and relocation will to some degree increase the thermal resistance in
the pellet while reducing the thermal resistance of the pellet-cladding gap by reducing its effective
size. The relocation model implicitly includes any crack effects on heat transfer because the model
is based on fuel centerline temperature data.

The best estimate pellet relocation model developed for GT2R2 [Cunningham and Beyer, 1984],
has been altered for use in FAST in conjunction with the FRACAS-I mechanical model. This model
is based on the model developed for FRAPCON-3.5. The gap closure at beginning of life was fit
to the first ramp to power data. Due to the excellent centerline temperature predictions throughout
life, the FRAPCON-3.4 pellet relocation model beyond 5 GWd/MTU was retained. Data from IFA-
677.1 which contained very stable pellets that exhibited little to no densification was available
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showing stack elongation (which is proportional to fuel temperature) as a function of power for
ramps to power at 0.1, 0.6, 4, and 5 GWd/MTU [Thérache, 2005]. These data demonstrated that
the increase in relocation from 0 to 5 GWd/MTU appears to follow a logarithmic trend. Therefore,
a logarithmic function was adopted to model the relocation between 0 and 5 GWd/MTU.

The gap closure due to relocation as a fraction of the as-fabricated pellet-cladding gap is given by:

AG  0.055, Bu < 0.0937 GWD/MTU (2-128)
G ] 0.055, 4 min [reloc, reloc (0.5795 + 2447 In (Bu))]  Bu > 0.0937 GWD/MTU
Where,
AG/G = Fraction of as fabricated gap closure due to pellet relocation, unitless
P = Local power, kW/ft
Bu = Local burnup, GWd/MTU
and,
0.345, P > 20 kW/ft
reloc = 4 0.45 + - 25020, 20 kW/ft < P < 40 KWIft (2-129)
0.445, P > 40 kWit

A plot of this model as a function of burnup and LHGR is shown in Figure 2-24. Also shown for
reference is the relocation model from FRAPCON-3.4.

General Modeling Description

64



PNNL-33994

0.6
— 15kW/m

—— 30 KW/m
—— 45 kW/m

== 15 kW/m [v3.4]

—— 0KWM[V3A]
== 45 kW/m [v3.4]

0.5 1

-

-
-
L=
-

0.4 - -
B - -
- -
- —
- -
- -
- ——
- -
- -
=
- -
- -

0.3 1
0.2 4

0.1 1

Relocation Gap Closure [Fraction of as-fabricated gap]

0.0 T T T T
0 1 2 3 4 5 6 7 8

Burnup [GWd/MTU]

Figure 2-24. Power and burnup dependence of the FAST-1.2 relocation model with the
FRAPCON-3.4 model shown for reference

The fuel-cladding gap size used in the thermal and internal pressure calculations includes the fuel
relocation, while the fuel-cladding gap size used in the mechanical calculations allows for 50% of
the relocation to be recovered before cladding stress-strain is driven by the fuel.

2.5.2 Cladding Ballooning Model

After the cladding deformation has been calculated by FRACAS-I, a check is made to determine
whether or not the cladding ballooning model should be used. The check consists of comparing
the cladding effective plastic strain, which is part of the calculated deformation, with the cladding
instability strain given by MATPRO [Hagrman et al., 1981]. If the cladding effective plastic strain is
greater than the cladding instability strain, the ballooning model, BALON2, is used to calculate the
localized, non-uniform straining of the cladding. Refer to [Hagrman et al., 1981] for the details of the
BALON2 model. Once the instability strain is reached in one node, no further strain is calculated
by FRACAS-I for any nodes. The BALON2 model divides the ballooning node into 12 radial and
12 axial subnodes as seen in Figure 2-25. For the node that has reached the instability strain, the
radial average hoop, axial, and radial strains at the axial subnode with the maximum hoop strain
calculated by BALON2Z is used as the hoop, axial, and radial strains for the ballooning node.
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O Axial

Figure 2-25. Description of the BALON2 model

BALON2 calculates the extent and shape of the localized large cladding deformation that occurs
between the time that the cladding effective strain exceeds the instability strain and the time of
cladding rupture. The cladding is assumed to consist of a network of membrane elements sub-
jected to a pressure difference between the inside surface and the outside surface, as shown in
Figure 2-25. The equations for the model are derived from the thin shell membrane equilibrium
equation and geometric constraints. In addition, the model calculates the temperature rise of the
cladding due to heat transfer across the fuel-cladding gap. The fuel surface is assumed to have
a non-uniform temperature. The model accounts for the extra cooling the cladding receives as it
bulges outwardly.

The BALON2 model predicts failure in the ballooning node when the cladding true hoop stress
exceeds an empirical limit that is a function of temperature. This correlation is shown in Figure 2-
26. Although the data shown in the figure are all from Zircaloy, this model is used in FAST-1.2 for
Zircaloy-2, Zircaloy-4, ZIRLO, Optimized ZIRLO, and M5.
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Figure 2-26. True hoop stress at burst used in FAST-1.2’s implementation of BALON2

Using this limit, FAST predicts failure well when compared to measured engineering burst stress at
various temperature levels. However, in some cases the calculated failure strain is very large. To
avoid this, a second empirical strain limit was added such that FAST will predict failure in the bal-
looning node when the true hoop stress exceeds the stress limitin BALONZ2, or when the predicted
cladding permanent hoop strain exceeds the FAST strain limit. The FAST strain limit is provided
in Equations 2-130 through 2-132.

e For940K < T < 1200K:

€ fail = 1.58797 x 10777 — 6.692798 x 10~°73

2-130
+1.053049 x 107272 — 7.3310517 + 1906.22 ( )

e For1200K <7 < 1700K:

€fail = —1.67939 x 10737 + 6.23050 x 107°T? — 7.360497 x 10T +28.1199  (2-131)

e ForT >1700K:
€ fail = 0.544589 (2-132)

Where,
€ rai = Plastic strain at failure, m/m

General Modeling Description

67



T = Cladding temperature, K

PNNL-33994

With these two limits in place, FAST predictions agree with both cladding failure stress and strain
data. The predictions also agree with or bound the previously published curves from NUREG-
0630 [Powers and Meyer, 1980]. These comparisons are shown in Figures 2-27 through 2-30 for
different temperature ramp rates.
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Figure 2-27. Engineering burst stress data and FAST predictions for low heating rates
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Figure 2-28. Engineering burst stress data and FAST predictions for high heating rates
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Figure 2-29. Permanent burst strain data and FAST predictions for low temperature ramp rates
(between 2 and 10 °C/s)
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Figure 2-30. Permanent burst strain data and FAST predictions for high temperature ramp rates
(greater than 20 °C/s)

2.6 Rod Internal Pressure and Fission Gas Release

The pressure of the gas in the fuel rod must be known in order to calculate the deformation of the
cladding and the transfer of heat across the fuel-cladding gap. The pressure is a function of the gas
temperature, composition, void volume, and quantity of gas. Because the temperature is spatially
non-uniform, the fuel rod must be divided into several smaller volumes so that the temperature
in each small volume can be assumed to be uniform. In particular, the fuel rod is divided into a
plenum volume and several fuel-cladding gap and fuel void volumes. The temperature of each
volume is given by the thermal models described in Section 2.4, the size of the volume by the
deformation models described in Section 2.5, and the quantity of gases by the FGR models.

The internal gas pressure can be calculated either by a static pressure model (which assumes that
all volumes inside the fuel rod equilibrate in pressure instantaneously) or by a transient pressure
model which takes into account the viscous flow of the gas in the fuel rod. The static pressure
model is the default model. The transient model is an input option. Unless the fuel-cladding gap is
small (<25 pm), the static and transient models give identical results.

The static fuel rod internal gas pressure model is based on the following assumptions:

1. Perfect gas law holds (PV = NRT)
2. Gas pressure is constant throughout the fuel rod

3. Gas in the fuel cracks is at the average fuel temperature
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The transient fuel rod internal gas pressure model is based on the following assumptions:

1. Perfect gas law holds (PV = NRT)
2. Gas flow past the fuel column is a quasi-steady process
3. Gas flow is compressible and laminar

4. Gas flow past the fuel column can be analyzed as Poiseduille flow (that is, by force balance
only)

5. Gas expansion in the plenum and ballooning zone is an isothermal process

6. The entire fuel-cladding gap can be represented as one volume containing gas at a uniform
pressure

7. The flow distance is equal to the distance from the plenum to the centroid of the fuel-
cladding gap

8. The minimum cross-sectional area of flow is equivalent to an annulus with inner radius
equal to that of the fuel pellet radius and a radial thickness of 25 um

2.6.1 Fuel Rod Internal Gas Pressure
2.6.1.1 Static Gas Pressure

Fuel rod internal gas pressure is calculated from the application of the perfect gas law to a multiple
volume region. The volumes accounted for in FAST-1.2 include the hot plenum volume(s), gap,
annulus, crack, dish, porosity, roughness, and pellet-pellet interface volumes specific to each node.
Thus, the equation for rod internal pressure is:

MR
P=v— N [Vy, Vin, Ve , V. v, v, % (2-133)
Py Py Pext Vg Ven cr dsh por rfc Vi
Ty + Ty, Tpep: + Zn:l [Tg + Ten + Ter Tash + Toor + Trse + T;

Where,

P = Rod internal pressure, Pa

M = Total number of moles of gas

R = Universal gas constant, 8.314 J/mol-K

N = Number of axial nodes into which fuel rod is divided for numerical solution
n = Axial node number

V = Volume, m?3
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T = Temperature, K

The following void volumes are accounted for in the pressure solution:

Table 2-8. VVoid volumes

Symbol Location Temperature Description
Uboer plenum As described in Section 2.6.2.1, dependent on the upper
Pu pperp cladding and fuel temperatures
Lower plenum, depenent on inlet coolant and bottom fuel
i Lower plenum
temperatures
Dext External plenum External plenum, temperature supplied by the user
g Gap Average of the fuel surface and cladding ID temperatures
ch Central hole Nodal fuel centerline temperature
Average of fuel surface and temperature at the
cr Fuel cracks .
restructured fuel radius
dsh Fuel dish Fuel volume average temperature
cham Fuel chamfer Fuel volume average temperature
por Fuel open-porosity Fuel volume average temperature
rfc FUCENe] CERlEiEe Temperature at fuel surface and cladding ID
roughness
. Average between fuel volume average and surface
i Interface volumes

temperature

Note: In the FAST-1.2 output file, a table appears that presents the fractions of total volume rep-
resented by the plenum, gap, cracks, dishes, annulus, open porosity, and roughness, and the
rod-averaged temperatures associated with these various volume-fractions. These are not the
node-specific values that appear in the above equation, but are the results of the sum of each
axial node for each volume.

The gas pressure calculation, therefore, requires information on the gas inventory, void volumes,
and the void temperatures, which is provided by the following supportive models.

2.6.1.2 Transient Internal Gas Flow
Transient flow of gas between the plenum and fuel-cladding gap is calculated by the Poiseuille

equation for viscous flow along an annulus according to Equation 2-134. Assumptions inherent in
the equation are ideal gas, laminar flow, and density based on linear average pressure:

SOACH Juk ) (2-134)
R ZIP LT H
Wizl D D,

Where,
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m = Mass flow rate, g—moles/s

1 = Gas viscosity at temperature T,,, N-s/m?

T, = Volume-averaged temperature of gas in gas (fuel-cladding) gap, K
T; = Gas temperature at node i, K

I; = Axial length of node 7, m

Ip = Number of top axial node

I, = Number of axial node closest to centroid of gas gap (see Figure 2-31)
H = Hagen number (see Equation 2-135)

Pp = Fuel rod plenum gas pressure, N/m?

Ps = Fuel-cladding gap gas pressure, N/m?

R = Universal gas constant, 8.314 J/mol-K

D, = Mean diameter of fuel-cladding gap, m

Dy, = Hydraulic diameter of fuel-cladding gap = 2¢,; for a small gap, m

Centroid of gas gap
Cladding
Gas gap
Fuel

. Centerline
Flow distance

/— Straight line

Pp:|olenum pressure

Pg:gas gap pressure

Internal pressure
o

f
|
T
|
I
|
I
I
I
I
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I
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I
|
I
|
I

Axial location

Figure 2-31. Internal pressure distribution with the transient gas flow model

The Hagen number is calculated by:
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0.24558
H =22 2-135
T %, —T8TAx 101 (2-135)

Where,

tqi = Fuel-cladding radial gap thickness at node i, in

A plot of the relation between Hagen number and gap width given by Equation 2-135 is shown
in Figure 2-32. For gaps smaller than 25 um, the function is cut off at a Hagen value of 1177. To
calculate the fuel-cladding gap pressure, a modified form of Equation 2-133 is used. The plenum
term is deleted and the moles of gas in the fuel-cladding gap is substituted in place of the moles
of gas in the fuel rod.

1200 e 1177
1000 A Ha = 22 + 0.24558/(2tg-0.0007874)
Where:
Ha = Hagan number
_ 800~ fg = gap thickness (inches)
2
E
=]
= 600 4
=
g
=
£
400 A
200 A
U T T T T T T T T
0 1 2 3 4 5 B 7 8 g

Gap thickness, mils

Figure 2-32. Hagen number versus width of fuel-cladding gap

2.6.2 Fuel Rod Void Volume

Void volumes computed by FAST-1.2 include the plenum(s), pellet dishes and chamfers, the fuel-
cladding gap, the fuel cracks, the fuel open porosity, pellet-pellet interface, the fuel and cladding
surface roughness volumes, and (if it exists) the fuel central hole volume. These void volumes are
calculated as indicated below.

2.6.2.1 Plenum Volume

The plenum volume is calculated from geometry considerations and irradiation induced effects on
both the fuel and cladding. In FAST, there are three different plenum volumes that are calculated
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by the code:

1. Upper plenum
2. Lower plenum

3. External plenum

In the upper plenum, the cladding undergoes elastic/plastic deformation, creep, thermal expansion,
and the formation of crud/oxide layers. In addition, the upper plenum accounts for the dimensional
changes along the entire fuel rod stack including those of both the fuel (swelling/densification, ther-
mal expansion, etc.) and the cladding. The axial effects of both the fuel and cladding deformation
are accounted for in determining the reduction (or possibly expansion) of the plenum free volume.
In addition, the volume of the hold-down spring is considered, as well as changes in the spring
geometry due to thermal expansion.

In the lower plenum, the same effects are accounted for as the upper plenum except for the
changes in fuel and cladding geometry along the fuel stack impacting the plenum volume. It is
assumed that the fuel sits on top of the lower plenum and can not reduce the plenum length.

The external plenum is supplied with its own void volume that does not change as a function of
time. In addition, the temperature of the external plenum is also supplied (as a function time). An
external plenum is commonly used when analyzing test specimens that have void volume outside
of the heated zone.

2.6.2.2 Pellet Dish and Chamfer Volumes

The volume between pellets is calculated and included as part of the overall volume in the internal
gas pressure model. The inter-pellet volume is calculated at each time step based on hot-pellet
geometries. Figure 2-23 shows 1) a cold-pellet interface configuration for the case where the pel-
lets are dished and 2) an exaggerated hot-pellet interface configuration. The void volume available
for internal fill gas is defined by the cross-hatched areas (a« and b in Figure 2-23). The dish volume
is that portion of the hot inter-pellet volume that is within the dishes, excluding the volume of any
central hole. The chamfer volume is included in the portion of the hot inter-pellet volume that is
outside the dishes.

2.6.2.3 Fuel-Cladding Gap Volume

The fuel-cladding gap volume is calculated by considering the area between two concentric cylin-
ders. The outer cylinder is assumed to have a diameter equal to the diameter of the cladding inside
surface based on plastic deformation. The inside cylinder is assumed to have a diameter equal to
the diameter of the relocated fuel pellets.

2.6.2.4 Fuel Crack Volume

As the fuel expands, extensive cracking occurs due to the high thermally induced stresses, result-
ing in a relocated fuel surface. The crack volume is computed in Equation 2-136.
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ch:‘/g_‘/eg_‘/tx (2-136)

Where,

V., = Fuel crack volume per unit length, m?
V,, = Volume per unit length within the thermally expanded cladding, m?

Veg = Fuel volume per unit length defined by expanded radial nodes, including the thermal
expansion swelling, and densification, m?

Vi = Computed fuel-cladding gap volume per unit length based on the relocated fuel surface,
m2

2.6.2.5 Open Porosity Volume

A portion of the initial fabrication porosity is open to free gas flow, which is given by the following
expressions:

2.77 x 107% — 3.8181G 4en,

Guen < 91.25
S — 143 x 1078G2,,, +2.497 x 1071063, ¢ 2-137)
PO Y 1.97 x 1078 (94.0 — Gyen) 91.25 < Ggen, < 94.0
0.0, Gen > 94.0
Where,

Vyor = Porosity volume per unit length, m?
Ggen = DEN —1.25

DEN = Fuel density, %TD

Note: It should be noted that most commercially fabricated fuel today has little open porosity.
2.6.2.6 Pellet-Pellet Interface Volume

The pellet-pellet interface volume is calculated as the difference between the hot inter-pellet vol-
ume and the dish volume.

2.6.2.7 Surface Roughness Volume

The roughness of the surface of the fuel and cladding results in a small void volume accounted for
by:
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s (rp2 —(rp — roughp)Q) + ((7“0 + roughe)® — 7“62>
V/L

‘/Tcmgh = (2'138)

Where,

Vyough = Fraction of pellet volume in roughness
rp = Outer radius of pellet, m

r. = Inner radius of cladding, m

rough, = Fuel surface roughness, m

rough. = Cladding surface roughness, m

V' = Volume of pellet stack, m®

L = Length of fuel stack, m

The gas pressure response resulting from the above models feeds back into the mechanical and
temperature response models in the iteration scheme.

2.6.2.8 Central Hole Volume

The central hole volume is calculated by considering the area of the central hole (if present), the
length of the axial node, and the length of the central hole.

2.6.3 Gas Production

Given production rates for the major fission-produced diffusing gases, the burnup-dependent total
fission gas generated at axial elevation z is calculated by Equation 2-139.

(2) VF (2)

B
GPT (z) = —~ 04 (PRuc+ PRy + PRx) (2-139)

Where,

GPT (z) = Total fission gas produced at Elevation z, moles
Bu (z) = Burnup at elevation z, fission/cm?

VF (z) = Fuel volume, cm?

A, = Avogadro’s number

PR = Fission gas production rate, atoms/100-fissions
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To obtain a burnup in fission/cm?3, FAST converts the user supplied rod power, assuming it is all
recoverable energy from fission, at 200 MeV/fission and converts power using 1.60218 x 1073
W-s/MeV.

All the fission gas produced, however, is not released. A portion is trapped in the fuel and a portion
is released to the fuel-cladding gap volume. Only the released portion is used to calculate the rod
internal gas pressure. The gas release fraction is calculated as discussed in the following sections.

In addition to fission gas production, also present is the as-fabricated content of gases in the fuel
matrix as a result of fabrication. The gases modeled by FAST include nitrogen and water, and the
initial fraction, relative to the fuel, is defined by the user. These gases, once released, contribute
to the overall pressure inside the rod and gap gas mixture content, but do not contribute to the
calculated FGR.

2.6.4 Steady-State Gas Release

There are two types of steady-state FGR models present in FAST: long-lived stable gas production
models which calculate the gas released to the plenum and therefore impact the gap gas mixture,
and radioactive gas release models which can be used to predict the release to birth ratios of
short and long-lived radioactive isotopes. There are four FGR model options, two of which are for
long-lived stable isotopes and two are for radioactive gases. The two long-lived stable modes are
the modified Forsberg and Massih model [Forsberg and Massih, 1985], modified at PNNL; and the
FRAPFGR model developed at PNNL. The two radioactive gas models are the ANS-5.4 (1982)
[ANS, 1982] and the more recent ANS-5.4 (2011) [ANS, 2011]. All four of these release models are
based on earlier formulations for diffusion from a sphere by Booth [Booth, 1957] and are discussed
below.

The Massih model is recommended and is set as the default model. The ANS-5.4 models are
useful for calculating the release of short-lived radioactive gas nuclides, but are known to provide
very conservative values for release. To compensate for this, the ANS-5.4 models were imple-
mented to only calculate the radioactive gases and do not feed them back into the gap gas mixture.
When these models are used, the Massih model is used to calculate the stable gas release. The
FRAPFGR model provides a better estimate of the distribution of fission gases within the pellet
than the Massih model and is therefore useful when also using the transient burst release model,
such as for RIAs. However, neither the ANS-5.4 model nor the FRAPFGR model predicts stable
FGR as well as the Massih model does, thus it is recommended that the Massih model be used
for best-estimate calculation of stable FGR.

In addition to FGR (krypton, xenon and helium), FAST also calculates the release of nitrogen. The
nitrogen is released from the fuel lattice, where it is trapped during the fuel fabrication process.
The nitrogen release is described further in Section 2.6.6.

2.6.4.1 Modified Forsberg-Massih Model

The original Forsberg-Massih model begins with a solution of the gas diffusion equation for con-
stant production and properties in a spherical grain:
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% — D) AC (rt)+ B (1) (2-140)

Where,

C = Gas concentration
£ = Gas production
2 2/4d
Ar = ___ N
dr? * r (dr)
D = Diffusion constant

t =Time
With boundary conditions,

C(r,00=0

C(a,t)=0

Forsberg and Massih attempt to solve the equation for the case where there is re-solution of gas
on the grain surface, which changes the outer boundary condition to:

C(a,t) = b(t);lév(t) (2-141)

Where,

N = Surface gas concentration
A = Resolution layer depth
a = Hypothetical grain radius

b = Resolution rate

They make use of a four-term approximation to the integration kernel, K, where:

/a 42 C (r,t) dr = /T K (1 —19) Be (10) d7o (2-142)
0 0

and

(2-143a)

_ B
ﬁe—ﬁ
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7 = Dt (2-143b)

8a% e(%>
K=" Z — (2-143c)

Low-Temperature Fission Gas Release Model at High Burnup

The modified Forsberg-Massih model is used to calculate FGR unless the low-temperature FGR
model predicts a higher value for FGR. The low-temperature FGR model is defined as:

F=7x10"Bu+C (2-144)

Where,

F = Fission gas release fraction, unitless

Bu = Local burnup, GWd/MTU

and,

Bu—40 " p < 40 GWd/MTU and F < 0.05

0.01
10

{o, Bu < 40 GWd/MTU

Grain Boundary Accumulation and Re-Solution

The final solution for a given time step, without re-solution and with constant production rate during
the step, can be written as:

AG, = fuGy (1) + Ap / e EF g (70) dro (2-145)
4
AG =) AG, (2-146)
n=1

Where,

AG = Change in gas concentration in fuel grain
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AGp = Z nGn (11) + Ay /T2 f(m2 —70)q (10) d1o (2-147)
Where,

AG g = Change in gas concentration on grain boundaries

(2-148)

fn — exp |:_Bn (7-2 _7-0)] 1

a?

and,

fn = Fission gas production fraction remaining in the grain from the previous time step

Where q is determined from:

= BAt (2-149)

4
2> | [ fndn
With the following relationship:

6 =T a2 T
T2 ﬁ a’2 CL2
f(AT) = / f(re — mo)dr = (2-150)

1- %exp {WQ(TQ _270)] , 7>0.1
T a

, 7 <01

Where,

Ay, B, = Constants given by Massih

K

K= B
2 4dma?

Qlw wla

K3 =—-K>

B,
1+ K3="_ | A, exp (_ a;)

In modifying the original model, it was chosen to introduce re-solutioning by defining the partition
of the gas arriving at the boundary each time step as follows:
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F
AResolved Gas = AGp 5 F (2-151)
The calculated increase in grain boundary gas is then reduced by:
AGp
AGp = T+ F (2-152a)
—14
o gy (184X 10" g, (2-152b)

3D

and

M = An empirical multiplier on the term in brackets that is the original Massih equation for the
resolution rate = 300

rqrn = Grain radius, m

D = Diffusion constant, m?/s

Note: Although F' is unitless in Massih’s derivation, it does not represent the fraction of retained
gas.

Diffusion Constant

The diffusion constant (D) in the original Forsberg-Massih model is defined over three temperature
ranges, as follows:

1.51 x 10~ T exp (_9;08> , T < 1381K
D=1{214x 10 Bexp (‘2;884> , 1381K < T < 1650K (2-153)
—6614
—17
1.09 x 10~ " exp (min(T, 1850)) , T >1650K

In principle, typically only the mid-range diffusion constant from Equation 2-153 is generally used.
The activation energy term is (% = 22884(1.15)). If the modified constant is less than the low-range
Massih diffusion constant, the latter is used.

A burnup enhancement factor multiplies the mid-range diffusion constant and has the form shown
in Equation 2-154:

Bu—21

burnup factorzloo( 40 ) (2-154)

Where
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Bu = burnup, GWd/MTU

The enhancement factor has a maximum value of 20000. A factor of 12 is applied to the burnup-
enhanced diffusion constant as a final step.

Gas Release

The gas is accumulated at the grain boundary until a saturation concentration is achieved, at which
time the grain boundary gas is released. The saturation area density of gas is given by:

[ @F@O)V. 2y ]
Ns = [3KBTsin2 (9)} < -t Pm) (2-159)

Where,

N, = Saturation concentration, atoms/m?

0 = Dihedral half-angle, 50°

Kp = Boltzman constant

~ = Surface tension, 0.6 J/m?

V. = Critical area coverage fraction, 0.25 unitless
r = Bubble radius, 0.5 ym

P..: = External pressure on bubbles, gas pressure Pa

and,

F(0) =1—1.5cos(0) + 0.5cos’ (9) (2-156)

The final modification to the original model was to release both the grain boundary and the re-
solved gas whenever the saturation condition is achieved and the grain boundary gas is released.

To summarize, optimized parameters have been applied based on comparisons to selected steady-
state and transient data:

e The activation energy % = 1.15(22884) = 26317 (High temperature diffusion).
e The resolution parameter = 1.84 x 10714,

(Bu—21)

e Burnup enhancement factor on diffusion constant = 100" «©

e Multiplier on the diffusion constant (applied after all other modifications) = 12.0
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2.6.4.2 FRAPFGR Model

The FRAPFGR model was developed at PNNL to initialize the transient release model in FRAP-
TRAN (now incorporated into FAST) that is used to calculate FGR during fast transients such as
a RIA. Because of this, it is important that the FRAPFGR model predict not only the steady-state
gas release, but also the amount of gas that remains within the grains and the amount of gas that
is currently residing on the grain boundaries for each axial and radial node. The grain boundary
gas is released during a fast transient due to cracking along the grain boundaries. To do this, gas
release data as well as electron probe microanalysis (EPMA) and X-ray fluorescence (XRF) data
have been used to validate that the model can accurately predict these parameters.

The basic layout of the FRAPFGR model is similar to the modified Massih model with the following
differences.

Grain Growth Model

The FRAPFGR model accepts an input grain size that can be specified in the input. The default
value for this is 10 um using the mean linear intercept (MLI) method. The FRAPFGR model uses
a grain growth model proposed by [Khorushii et al., 1999] given by:

da 1 1 1
dtK<__‘> (2-157)

Where,

d . .
di(tl = Grain radius growth rate, um/h

= 7 —32100
K =5.24 x 107 exp (=252°)
T = Temperature, K
a = Grain size, ym
(mag = 2.23 x 10% (=7220)
Qjr = [% X %} 326.5 exp (;5:,6120)

F = Fission rate, MW/tU

Equation 2-157 is solved by dividing the current time step into 1 hour time steps and solving as-
suming constant rates within each sub-step.

High Burnup Rim Thickness and Porosity

The high burnup rim that is observed in the outer edge of high burnup pellets can be characterized
in terms of sub-micron grains and high porosity. These two items are modeled in the FRAPFGR

General Modeling Description

84



PNNL-33994

model. The size of the high burnup rim has been measured by optical microscopy [Manzel and
Walker, 2002] and is modeled using the equation:

trim = 1.439 x 1076 Bu*4?7 (2-158)

Where,

trim = Thickness of high burnup rim, ym

Bu = Pellet average burnup, GWd/MTU

Figure 2-33 shows how the high burnup structure is modeled in FRAPFGR. The calculated value of
trim Sets a thickness on the pellet surface that is entirely restructured grains. The grain size (MLI)
for these grains is set at 0.15 um. The next region, which has a width also set by ¢,.;,,,, is composed
of a mixture of restructured grains and non-restructured grains. The fraction of restructured grains
decreases linearly to zero across this thickness of this region. If the temperature in a given axial
node is greater than 1000 °C then no restructured grains are assumed to form.

trim trim

-
|
I

o

sulelb painjoniisal ‘uoljoe.

Pellet Center Pellet Edge

Figure 2-33. Modeling of the pellet high burnup rim structure

In addition to the restructured grains, there is also a porosity increase within the high burnup rim.
The porosity is modeled based on a fit to observations on high burnup fuel [Spino et al., 1996]
[Une et al., 2001] [Manzel and Walker, 2000]. This model is given by:
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Bu < 57 GWd/MTU
- {O’ v (2-159)

11.283,In (Bu) — 45.621 Bu > 57 GWd/MTU

Where,

P = Porosity increase in high burnup rim structure, fraction of fuel TD

Bu = Local radial node burnup, GWd/MTU

This porosity is subtracted off the input theoretical density, which is used to calculate the production
in each radial node. Therefore, as the porosity in the rim increases, the power production in the
outer radial nodes is slightly decreased due to increase porosity.

Diffusion Constant

The diffusion constant used in FRAPFGR is given by Equation 2-160.

9508

—17 _
151 x 10 Texp  — 675)> . T <1381K

13 22884

D) = 4 214 x 10~ Bexp (220 1381K < T < 1650 K (2-160)
34879
—10 _ <

7.14433 x 10 exp < T 1850)> , 1650K < T

Where,

D = Diffusion constant, m?/s

T = Temperature, K

For non-restructured grains, Equation 2-161 is used, up to a maximum adjustment of 49.81. For
restructure grains, there is no burnup adjustment.

max((Bu—21,)0) rnln(Bu,l?)) (2-161)

D (T,Bu) =D (T) (10 10 + 10 x 1
Where,

D (T, Bu) = Diffusion constant adjusted for burnup, m?/s
D (T) = Temperature dependent diffusion constant given by Equation 2-160, m?/s

Bu = Local radial node burnup, GWd/MTU
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The diffusion constant is also modified for the effects of low power using an error function as shown
in Equation 2-162.

B D (T, Bu)
DT Bu, P) = 55— r (P —3) (2-162)

Where,

D (T, Bu, P) = Diffusion constant adjusted for burnup and power, m?/s
D (T, Bu) = Diffusion constant adjusted for burnup given by Equation 2-161, m?/s

P = Local radial node power, kW/ft

Gas Release

Gas release calculations are performed separately for restructured grains and non-restructured
grains. For those nodes that contain both restructured and non-restructured grains, the releases
from each are combined based on the relative amount of each type of grain.

For the restructured grains, it is assumed that, because the grains are so small, all the gas pro-
duced in the grain will diffuse out to the grain boundary. Therefore, the only gas that will remain in
these grains at the end of the time step is the gas that is re-solved back into the grains.

The gas re-solved back into the grain is given by the resolution factor from Massih [Forsberg and
Massih, 1985]. The gas that is in the grain for a given time step, i, is given by:

f
GG; = GB;_ 2-163
g (2-163)
Where,
GG; = Gas in grains, moles/m3
G B; = Gas on grain boundaries, moles/m?
—14
I 1.84 x 10~ Ha (2-164)

3D

Where,

a = Grain radius, 0.075 x 1078 m (for restructured grains)

D = Diffusion constant, m2/s
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For the non-restructured grains, the same formulas as those in Massih are used to calculate dif-
fusion from the grains except that the release is reduced to account for resolution during the cal-
culation of release. The following terms are changed as follows:

From Equation 2-147, the following term is changed:

S fuG () - 2 A7 () (2-165)

resolterm

From Equation 2-149, the following term is changed:

[_ > (%52)+ f(ﬁ] L () v (2-166)

B, resolterm
n=1

Where,

T = Temperature, K

and,

0.14009 exp(0.002827"), T < 1528.77K

(2-167)
22.976 — 0.0082T, T < 1528.77K

resolterm = max {

In order for gas to be released from the grain boundaries, the saturation concentration must be
reached. The saturation concentration is given by:

(2-168)
Where,

gs = Grain boundary saturation concentration, mol/m?3
N, = Saturation area density given in Equation 2-155, mol/m?

a = Grain radius, m

When the grain boundary gas concentration for a given radial node exceeds the saturation value
for the first time, all the gas on the grain boundary except 65% of the saturation value is released.
From then on for that radial node, any gas above 65% of the saturation values is released.

As discussed, for radial nodes that contain some restructured grains and some non-restructured
grains, the released gas is calculated as:
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Areli, = Arely (restructure2) + Arely (1 — rest¢ucture2) (2-169)

Where,

Arely,; = Total release from a radial node, mol/m?3
Arel, = Release from restructured grains in a radial node, mol/m3
Arely, = Release from non-restructured grains in a radial node, mol/m3

restructure = Fraction of restructured grains in radial node, unitless

As with the Massih model, an athermal release term of 1% for every 10 GWd/MTU beyond 40 GWd/MTU
is added on if the predicted release is less than 5% to account for the observed gas release from
rods with very low power at high burnup.

2.6.4.3 ANS-5.4 (1982) Gas Release Model

The ANS-5.4 [ANS, 1982] fractional FGR is calculated as a function of time and radial fuel tem-
perature and axial burnup. The fuel is divided into radial and axial nodes according to the old 1982
ANS standard. A user requirement is that the time step sizes be such that the burnup increments
do not exceed 2 GWd/MTU.

The modeling is divided into two main sections, one for release of stable isotopes and the other
for release of short-lived isotopes. There are high- and low-temperature models for both the stable
and radioactive fission products. The release is calculated using both the high-temperature and
the low-temperature models, and the larger release value is used. Time steps should not exceed
50d.

The ANS-5.4 FGR model [ANS, 1982] is incorporated as specified by the standard and will not
be described in more detail in this document. The 1982 model is not an approved standard and
provides a very conservative prediction of release in FAST, while the revised 2011 model [ANS,
2011] provides a less conservative prediction even at the 95/95 upper bound. The 1982 model is
retained in FAST for compliance with various regulations.

2.6.4.4 ANS-5.4 (2011) Gas Release Model

The new ANS-5.4 standard was approved in 2011 and provides a methodology for determining
the radioactive releases from fuel rods, and to determine radiological consequences of postulated
accidents. The model is based on the assumption that no significant power transient will occur,
such as RIAs. This model includes volatile and gaseous fission products of primary importance
such as krypton, xenon, iodine, and cesium. The largest contributor to the equivalent dose to
individuals is generally '3'I, which is included in the model. The radioactive gaseous and volatile
fission products are divided into three categories:

1. Short-lived radioactive nuclides with a half-life < 6 h
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2. Long-lived radioactive nuclides with 6 h < half-life < 60d

3. Stable radioactive nuclides with half-life > 60d

This distinction is particularly important when considering diffusion processes that proceed slowly
as compared to the decay time for the nuclides under consideration. The model presented in the
ANS 5.4 2011 standard is applicable to short lived nuclides; a further distinction is applied in the
standard for nuclides with a half-life smaller than 6 h, and nuclides with half-lives greater than 6 h
but smaller than 60d.

The first incarnation of the ANS-5.4 standard was first implemented in 1982 and it was originally
based on the Booth diffusion model. The model coefficients were determined from the measured
release data for xenon and krypton. Because of the lack of data for '3'l, the diffusion coefficient
for this nuclide was assumed to be a factor of 7 higher than the one used for xenon and krypton.
However, in the last twenty-five years, fuel experiments in test reactors have been performed and
measured data have been used to validate the standard at higher burnups. Based on this data it
was also concluded that the prediction for '3l was overly conservative.

The FGR model from ANS 5.4 2011 [ANS, 2011] implements the model described in the standard
and it calculates the release-to-birth ratio (R/B), or the so-called “gap release” for short-lived and
long-lived nuclides, as defined by the standard. The short-lived and long-lived nuclides considered
by the model are listed in Tables 2-9 and Table 2-10, respectively, together with their precursor
coefficients and decay constants for radioactive nuclides. The nuclides are categorized as short
lived if their half-life is less than 6 h, while they are considered long lived, if their half-life is greater
than 6 h but less than 60d.

General Modeling Description

90



PNNL-33994

Table 2-9. Decay constants and precursor coefficients for short-lived noble gases and iodines
with half-life < 6h

Precursor

Nuclide Coefficient (o) Decay Constant
135mxe 235 7.55%x 1074
37Xe 1.07 3.02x 1073
138Xe 1.00 8.19x 107
139%e 1.00 1.75x 1072
8SmKr 1.31 4.30x107°
87Kr 1.25 1.52 x 107
88K 1.03 6.78 x107°
89Kr 1.21 3.35x1073
90Kr 1.11 2.15%x1072
e ) 137.0 8.44 x107°
134) 4.4 2.20x 107

As recommended by the standard, it should be noted that although 32| is considered a short-
lived isotope, it is modeled using the long-lived correlation due to the long decay time of 132Te
(3.2d).

Table 2-10. Decay constants and precursor coefficients for long-lived noble gases and iodines
with 6 h < half-life < 60d

Nuclide CoPel::i(::li‘;i?;a) Decay Constant
131Imxe 1.00 6.730 x 1077
133%e 1.25 1.527 x 107®
135Xe 1.85 2.107 x 107°
LA 1.00 9.973x 1077
133) 1.21 9.217x107®
1EE]| 1.00 2.864 x107°

The release-to-birth ratios for short- and long-lived isotopes are defined in Equations 2-170 and
2-171, respectively.

R S anuclideDi m
it — (= _Ruchge LM 2-170
<B> im <V> im )\nuclide ( )

)
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r—85m Dz m
<R> — Fyuelide <S> (Kr—85m)im (2-171)
B i,nuclide 4 im A(Kr—85m)
Where,
R . .
5 = Release-to-birth ratio
S .
v = Surface-to-volume ratio, 1/cm

a; m = Precursor coefficient
Ai,m = Decay constant, 1/s
D = Diffusion coefficient, cm?/s

Fhucide = Nuclide scaling factor

The nuclide scaling factor (F),,.i4¢) is calculated using Equation 2-172.

0.25
Io e = (anuclide)\(Kr—85m)> (2_1 72)
e )\nuclidea(KrfSE)m)

The diffusion coefficient (D) is calculated using Equation 2-173.

—35000.0 —13800.0
D =76x10""exp <3T> +1.41 x 10718V Fexp <T> +20x107%°F (2-173)

Where,

F = Fission rate, fissions/cm3-s

T = Local fuel temperature, K

The surface-to-volume ratio (%) is dependent on the temperature at which bubbles become in-
terlinked to grain boundaries. The linkage temperature (7;,.) is dependent on the pellet average
burnup at the local axial node. The linkage temperature is calculated using Equation 2-174 and
the corresponding surface-to-volume ratio is calculated using Equation 2-175.

5000.0, Bu < 0.01 MWd/kgU

9800.0
o731 .01 MWd/kgU < Bu < 18.2 MWd/k ;
7605, 25 0.01 MWd/kgU < Bu < 18 d/kgU (2-174)

1434.0 — 12.85Bu + 273.15, Bu > 18.2 MWd/kgU

ﬂink =
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(2-175)

S [1200, T < Ty
V6500, T > Tiing

Where,

Tiink = Linkage temperature, K
T = Local fuel temperature, K

Bu = Pellet average burnup, MWd/kgU

In addition to short- and long-lived, there are also “stable” radioactive isotopes as defined by the
standard that are calculated based on the stable krypton release. In FAST, the stable krypton re-
lease is calculated using the Massih model, with the assumption that all the Kr release predicted by
the Massih model is 8Kr. The 2011 standard also recommends to multiply the diffusion coefficient
of 8Kr by a factor of 2 to calculate the Cs release. As recommended in [Beyer and Clifford, 2011],
due to the approximation that release is proportional to the square root of the diffusion coefficient,
the calculated value for 8°Kr release is multiplied by (v/2) to obtain the release for '**Cs and ¥7Cs.
The stable radioactive isotopes and their half-lives are shown in Table 2-11.

Table 2-11. Decay constants for gases with half-life > 60d

Nuclide Half-Life (y)
85Kr 10.76
134Cs 2.07
187Cs 30.10

General notes when using the ANS-2011 Model:

e The ANS-2011 standard requires at least 11 axial meshes in order to accurately predict the
FGR.

e The ANS-2011 standard recommends multiplying the best estimate predictions of short and
long-lived radioisotopes by a factor of 5.0 to obtain upper tolerance gap inventories. FAST
provides the best estimate predictions only.

2.6.5 Transient Gas Release

The transient release of fission gas is highly dependent on the location of the gas in the fuel pellet,
both radially, and in each radial node the location (in the grains versus on the grain boundaries) of
the gas. Because of this, the transient gas release model in FAST-1.2 may only be used if initialized
with the FRAPFGR model. This model has been developed specifically to predict the location of
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fission gas within the pellets. This transient release model is a burst release (not diffusion release)
model as described below:

e All grain boundary gas for a given radial node is released when the temperature exceeds
2000 °F (1093 °C).

e All gas in the restructured grains (matrix) of the high burnup structure for a given radial node
is released when the temperature exceeds 3300 °F (1816 °C).

e 5% of the gas in the un-restructured grains (matrix) for a given radial node is released when
the temperature exceeds 3300 °F (1816 °C).

This release model was developed to predict the measured release data from RIA experimental
tests in CABRI and NSRR. (See data comparisons in [Luscher and Geelhood, 2014]).

2.6.6 Nitrogen Release
The release of nitrogen initially present in fuel material from fabrication occurs as a result of a

diffusion transport mechanism. The release of nitrogen affects the rod internal pressure and the
gas conductivity. The model proposed by [Booth, 1957] is used, given the following: assumptions:

e The initial concentration of diffusing substance, C, is uniform throughout a sphere of radius, a.

e Transport of material does not occur from the external phase (gaseous nitrogen) back into the
initial carrier medium.

The governing equation is:

T@ - D (82 (Cr)) (2-176)

Where,

r = Radial location, m
C = Concentration of diffusing substance
t=Time, s

D = Diffusion coefficient, m2/s

With the following boundary conditions:

O 0, atr=a (2-177)
C, att=0
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By applying a series solution method, the fractional release of the diffusing substance (nitrogen)
can be approximated based on the value of B:

‘D 2
B = n? a;V (2-178)
Where,
IZLJZVQ = Temperature-dependent diffusion coefficient for nitrogen divided by the effective diffu-

sion radius squared 1/s (Equation 2-180)

t = Time from the start of diffusion, s

The fraction of nitrogen released (Fy,) as of time (¢) is shown in Equation 2-179:

Fy, = (2-179)

1——, B>1
From the experimental data of [Ferrari, 1963] and [Ferrari, 1964]:

Dy,

Y2~ 1.73exp ( (2-180)

33400 )

a 1.9869T

Where,

T = Temperature, K

2.6.7 Helium Production and Release
2.6.7.1 Steady-state Production

Helium is produced at different rates in UO, and MOX. The release of helium affects the rod internal
pressure and the gas conductivity.

For UO,, helium production is given by:

Heprog = 1.297 x 1078Q x t x SA x PR (2-181)

Where,
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Hey,oq = Helium produced for a given axial node, mol
Q = Surface heat flux, W/m?

t =Time, s

S A = Axial node surface area, m?

PR = Fission gas production rate, atoms/100-fissions

For MOX, a formula has been developed as a function of Pu concentration (Pu) and burnup (Bu,
in GWd/MTU):

Heproq = (A1Pu+ As) Bu® + (B Pu + Bs) Bu (2-182)

Table 2-12 shows the fitting parameters that should be used for reactor-grade plutonium and
weapons-grade plutonium.

Table 2-12. Fitting parameters for helium in MOX

Reactor-Grade Weapons-Grade
Parameter . .
Plutonium Plutonium
Ay 1.5350 x 104 —2.4360 x 1074
A, 2.1490 x 1073 3.6059 x 103
By —2.9080 x 1073 3.3790 x 1073
B, 9.7223 x 102 5.3658 x 102

The above equations calculate the amount of helium produced as a function of time. In order to
calculate the helium released to the void volume, an approach similar to the approach for nitro-
gen release is used. By applying a series solution method, the fractional release of the diffusing
substance (helium) can be approximated based on the value of B:

Dpye
R (2-183)
Where,
Dage = Temperature dependent diffusion coefficient for helium divided by the effective diffusion

radius squared, 1/s

t = Time from the start of diffusion, s
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Ift < then the fraction of helium released, Fy., as of time, t, equals

2D

T2

(2-184)

Dy t 3D
FHe:4 |: He:|_ Het

a? 7 2a?
If this fraction is greater than 0.57, then, when B < 1, the fraction of helium released as a function
of time, t, equals

0.607927e~ 5 — 0.653644
B

Fe=1+ (2-185)

and, when B > 1,
Frye=1 (2-186)
When ¢ > %,LH the fraction of helium released is equal to that shown in Equations 2-185 and 2-

186. The diffusion coefficient of helium divided by the effective radius squared is shown in Equa-
tion 2-187.

a?

D {0.452847 x 10719, T < 873K
€ J—

4 2-187
0.28 x 1075 exp (4'0 x 10 ( ! 1)) T > 873K (2-187)

1.98 \1673 T

2.6.7.2 Integral Fuel Burnable Absorber Production

Some fuel designs use a thin layer of ZrB, applied to the surface of the pellets to act as an IFBA.
The use of such coatings produces a large amount of helium. The following empirical correla-
tion was fit to results from Monte Carlo N-Particle (MCNP), a neutron transport code, for helium
production from IFBA liners.

Heproq = — (A1IFBA + A2) B10 + (B1IFBA + B,) B10 (2-188)

Where,

He,,oq = Helium production, atoms He/cm?3-s

IFBA = Percent of fuel rods in a core containing IFBA liners, % (valid only between 10 and
50%)

B10 = "°B enrichment, % (valid from 0 to 90%)

Ay =6.23309 x 107°
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Ay =7.02006 x 1077
B =-1.35675x 1077

B =3.1506 x 1074

It can be seen from Equation 2-188 that the helium production rate is a function of the number of
IFBA rods in a core and the '°B enrichment. Helium is produced as the '°B burns out until there
is no more '°B in the liner. The rate of '°B depletion is equal to the helium production rate. The
depletion of '°B is calculated in the code and the remaining '°B enrichment, B10 in Equation 2-
188, at the end of the time step is used to calculate the helium production for the next time step.
It is assumed in the code that all helium produced in the ZrB, coatings is released directly to the
rod-free volume.

2.6.8 Metallic Fuel Fission Gas Release Model

FAST was primarily developed for oxide fuel but the capability to model metallic fuel has also been
included. Most of the changes are reflected in the use of material properties for metallic fuel and
are described in MatLib [Geelhood et al., 2023c]; however, the mechanisms that drive fission gas
release behavior are profoundly different for metal fuel than for oxide fuel. In general, the diffusivity
of fission gas in metal is much greater than in oxide which leads to the situation where the majority
of the fission gas produced in the pellets or slugs is released to the rod void volume. For this
reason, metallic fuel is often designed with a large plenum region to accomodate this gas.

There has been considerably less focus on understanding the mechanisms of FGR in metallic
fuel than in oxide fuel. So, in FAST, the FGR model for metallic fuel is simply an empirical fit to
measured released fraction as a function of burnup. Current data indicates that this approach will
result in reasonable predictions of FGR.

The model included in FAST is described by:

0, burnup < 0.8 at%
1 burnup — 0.8
FGR = 0.8at% < b < 7.4at9 2-189
GR =\ 5000727 n( 0.0345 ) . 08at% < burnup < 7.4at% (2-189)
0.722, burnup > 7.4 at%

Where,

FGR = fission gas release, fraction

burnup = burnup, at% (Note: 1 GWd/MTU = 0.1066 at%)

Based on the spread of the data, a relative standard error of 6.7% has been calculated for this
model. The FGR model, available data from U-10Zr, U-8Pu-10Zr, and U-19Pu-10Zr fuel [Pahl
et al., 1992], and 20 bounds are shown in Figure 2-34.
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Figure 2-34. FAST metallic fuel FGR model and available data

2.7 Corrosion and Hydrogen Pickup

There are two types of corrosion models in FAST-1.2: corrosion under normal LWR operating
conditions and under high temperature steam-oxidation.

2.7.1 LWR Waterside Corrosion Models
2.7.1.1 PWR Conditions

For Zircaloy-4 under PWR conditions, a cubic rate law for corrosion-layer thickness as a function
of time is applied until a transition thickness is attained [Garzarolli et al., 1982]:

ds A Ql

In FAST-1.2, this equation is integrated without regard to the feedback between oxide layer thick-
ness and oxide metal interface temperature to obtain:

1
3

Siy1 = <3A exp (ng%l> (ti+1 — ti) + 51-3) (2-191)

Where,
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i, 1 + 1 = Refers to beginning (i) and end (i + 1) of current time step
s = Oxide thickness, um

A =6.3x10° ym3/day

(21 = Activation energy (see Table 2-13)

R =1.98 cal/mol-K

T, = Metal-oxide interface temperature, K

t = Time, days

Table 2-13. Enthalpy and transition thicknesses under PWR conditions [Garzarolli et al., 1982]

Cladding Type @1 cal/mol Q- cal/mol Tr;l;rc.:akr:]s('ei;iszm
Zircaloy-4 32289 27354 2
M5 27446 29816 7
ZIRLO 32289 27080 2
Optimized ZIRLO 32289 27354 2

After the transition thickness is attained, a flux-dependent linear rate law is applied, with the rate
constant being an Arrhenius function of oxide-metal interface temperature:

ds _

- (co +U (M¢)P) exp <—QZ> (2-192)

RTy

Because there is significant feedback between oxide-layer thickness and oxide-metal interface
temperature, the oxide thickness is converted to weight gain, and the approximate integral solution
from [Garzarolli et al., 1982] is used. This solution has the form:

2
Ry )/\, In |1-— 5
7Q29 RTFA

_l’_

-1
o+ 1R -] (2190

" _ " Ay
A'U)H_l = Aw; + Q29 Xp ( Q2 vQ2q" Aw;

Weight gain can be converted to thickness using the following formula:

_Awy

00 (2-194)

Where,
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1,1 + 1 = Refers to beginning (i) and end (i + 1) of current time step
s = Oxide thickness, m

Aw = Weight gain, g/cm?

R = Universal gas constant, 1.98 cal/mol-K

T, = Oxide-to-water interface temperature, K

A = Oxide thermal conductivity, W/cm-K

v =0.6789 cmd/g

()2 = See Table 2-13

¢" = Heat flux, W/cm?

ko = 11863 + 3.5 x 10% (1.91 x 10~15¢) !

¢ = Fast neutron flux (E > 1MeV), n/cm?/s

t = Time, days

Above the transition thickness, if the oxide thickness is less than 80 um then use 2Aw; in Equa-
tion 2-194 and then divide the second term of Equation 2-193 by 2 as shown in Equation 2-195.

RT2A " — //2A i
Awip1 = Aw; + 0" 1n |1 12 ko ex ( Q2 | 1Q20 24w

29Q2q" | RIZA RT, = RIZA

—1
)(tm—m] (2-195)
2.7.1.2 BWR Conditions

For Zircaloy-2 under BWR conditions, a flux-dependent linear rate law is applied, with the rate
constant being an Arrhenius function of oxide-metal interface temperature:

d
d;‘Z — Kexp <—RQT1> {1 +Cq" exp <RQT1H (2-196)

Because there is significant feedback between oxide-layer thickness and oxide-metal interface
temperature, the oxide thickness is converted to weight gain (as shown in Equation 2-194), and
the approximate integral solution from [Garzarolli et al., 1982] is used. This solution has the form

RT2)\ vQq" —Q Q¢ Aw; -1
Aw;iq = Aw; 9% |1 — k tivy —ti
Wit = Wit A n[ r2N" P\ RTy + RT2\ (b1 = 1)

+ Ck (tix1 — ti) ¢"

(2-197)

Where,
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i, 1 + 1 = Refers to beginning (i) and end (i + 1) of current time step
s = Oxide thickness, m

Aw = Weight gain, g/cm?

R = Universal gas constant, 1.98 cal/mol-K
Ty = Oxide-to-water interface temperature, K
A = Oxide thermal conductivity, W/cm-K

v =0.6789 cm3/g

@ = Activation energy, 27350 cal/mol

¢" = Heat flux, W/cm?

k = 11800 g/cm?-day

® = Fast neutron flux (E > 1 MeV), n/cm?-s
C =25x107"" m2/w

t = Time, days

To achieve numerical stability, the rate equation is integrated across each time step and applied to
calculated corrosion layer increments per time step, which are accumulated to calculate cumulative
layer thickness as a function of axial position (axial node) along the fuel rod.

2.7.2 Hydrogen Pickup Fraction

The fraction of the hydrogen liberated by the metal-water corrosion reaction that is absorbed locally
by the cladding is called the pickup fraction. For PWR conditions, a constant hydrogen pickup
fraction has been found to be applicable. Table 2-14 lists the hydrogen pickup fraction for the
claddings available in FAST.

Table 2-14. Hydrogen pickup fraction under PWR conditions [Geelhood and Beyer, 2011]

Cladding Type Pickup Fraction
Zircaloy-4 0.15
M5 0.10
ZIRLO 0.175
Optimized ZIRLO 0.175

For BWR conditions, a constant hydrogen pickup fraction does not fit the observed hydrogen
concentration data. Therefore, FAST-1.2 uses a burnup-dependent hydrogen concentration model
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[Geelhood and Beyer, 2008]. For Zircaloy-2 prior to 1998 (when the vendors did not have tight
control over concentration and second-phase precipitate particle size), Equation 2-198 is used.

47.8 exp (— > +0.316 By Bu < 50 GWd/MTU
14+ Bu
Heone = (2'198)

28.9 + exp (0.117 (Bu — 20)) Bu > 50 GWd/MTU

For modern Zircaloy-2 since 1998 (when the vendors have had tight control over concentration
and second phase precipitate particle size), Equation 2-199 is used.

Heone = 22.8 + exp (0.117 (Bu — 20)) (2-199)

Where,

H.,n. = Hydrogen concentration, ppm

Bu = Local burnup, GWd/MTU

2.7.3 High-Temperature Corrosion

In FAST, the initial oxide thickness from in-reactor behavior is calculated using the previously
described correlations, or input to the code. During a reduced-cooling, high-temperature transient,
such as LOCA, the cladding temperature can become very hot relative to steady-state operations.
Under these circumstances, a large corrosion layer could form in a matter of seconds to minutes.
This corrosion layer both erodes the structural thickness of the cladding and produces excess
energy term resulting from the exothermic Zirconium-Water reaction. FAST contains two high-
temperature corrosion models, the Cathcart-Pawel model [Cathcart et al., 1977] and the Baker-
Just model [Baker and Just, 1962], that are selected using the input variable modmw. In addition,
the option exists to not model high-temperature corrosion. Guidance on model selection is given
in the input instructions shown in Appendix B.

The Cathcart-Pawel (default) model is activated in FAST-1.2 when the cladding temperature ex-
ceeds 1073 K (800 °C). The Baker-Just model is activated in FAST-1.2 when the cladding temper-
ature exceeds 1000K (727 °C). These models are described below.

Both the Cathcart-Pawel and Baker-Just models are of the following form:

K _ L exp <_B> (2-200)

Where,

K = Oxide thickness, m
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t=Time, s
T = Temperature, K

A,B,R = Constants (see Table 2-15)

This equation can be integrated and rearranged to the following form:

-B
Where,

K = Oxide thickness at beginning of time step, m

K5 = Oxide thickness at end of time step, m

Table 2-15 shows the parameters that are used for the Cathcart-Pawel and Baker-Just models.

Table 2-15. Constants for Cathcart-Pawel and Baker-Just models

Constant Cathcart-Pawel Baker-Just
A 1.126 x 107 m?/s 9.415x107°m?/s
B 1.502 x 105 J/mol 4.550 x 10* cal/mol
R 8.314 J/mol-K 1.987 cal/mol-K

For the Cathcart-Pawel model, the user can specify that the weight gain be calculated assuming
perfect stoichiometry of the oxide, or by assuming a stoichiometric gradient iStoicGrad. It can
be seen from Equation 2-200 that the rate of oxidation is inversely proportional to the oxide layer
thickness. In FAST there are two ways of treating the initial oxide thickness layer that are selected
using the input variable ProtectiveOxide. If ProtectiveOxide = .TRUE., the initial oxide from
steady state is included with the high temperature oxidation, so the rate of oxidation for a previously
oxidized rod is lower than for a rod with no oxide. If ProtectiveOxide = .FALSE., the initial oxide
from steady-state is not included with the high-temperature oxidation, so the rate of oxidation for
a previously oxidized rod is the same as the rate for a rod with no oxide.

FAST calculates the oxidation of the outer rod surface and, if the inner cladding surface is in contact
with steam (i.e., the rod has burst), the oxidation of the inner rod surface. From these ID and OD
oxide layer thicknesses, FAST calculates the oxygen-stabilized alpha layer, the oxygen uptake, the
metal water reactor energy, and equivalent cladding reacted (ECR). For the stress calculations,
FAST reduces the wall thickness based on the thinning from the oxide layer growth. No strength
is attributed to the oxide layer. FAST-1.2 includes an option to calculate ID oxidation regardless of
rupture above a specified burnup BuOxide.
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2.8 Transient Options

The development of FAST was focused around the merger of the transient capabilities from FRAP-
TRAN-2.0 coupled with the steady-state capabilities of FRAPCON-4.0. A set of “transient” input
options allow the user to control the time-dependent thermal/mechanical code solution and tran-
sient fuel rod models. These options are described in Section B.6. The transient code solution
control is based on the problem time step size (and code output intervals) and convergence crite-
ria. The recommended time step size to be used is outlined in Table 2-16.

Table 2-16. Recommended time steps for various transients

Period of

Transient/Accident Transient/Accident Time Step s
Steady-state equilibrium - 0.0@

Large break loss-of-coolant accident (LBLOCA) Blowdown 0.2
LBLOCA Reflood 0.5

Small break loss-of-coolant accident (SBLOCA) Prior to SCRAM 0.2
SBLOCA Adiabatic heatup 2.0

SBLOCA Quenching 0.5

RIA During power pulse 1.0x 107
Anticipated transient without SCRAM (ATWS) - 0.2

@ Will default to using the steady-state solution.

The model options in the transient input block define the high temperature cladding oxidation
model, the high temperature cladding deformation (ballooning) model, and the time step size con-
trol.

2.9 Heat Conduction and Temperature Solution

Once values for the heat generation, gap conductance, and cladding surface temperature have
been obtained, the complete temperature distribution in the fuel and cladding is obtained by ap-
plying the law for heat conduction in solids in one dimension.

2.9.1 One-Dimensional Radial Steady-State Heat Conduction
/ k(z,T)VTds = / S(z)dV (2-202)
S v
Where,
T = Temperature, K

T = Spatial coordinate, m
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S = Heat source, W/m?®

k = Thermal conductivity, W/m-K

2.9.2 One-Dimensional Radial Transient Heat Conduction

Heat conduction in the radial direction in both the fuel and cladding is described by Equation 2-203.

oT _
/V (. T)ey (T, T) SV = /S k(z, T)VTds + /V S@)av (2-203)

Where,

T = Temperature, K

T = Spatial coordinate, m
t=Time, s

S = Heat source, W/m?®
¢, = Specific heat, J/kg-K
p = Density, kg/m?®

k = Thermal conductivity, W/m-K

The first integral calculates the enthalpy change of an arbitrary infinitesimal volume, V', of ma-
terial, the second the heat transfer through the surface, S, of the volume, and the third the heat
generation within the volume. The parameters ¢, and k are temperature dependent. The fuel ther-
mal conductivity is also burnup dependent. The following boundary conditions in Equations 2-204
and 2-205 are used with Equation 2-203:

aT
| = (2-204)
T| =T (2-205)

Where,

r = Radial position, m
ro = Outer radius of fuel, m

T, = Fuel rod outer surface temperature, K
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Equation 2-203 is numerically solved by using an implicit finite difference approximation. The so-
lution method is taken from the HEAT-1 code [Wagner, 1963]. The solution method accounts for
temperature- and time-dependent thermal properties; transient spatially varying heat generation;
and melting and freezing of the fuel and cladding.

With Figure 2-35 as a reference for geometry terms, the finite difference approximation for heat
conduction is shown in Equation 2-206.

| s Fuel rod centerline

| Radial node n

| Radial node n-1 Radial node n+1

I Mesh
spacing
| ® o ]
< »>| < Ar <~ Ar —>
n-1 In m

A
—_
A 4

Figure 2-35. Description of geometry terms in finite difference equations for 1-D radial heat con-
duction

1 1
m+2 m+2

+l +l
Iy - T72n—12) klnhﬁi + (Tn—H - T”Tln 2) kTﬂhfn
+ Quhyy, + Qb

(Tt +T7) (cimhy, + conhyy)
At B (

(2-206)

Where,

Tm+! = Temperature at radial node » and time point m + 1, K

T = 0.5(Tm + T
t = Time step, s

c1n = Volumetric heat capacity on left side of node n, J/m3-K
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¢ = Volumetric heat capacity on right side of node n, J/m3-K

kin = Thermal conductivity at left side of node n, W/m-K

kr» = Thermal conductivity at right side of node n, W/m-K

h}, = Volume weight of mesh spacing on left side of radial node n, m? = 7y, (1, — )

hy,, = Volume weight on right side of node n = 77y, (r, + =), m?

h;;, = Surface weight on left side of node n 2% (r, — %)

Q:» = Heat generation per unit volume for mesh spacing on left side of radial node n, W/m?3

Q,» = Heat generation per unit volume for mesh spacing on right side of radial node n, W/m3

If a phase change from solid to liquid or liquid to solid occurs at radial node n, Equation 2-206 is
modified as shown in Equation 2-207 to account for the storage or release of the heat of fusion
while the temperature remains equal to the melting temperature.

d ;nJré m+1 m+1
pH (h}r/1 —+ h}"/n) adt = — (TL — Tn_—:2) klnhli -+ (Tn_:iz - TL) krnhrsn (2_207)

m+2i \% m+2i %
+ an ’ hln + QT" ’ hrn

Where,

o=

m—+
dany

=— = Rate of change of volume fraction of material melted in the two half-mesh spaces on
either side of radial node n during the midpoint of the time step, s™

H = Heat of fusion of the material, J/kg

T, = Melting temperature of the material, K

The phase change from solid to liquid is complete when:

1

M2 dam+2
> =1 (2-208)
m=DM;

Where,

M, = Number of time step at which melting started

M, = Number of time step at which melting ends
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t™ = Size of m*" time step, s

The finite difference approximations at each radial node are combined together to form one tri-
diagonal matrix equation. The equation has the form:

oo 00 0 ... 0| [ d1
as by ¢y 0 0 T2m+1 do
0 as b3 c3 0 T:,:”“ ds
- (2-209)
0 an-1 bn—1 cnN—1 T}anll dn—1
0 ... 0 ay by | |[TRTY | dv ]

Equation 2-209 is solved by Gaussian elimination for the radial node temperatures. Because the
off-diagonal elements are negative and the sum of the diagonal elements is greater than the sum
of the off-diagonal elements, little roundoff error occurs as a result of using Gaussian elimination.
When the forward reduction step of Gaussian elimination has been applied, the last equation in
the transformed equation is:

ATTHL | B = gl (2-210)
N N

Where,

T}\?“ = Cladding surface temperature, K

¢wtt = Cladding surface heat flux, W/m?

A, B = Coefficients that are defined in Section 3.1
Equation 2-210 is combined with the correlation for convective heat transfer to solve for the cladding
surface temperature, as previously shown in Figure 2-35.

The description of the calculations for the temperature distribution in the fuel and cladding is com-
plete at this point. The calculation of the temperature of the gas in the fuel rod plenum is then
needed to complete the solution for the fuel rod temperature distribution. This calculation is per-
formed by a separate model and is described in Section 2.4.

210 Cladding Failure Models

FAST has two principle models that are used to predict when cladding failure happens. The first
failure model is applicable mainly to RIA events where deformation is due to PCMI (fuel expansion
into the cladding) and the temperature of the cladding is relatively low (<700 K). The second failure
model is applicable mainly to LOCA events, but may also be experienced under certain RIAs,
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where deformation is due to a high pressure difference across the cladding (high internal gas
pressure with low external rod pressure) coupled with high cladding temperature (<700 K). In either
case, when the code predicts cladding failure, the internal gas is assumed to become steam and
the cladding inner surface will oxidize for axial nodes 1.5in above and below the failed node.

2101 Low-Temperature PCMI Cladding Failure Model

At low temperature, where PCMI is the driving force for cladding deformation, a model based on
uniform plastic elongation from irradiated cladding [Geelhood et al., 2008] is used as the failure
criteria. This model is a function of temperature and hydrogen concentration and is described

below.
i E E exr) s Hez
UE — min (UEy, UFEez) < 650 ppm (2-211)
5%, He, > 650 ppm
Where,
UE = Uniform plastic elongation, %
UEQ =2.2%
and,
E H.,.=0
Uy — 4 0 E0 ppm (2-212)
AHZP, H., >O0ppm
1211 —0.00927T T 7 K
Ao e , < 700 (2-213)
1.840803, T > 700K
1.355231 — 0.0017837, T < 700K
p= P s (2-214)
0.107131, T > 700K
Hep = max((), Hro — HSOZ) (2'215)
—8550
_ 5 -
Hgy = 1.2 x 10° exp (1.985887T> (2-216)
Where,

Hr,; = Total hydrogen in cladding, ppm

T = Temperature, K
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If the predicted plastic hoop stress for any axial node exceeds the model prediction of uniform
elongation based on the hydrogen concentration and average cladding temperature at that axial
node, the code assumes the cladding has failed at that node. The cladding average temperature
is taken as the average of each of the cladding radial node temperatures. A plot of predicted minus
measured uniform plastic elongation data provided in Figure 2-36 as a function of excess hydrogen
(H.,) demonstrates that the uniform elongation model provides a reasonable fit as a function of
excess hydrogen level (hydrogen above the solubility limit) in the cladding.

5
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= 2
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oIl AR A
-1
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Figure 2-36. Predicted minus measured uniform elongation from irradiated samples from the
PNNL database as a function of excess hydrogen (293K < T <795Kand 0 < ¢ <
14.0 x 1025 n/m?)

Further comparisons to the uniform elongation data are provided in [Geelhood et al., 2008]. It is
noted that this failure model was not adjusted to fit RIA data and does a good job predicting failure
and non-failure in RIA tests [Luscher and Geelhood, 2014].

2.10.2 High-Temperature Cladding Ballooning Failure Model
In the case of a LOCA, the cladding can fail by ballooning and burst. The BALON2 model is used

to model the ballooning in the cladding. FAST contains empirical stress and strain limits that it uses
to predict when cladding failure will occur. These limits are discussed in detail in Section 2.5.2.

2.11 Coolant Conditions

If the user chooses to model the coolant as water, the fuel rod cooling model calculates the amount
of heat transfer from the fuel rod to the surrounding coolant. The model calculates the heat transfer
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coefficient, surface heat flux, and temperature at the cladding surface. These variables are deter-
mined by the simultaneous solution of two independent equations for cladding surface heat flux

and surface temperature.

One of the equations is the appropriate correlation for convective heat transfer from the fuel rod
surface. This correlation relates surface heat flux to surface temperature and coolant conditions.
Different correlations are required for different heat transfer modes, such as nucleate or film boiling.
The relation of the surface heat flux to the surface temperature for the various heat transfer modes

is shown in Figure 2-37.

Forced convection to
superheated steam

Critical heat flux

Current surface
/heat flux

Transition boiling

Nucleate boiling and
forced convection
vaporization

Stable film
boiling

Modes 5,6 and 9

Surface heat flux (q)

Forced convection
to liquid
4 o
Q=AT;y face+B
/(from heat conduction equation)
Mode 1

|K Current surface temperature

surface  sat

Figure 2-37. Relation of surface heat flux to surface temperature

Logic for selecting the appropriate mode and the correlations available for each mode are shown

in Table 2-17. The correlations are described in Section 4.0.
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Table 2-17. Water heat transfer mode selection and correlation

Heat Transfer
Mode

Range®

Default Correlation®

Optional Heat Transfer
Correlation(s)

Forced convection
to subcooled liquid
(Mode 1)

Subcooled
nucleate boiling
(Mode 2)

Saturated nucleate
boiling (Mode 3)

Post-critical heat
flux (CHF)
transition boiling
(Mode 4)

Post-CHF film
boiling (Mode 5)

Tw < Tsat
Q2 < Q1 < Qerit

Ql < Q2 < chit
Tb > Tsat
Tw > T@at
Ql < Q2 < chit
Ty = Tsat
Tw > Tsat

Q2 > chit

Qs> Qs
G > 200000

Q2 > Qcm’t

Q5 > Q4 Qs > Qs

Dittus-Boelter [Dittus and
Boelter, 1930] for
turbulent flow; constant
Nu = 7.86 for laminar
flow [Sparrow et al.,
1961]

Jens-Lottes [Jens and
Lottes, 1951]

Jens-Lottes [Jens and
Lottes, 1951]

Modified Tong-Young
[Tong and Young, 1974]

Groeneveld 5.9
[Groeneveld, 1973]
[Groeneveld, 1978]

Chen [Chen, 1963]
Thom [Thom et al., 1965]

Chen [Chen, 1963]
Thom [Thom et al., 1965]

Bjornard-Griffith
[Bjornard and Giriffith, 1977]
Modified Condie-Bengston

[INEL, 1978]

Bishop-Sandberg-Tong
[Bishop et al., 1965]
Groeneveld-Delorme

G > 200000 [Groeneveld and [Groeneveld and Delorme, 1976]
Delorme, 1976]
Post-CHF boiling Qs> O
_ 2 crit
Cor‘:g[ti'gnwsf;‘;ﬂ"‘c’) o Qo > Qs Bromley [Bromley, 1949] -
7) G < 200000

Forced convection . .

to superheated X>1 D|ttus|-3ic;ilé?r 1[81';[315 lite -

steam (Mode 8) ’
(@ The symbols used are:

Q; = Surface flux in the i*" heat transfer mode
X = Coolant Quality

Qcrit = Critical heat

flux

G = Mass flux, lom/hr—ft?)
T,, = Cladding surface temperature

P = Coolant Pressu

Tsq: = Saturation temperature of coolant

re, psia

Ty = Local bulk temperature of coolant

(b) Parameter limits describing the range of the heat transfer apply to the default correlation for each
mode. The correlation to be used is specified in the input.

The second independent equation containing surface temperature and surface heat flux as the
only unknown variables is derived from the finite difference equation for heat conduction at the
mesh bordering the fuel rod surface. A typical plot of this equation during the nucleate boiling
mode of heat transfer is also shown in Figure 2-37. The intersection of the plot of this equation
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and that of the heat transfer correlations determines the surface heat flux and temperature. The
derivation of this equation and the simultaneous solution for surface temperature and surface heat
flux are described in Section 3.1. Neither of the two equations solved simultaneously contains
past iteration values so that numerical instabilities at the onset of nucleate boiling are avoided. A
separate set of heat transfer correlations is used to calculate fuel rod cooling during the reflooding
portion of a LOCA. During this period, liquid cooling water is injected into the lower plenum and the
liquid level gradually rises over time to cover the fuel rods. This complex heat transfer process is
modeled by a set of empirical relations derived from experiments performed in the FLECHT facility
[Cadek et al., 1972]. A description of these models is presented in Section 4.2.3.

The user specifies the inlet condition at the bottom of the fuel rod. The enthalpy rise across the
height of the coolant channel is initially calculated based on the known surface heat flux from
the previous timestep. The values obtained from the bottom and top of the coolant channel (axial
nodes j; — 1 and ;) are averaged together to obtain a “cell-centered” average coolant condition
used as the boundary condition in the conduction solution.
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3.0 Calculations of Cladding Surface Temperature

3.1 Heat Conduction Equation

The numerical solution of the heat conduction (Equation 2-203) requires solving a set of tri-diagonal
equations. This set of equations is shown as follows:

_ _ _T17n+1_ dl
by ¢ O 0 .. 0 .
Vidas do
as by co 0 - 0 .
Vi ds
0 as b3 C3 N 0 . (3 1)
0 anv—1 byn-1 cn—1
. . ) TN dn—1
et a
L N N a T]?;l;,—}—l dN

Where,
an, bn, cn, d, = Terms of the heat conduction equation in finite difference form at the n** mesh
point
T]\’f“ = Temperature at n'” mesh point at time step m + 1

N = Number of mesh point at outer surface
The mesh point temperatures are solved by the Gaussian elimination method.

dp — an ki
m+1 _ Yn nt'n—1 _
TN N bp — anEpn_1 (3 2)

T = —ET T+ F (3-3)
Where,
1
B =t (3-4a)
b1
=0 (3-4b)
by
and,
_ ) P _ -
E]_bj—ajEj,l forj=1,2,3....,n—1 (3-5a)
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dj — CLij_l

F. =
J bj — CL]'E]',1

forj=1,2,3....,n—1 (3-5b)

The coefficients a,, b,, and d,, in Equation 3-2 are derived from the energy balance equation for
the half mesh interval bordering the outside surface. The continuous form of the energy balance
equation for this half mesh interval is:

aT or| AtV

Tn

Where all the terms in Equation 3-6 are defined below.

The finite difference form of Equation 3-6 is:

—0_5An_%K e pCpAV N O.5An_%K e
Ar At Ar
—_—
(79 b )

IOCPAVTm —0.5An_%K

Ar n Ar (T;;n - T;ln_l) — 05An (em + Hm-‘rl) + qm_i_éAV

dn
(3-7)
The complete expressions for coefficients a,,, b,, and d,, are then:
—0.54,, K
ap = ———>— (3-8a)
T
054, 1K
b, = PV : (3-8b)
t r
—0.54, 1K 1
dn = pC:V g _— (T —T0") — 0.5A, (™ + 0™ + ¢tV (3-8¢)
T
Aoy =27 (=) (3-8d)
A, =27y, (3-8e)
7,2
V=m (mr - 4> (3-8f)

Where,

K = Thermal conductivity of material in half mesh interval bordering the surface, W/m-K
C, = Specific heat of material in half mesh interval bordering the surface, J/kg—-K

p = Density of material in half mesh interval bordering the surface, kg/m?
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r, = Radius to outside surface

r = Width of mesh interval bordering outside surface, m
t = Time step, s

6™ = Surface heat flux at m'" time step, W/m?

T™ = Surface temperature at m*" time step, K

qm‘é = Heat generation rate in half mesh interval bordering outside surface (heat generation
caused by cladding oxidation), W/m?3

Because the coefficients a,,, b,, d,, E,_1 and F,_; in Equation 3-2 do not contain temperature,
the equation can be written as follows:

AT 4 B, = g™t (3-9)
Where,

- (bn - CLnEI’rL—l)
0.54,

A = (3-10)

0.50" Ay + anFn 1 — B2V — ay (T3 = T3 ) = "3V
0.54,,

(3-11)

As shown in Equation 3-2, the coefficients F,,_1 and F,,_; are evaluated by forward reduction of
Equation 3-1. Therefore, Equation 3-9 contains only 77+ and #™*! as unknown quantities.

Empirically derived clad-to-coolant heat transfer correlations are available from which the surface
heat flux due to convection can be calculated in terms of surface temperature, geometric parame-
ters, and flow conditions. Also, the equation for radiation heat transfer from a surface to surrounding
water is known. Thus, the total surface heat flux can be expressed by the equation:

4

0" = £ (C,G T + o FaFg (T - 1, (3-12)

Where,

g™+1 = Surface heat flux at time step m + 1

fi () = Function specifying rate at which heat is transferred from surface by convention heat
transfer during heat transfer mode i (These functions are defined in Section 4.2.3)

1 = Number identification of convective heat transfer mode (nucleate boiling, film boiling, etc.)
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C = Set of parameters describing coolant conditions
G = Set of parameters describing geometry

o = Stefan-Boltzmann constant

F4 = Configuration factor for radiation heat transfer
Fr = Emissivity factor for radiation heat transfer

T, = Bulk temperature of water surrounding fuel rod surface

Equations 3-9 and 3-12 are two independent equations with unknowns 77"**1 and §™*!. Simulta-
neous solution of the two equations yields the new surface temperature 71
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4.0 Coolant Model and Heat Transfer Correlations

The coolant enthalpy rise model and clad-to-coolant heat transfer correlations are described in
this section. The heat transfer correlations supply one of the equations required for calculation of
the fuel rod surface temperature, as discussed in Section 2.11. Also described is the calculation
of the coolant void fraction for water. The available coolants are:

e Water (default)
e Sodium

e Helium

The following inputs are used to calculate the coolant temperature, pressure and heat transfer
coefficient as a function of time and location:

e Inlet temperature
e Inlet mass flux

e Inlet pressure

It is allowed to bypass the coolant model entirely but still use the built-in clad-to-coolant heat
transfer coefficients based on the coolant type. Instructions on how to use this option are provided
in Section B.7.

4.1 Coolant Enthalpy Model

The coolant enthalpy is calculated by a one-dimensional transient fluid flow model [Meyer and
Williams, 1962] as shown in Figure 4-1. The model is given as input information the coolant en-
thalpy and mass flux at the bottom of the fuel rods and the elevation averaged coolant pressure.
The input information can vary with time. The model also receives the FAST-calculated cladding
surface heat flux. The heat flux can vary with time and elevation. The coolant enthalpy model then
calculates the coolant enthalpy, which varies with time and elevation.
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Figure 4-1. Description of geometry terms in coolant enthalpy model

The model includes an energy conservation equation and a mass conservation equation. The
coolant pressure is assumed to be spatially uniform and to change slowly with time so that the
spatial and transient pressure terms are omitted from the energy equation. Thus, sonic effects are
ignored. The model assumes homogeneous two-phase flow and a flow channel with a constant
cross-sectional area.

The energy and mass conservation equations are:

H H 1
0 G('“)

Por Ezz(SO‘H"Q) (4-1)

o, 9G _

oG _ 4-2
ot "9, 0 (4-2)

Where,

p = Coolant density, kg/m?
G = Coolant mass flux, kg/m?-s

H = Coolant enthalpy, J/kg

1
7 (¢ + rq) = Volumetric heat addition to coolant, J/m3-s
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L = Flow area per unit transfer surface are per unit axial length, m

¢ = Surface heat flux, J/m?-s

¢ = Heat generation rate/area, J/m?-s

r = Fraction of heat generated directly in the coolant by neutrons and gamma rays
t=Time, s

z = Axial elevation, m
Assuming constant pressure, coolant conditions are considered a function of enthalpy only so that:

dp OH 9p

where density (p) is evaluated at a reference pressure. By combining Equations 4-1, 4-2, and 4-3, a
relation can be established between the axial mass flux distribution and axial enthalpy distribution:

9. ot ooH - pem |LWTTO-Cg; (4-4)

OG ~ Op  OHOp  10p [1 OH
0z

The numerical solution for the local coolant enthalpy is given by the finite difference form of Equa-
tion 4-3 with forward difference in time and averaged between spatial nodes. The equation is:

1—at QL
J=3

‘ly + l l
Py (1ely)

W |

=1 _ ryl I+1 l
Hy™' = H) oy — (5 - H)) - ol (4-5)

NI

j = FAST axial node number (see Figure 4-1)
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[ = Time step number

The numerical solution for the mass flux at the midpoint between axial nodes j and j — 1 at the
new time step is given by the finite difference form of Equation 4-4. The equation is:

1 0,
+Aj_l 2 <P21 (87[))]_1 Qjéz‘j>
Gl+1 _ Gltll + 2 2 (4-6)
Where,
1 op )
A, .=H ( (4-7a)
I3 pé._% OH j—1
1l
9p _ PP (4-7b)
8 j_l HJI - Hjl~_1
H=H -H_, (4-7c)

Gé.“ is calculated using Equation 4-6 before Hjl“ is calculated with Equation 4-5. After the coolant
enthalpy at the new time step has been calculated, the coolant density at the new time step is
determined from the equation of state for water.

In summary, coolant inlet enthalpy and mass flux are input to define conditions at node zero. The
mass fluxes for the remaining nodes are calculated from Equation 4-6 using values for heat flux,
enthalpy, and density calculated in the previous time step or iteration. The enthalpy is then updated
using Equation 4-5, and a corresponding density is calculated from the fluid property relationships.
Using the fluid conditions in the heat transfer correlations, a new heat flux is calculated, and the
process is repeated.

If the time step is less than the minimum time for a drop of coolant to pass between any two axial
nodes, the solution scheme is stable. This criterion is given by the equation:

t< |2 (4-8)
Yipr |

Where,

vé.Jrl is the velocity of coolant at midpoint between axial nodes j and j + 1 m/s

2

The water quality and temperature are computed based on the local coolant enthalpy by the equa-
tions shown in Table 4-1.
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Table 4-1. Coolant quality and temperature criteria

Phase Criteria Temperature/Enthalpy

X; =0
Sub-cooled quuld h; (Z) < I'Lf (P) (Z) ( ()h (Z) P)
X; (z) = hi(z)—hs(P)
Saturated hy (P) < hi (2) < hy (P) I ho(P) (’”;(P)

5=z

i ( ) =1

Superheated Vapor hi (z) > hg (P) Ty (2) = 0 (hi (2), P)

Where,

X (z) = Quality of coolant in flow channel i at distance z from flow inlet, dimensionless
T; (=) = Temperature of coolant in flow channel i at distance z from flow inlet, K

P = Coolant pressure, Pa

hy (P) = Enthalpy of saturated liquid, J/kg

hg (P) = Enthalpy of saturated gas, J/kg

T, (P) = Saturation temperature, K

6 (h;, P) = Function calculating coolant temperature, K

The functions defining h¢, hy, 0 (h, P), and T are supplied by the sth2xt water properties package.

4.2 Water Heat Transfer and Critical Heat Flux Correlations
421 Summary

The correlations for heat transfer coefficient and CHF have been selected based on their applicabil-
ity to the range of conditions that are expected to be encountered in analyses with FAST. Because
the code is used for analysis of the response of a single fuel rod to postulated operational tran-
sients and design basis accidents, and to model fuel performance experiments, heat transfer mod-
els have been selected that are applicable to a wide range of relatively severe thermal-hydraulic
conditions, particularly in the post-CHF regimes. The available correlations for determining the
transition from nucleate boiling to film boiling (i.e., the CHF or departure from nucleate boiling
(DNB)) are described in Section 4.2.4.

The heat transfer correlations in FAST cover the full range of the boiling curve, from single-phase
forced convection to subcooled liquid through nucleate boiling to the critical heat flux point, on
into transition and film boiling in the post-CHF heat transfer regimes, and finally to single-phase
forced convection to superheated steam. The available heat transfer correlations for each regime
are described in Section 4.2.3.
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4.2.2 Void Fraction

The void fraction of the coolant is calculated by Equation 4-9:

XV,
(= X)Vl + XV,

o =

(4-9)
Where,

« = Void fraction, unitless

X = Coolant quality, unitless

V; = Specific volume of saturated liquid, m3/kg
V, = Specific volume of saturated gas, m3/kg

~ = Slip velocity ratio (assumed to always be 1.0; homogeneous flow)

4.2.3 Heat Transfer Coefficient Correlations

Heat transfer correlations are empirical models developed to quantify the rate of energy exchange
between a solid surface and a fluid flowing over it. Heat transfer correlations are expressed as a

coefficient relating the surface heat flux to the temperature difference between the surface and the
fluid:

q// =h (Twall - Tfluid) (4'10)

Where,

¢" = Surface heat flux, W/m?
Twan = Wall surface temperature, K
T'f1uia = Fluid temperature, K

h = Heat transfer coefficient, W/m2-K

This relationship is a constitutive model based on empirical observation, not an expression of a
law of nature. It is a convenient simplification of an extensive array of physical phenomena that
influence the rate of heat transfer from a surface, which can include the thermodynamic properties
of the flowing fluid, the fluid dynamic forces in the boundary layer, the effects of phase change
(for boiling flow), and the geometry of the heated surface. There is no generic formulation for a
heat transfer coefficient correlation that satisfies the above relationship for all conditions. Specific
formulations for any particular application must be derived from experimental data.
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For forced convection heat transfer, the general behavior of this relationship can be broadly divided
into five regions, or modes, which are differentiated by the basic heat transfer behavior within each
region. These are single-phase forced convection to liquid (Mode 1), nucleate boiling (Mode 2 for
subcooled boiling and Mode 3 for saturated boiling), post-CHF transition boiling (Mode 4), post-
CHF film boiling 2 (Mode 5), and single-phase forced convection to vapor (Mode 8). Figure 4-2
illustrates the relationship between wall superheat and heat flux for the full range of regimes,
and shows the typical shape of the boiling curve from single-phase liquid to single-phase vapor

convection.

heat flux

CHF point

A Y
\
\
\

= single-phase forced convection (Mode 1)

nucleate boiling (Modes 2 and 3)
= == transition boiling (Mode 4)

=== film boiling {(Mode 5)

forced convection to superheated steam (Mode 8)

Mode 4, if G > 0.2 MIbm/hr- ft2

\
\
\

Modes 2 and 3 \\

Mode 7, if G < 0.2 MIbm/hr-ft2

Mode 8

A

Mod yl

/
/—\—"' Mode 5, if G > 0.2 Mibm/hr-f2

wall super heat (T -T_ )

wall " fluid

Figure 4-2. lllustration of FAST’s forced convection heat transfer regimes for full boiling curve

Additional Modes are defined in FAST to cover the full range of flow conditions that can be en-
countered in severe transients, which do not always remain in the forced convection heat transfer

regime. These are:

e Mode 7: low flow conditions, < 2 x 108 lbm/hr—ft> (2700 kg/s—m?)

e Mode 10: stagnant fluid conditions, 2.0 Ibm/hr=ft?> (0.0027 kg/s—m?). In this regime, the heat
transfer coefficient is set to a constant minimum value of 5.0 Btu/hr-ft>=°F (28.4 W/m?-K).

e Mode 11: adiabatic conditions, (i.e., no heat transfer from the rod surface), in which the heat

transfer coefficient is set to zero.

4.2.3.1

Mode 1: Single-Phase Convection to Subcooled Liquid

For turbulent flow (Re > 2000), [Dittus and Boelter, 1930] heat transfer correlation is used, so that:
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Pturbutent = 0.023 <£> Re08 pr04 (4-11)

e

Where,

hiwrbuient = Heat transfer coefficient for turbulent flow, W/m2-K

k = Thermal conductivity of the fluid, W/m-K

D, = Hydraulic diameter of flow channel, m

Re = Reynolds number of the flow (for characteristic length D.), unitless

Pr = Prandtl number of the fluid, unitless

For laminar flow (Re < 2000), the heat transfer coefficient is defined with a constant Nusselt
number (Nu) of 7.86, from [Sparrow et al., 1961] such that:

k

h aminar — 7.86 | — 4-12
, (2 ) (4-12)

The local heat transfer coefficient (h) for single-phase convection to subcooled liquid is defined
as:

h = mal'(hturbulenta hlaminar) (4'1 3)

4.2.3.2 Modes 2 and 3: Subcooled and Saturated Nucleate Boiling
Jens-Lottes Correlation

The Jens-Lottes correlation [Jens and Lottes, 1951] is the default in the code for nucleate boiling.
The general form of the correlation is:

N e saxiot 4
Tx105 =~ a5t (s~ Toat) (4-14)

Where,

%5 = Nucleate boiling heat flux, Btu/hr—ft?
Pressure = Coolant pressure, Pa
T, = Local rod surface temperature, °F

Tsq: = Fluid saturation temperature, °F
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The heat transfer coefficient (hyg) is solved by re-writing Equation 4-14. Converted to Sl units,
the correlation is implemented as shown in Equation 4-15.

4
(Ts - Tsat) exp ( 1;7"5 isfgée ) ]
T. -1,

hNB = JLCOfo (4'15)

Where,

hx s = Nucleate boiling heat transfer coefficient, W/m?-K
T, = Local rod surface temperature, K

Tsq: = Fluid saturation temperature, K

T, = Bulk fluid temperature, K

Pressure = Coolant pressure, Pa

JLCoef f = Jens-Lotte Coefficient = 3.15248 x ()" x 19 ~ 2 553509

Thom Correlation

The Thom correlation [Thom et al., 1965] is an alternative option for subcooled nucleate boiling
that can be selected by user input. This correlation defines the local heat transfer coefficient as
the sum of a nucleate boiling component and a single-phase convection component, such that:

h=hyp+ hspl (4-16)
Where,

hx s = Nucleate boiling heat transfer coefficient, W/m?-K

hsp = Single-phase convection coefficient from Equation 4-13, W/m2-K

The nucleate boiling heat transfer coefficient (k) is evaluated using the relationship:

2
exp( 575100

( <22.65 ) (Ts - Tsat))

T, —Tp

hnp = x 106 (4-17)
Where,

P = Pressure, Pa
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T, = Local rod surface temperature, K
Tsq: = Fluid saturation temperature, K

T, = Bulk fluid temperature, K

Chen Correlation

The Chen correlation is an alternative option for subcooled nucleate boiling [Chen, 1963]. This
correlation has a similar structure to the Thom correlation, in that it treats heat transfer in subcooled
nucleate boiling as a linear combination of a nucleate boiling term and a single-phase convection
component. The general form of the Chen correlation is:

/! /!
, - np t9rkc) (4-18)

T, — T,

Where,

¢% 5 = Nucleate boiling heat flux, W/m?
¢ = Single-phase forced convection heat flux, W/m?
T, = Local rod surface temperature, K

T, = Bulk fluid temperature, K

The forced convection heat flux (¢%.) is evaluated as:

drc = hrc (Ts — Ty) (4-19)

Where,

hrco = Forced convection heat transfer coefficient, W/m?-K
T, = Local rod surface temperature, K

T, = Bulk fluid temperature, K

For subcooled nucleate boiling (Mode 2), the correlation for the forced convection heat transfer
coefficient (h¢) is the Dittus-Boelter correlation from Equation 4-11. For saturated nucleate boiling
(Mode 3), the heat transfer coefficient is modified by the Reynold’s number factor, (F), and instead
uses the two-phase Reynold’s number, (Res,):

k
hre = 0.023 <Df> ReSSPrO4F (4-20)

€
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The two-phase Reynolds number used in Equation 4-20 modifies the liquid Reynold’s number by
being defined in terms of the equilibrium quality of the flow, such that:

Regp = (1 — ) Re = {1=2)GDe (4-21)
Kf
Where,
x = Equilibrium quality, unitless
G = Mass velocity of fluid, kg/m?s
D, = Hydraulic diameter of flow channel, m
p¢ = Saturated liquid viscosity, kg/m-s
The equilibrium quality (z) is a unitless number calculated by:
po s (4-22)
hq

Where,

h = Local fluid enthalpy, J/kg
hy = Saturated liquid enthalpy, J/kg

hyq = Latent heat of vaporization, J/kg

The Reynold’s number factor (F') accounts for the enhanced flow and turbulence due to the pres-
ence of the vapor as a function of the inverse Martinelli Factor. The Martinelli factor (X) is a
function of the quality, density and viscosity of the liquid and vapor phases.

1
Xyt
F= (4-23)

235(0213+ 1> LS o
' ' Xtt ’ Xtt .

0.9 0.5 0.1
(57 )
Xt -2 Pg K

1, <0.1

Where,
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X = Martinelli Factor

x = Equilibrium quality, unitless

ps = Saturated liquid density, kg/m?

py = Saturated vapor density, kg/m?
p¢ = Saturated liquid viscosity, kg/m-s

1g = Saturated vapor viscosity, kg/m-s

The nucleate boiling heat flux is evaluated as:

QXIB = hnp (Ts - Tsat) (4-25)

Where,

¢% 5 = Nucleat boiling heat flux, W/m?
hx g = Nucleate boiling heat transfer coefficient, W/m2-K
T, = Local rod surface temperature, K

Tsat = Fluid saturation temperature, K

and

ka.?Qcpf0.45pfO.49

00.5Mf0.29hf90.24pgo.24

0.75

hnp = 1.22 x 10_3 (Ts - Tsat)0.24 (Psath - Psat) S (4'26)

Where,

S = Two-phase suppression factor

k¢ = Saturated liquid thermal conductivity, W/m-K
C,, = Saturated liquid specific heat, J/kg—K

ps = Saturated liquid density, kg/m*

pg = Saturated vapor density, kg/m?3

o = Surface tension, N/m

py = Saturated liquid viscosity, kg/m-s
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hrq = Latent heat of vaporization, J/kg
T, = Local rod surface temperature, K
Tsq: = Fluid saturation temperature, K
Py, = Saturation pressure corresponding to rod surface temperature 7%, Pa

P,,; = Saturation pressure at bulk coolant temperature, Pa

In this formulation, the local fluid properties (thermal conductivity (k), Prandtl number (Pr), and the
viscosity () used in the Reynolds number (Re)) are evaluated at the bulk fluid temperature (73).

The two-phase suppression factor (S), which appears in the nucleate boiling heat flux term for
both subcooled and saturated boiling heat transfer, is a function of a modified two-phase Reynolds
number (Rerp).

1
S = 4-27
1 +2.53 x 10~6Reppt17 (4-27)
The modified two-phase Reynolds number is defined as:
RefF'%5

Where,

— GD,

Re; = Reynolds number of homogeneous fluid o

G = Mass velocity of fluid, kg/m?-s
D, = Hydraulic diameter of flow channel, m
p¢ = Saturated liquid viscosity, kg/m-s
4.2.3.3 Mode 4 Post-CHF: Transition Boiling
Modified Tong-Young
The modified Tong-Young correlation [Tong and Young, 1974]is the default heat transfer correlation

for the transition boiling region (Mode 4). This correlation evaluates the transition boiling heat flux
in terms of the CHF and the film boiling heat flux, using the relationship:

Q%B =0 (ngF - (J%B) (4-29)
Where,
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¢}z = Transition boiling heat flux, Btu/hr—ft2
¢ty = CHF, Btu/hr—ft2
q}éB = Film boiling heat flux, Btu/hr-ft2

C1 = Empirically derived formula relating heat flux to fluid conditions and wall superheat,
unitless

The C; multiplicative term has the form:

. (GD,
Cy =exp [—0.012:53 <Ciq,, hfg) (0.01ATy)(HOT0-0016ATy) (4-30)
Total

Where,

x = Equilibrium quality, unitless

G = Homogeneous mass velocity of fluid, lbm/hr—ft?
D, = Hydraulic diameter of flow channel, ft

hyq = Latent heat of vaporization, Btu/lbm

@1 = Total surface heat flux, Btu/hr=ft? = ¢/, + ¢
ATy = Wall superheat, °F, = T, — Tiqt

T, = Local rod surface temperature, °F

Tsq: = Saturation temperature, °F

Bjornard-Griffith Correlation
The Bjornard-Giriffith correlation [Bjornard and Griffith, 1977] can be selected by user input for
transition boiling heat transfer. This correlation evaluates the transition boiling heat flux as a simple

interpolation between the CHF and the heat flux at the minimum film boiling temperature for the
local thermal-hydraulic conditions. The formulation is specified as:

415 = 04cgr + (1= 90) dyrp (4-31)
Where,

¢} 5 = Transition boiling heat flux, Btu/hr—ft2

¢ty r = CHF, Btu/hr—ft?
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¢}, = Heat flux at the minimum film boiling temperature, Btu/hr—ft

0 = Interpolation factor, unitless

The interpolation factor (9) for this correlation is defined as:

2
5= {T—TMFB] (4-32)

Teur —TvurB

Where,

T, = Local rod surface temperature, °F
Tcorr = CHF temperature, °F

Trrrp = Minimum film boiling temperature, °F

The minimum film boiling temperature (1,rp) is calculated from the lloeje correlation [lloeje et al.,
1989] as:

Trvrp = Tsar + 0.29ATpgg (1.0 — 0.2952%%%) (1.0 + 0.36G"*) (4-33)

Where,

Tsq: = Saturation temperature, °F
ATppr = Wall superheat at minimum film boiling temperature, °F
x = Equilibrium quality, unitless

G = Mass velocity of fluid, lbm/hr—ft2

The wall superheat at the minimum film boiling temperature is calculated from the Berenson cor-
relation as:

ATppr = 0.127 (Pvfhf9> (9(Pf —Pg>>3 <<9> o ) ( Hof > (4-34)
kg Prt Py 9/ pr—=re) \9(ps—pg)

Where,

hs, = Latent heat of vaporization, Btu/lbm

ps = Saturated liquid density, lom/ft3
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py = Saturated vapor density, lbm/ft3

o = Surface tension, Ibf/ft

pvf = Vapor density at the film temperature, lbm/ft3

k,r = Vapor thermal conductivity at the film temperature, Btu/s—ft-°F
¢ = Vapor viscosity at the film temperature, Ibm/s—ft

g = Acceleration of gravity, 32.2 ft/s?

g. = Force to mass conversion constant for EU, 32.2 lom-ft/Ibf-s?

The film temperature (7, ;) used for determining fluid properties near the rod surface is defined as
the average of the rod surface temperature and the coolant saturation temperature, that is:

_ Ts + Tsat

Tyr 5

(4-35)
Where,

T, = Estimated temperature of vapor film near the heated surface, °F
T, = Local rod surface temperature, °F

Tsq: = Fluid saturation temperature, °F
Modified Condie-Bengston
The modified Condie-Bengston correlation [INEL, 1978] can be selected by user input for transition
boiling heat transfer. This correlation is similar to the Tong-Young correlation, in that it defines the

transition boiling heat flux in terms of the CHF and the stable film boiling heat flux. The relationship
is formulated as:

by = Crexp 0.5 (T, — Tsat)0'5] (Ty — That) (4-36)

Where,
¢ 5 = Transition boiling heat flux, Btu/hr—ft2
T, = Local rod surface temperature, °F

Tsq: = Fluid saturation temperature, °F

C1 = Empirical coefficient
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The empirical coefficient C; is defined in terms of the CHF, the CHF temperature, and the film
boiling heat flux, as:

C1 = exp {ln (¢¢wr — 4" (Teur)pp) +0.5 (Tonr — Tsat)™® = I (Teur — Tsat) (4-37)
Where,
¢ty = CHF, Btu/hr—ft2
¢" (Tcur) pg = Film boiling heat flux at the CHF temperature, Btu/hr—ft2

Tcorr = CHF temperature, °F

T = Fluid saturation temperature, °F

The film boiling heat flux at the CHF temperature is defined using the film boiling correlation se-
lected for Mode 5, such that:

" (Tenr)pg = hrp (Tour — Tsat) (4-38)

Where,

hrp = Film boiling heat transfer coefficient evaluated at the CHF temperature, Btu/hr—ft?—°F
Tcyr = CHF temperature, °F
Tsq: = Fluid saturation temperature, °F

4.2.3.4 Mode 5 Post-CHF: Film Boiling

Groeneveld 5.7 and 5.9 Correlations

The Groeneveld 5.9 [Groeneveld, 1978] correlation is the default correlation for film boiling heat

transfer (Mode 5). Both correlations use the same form, with different coefficients defined in Table
4-2. The correlation defines the film boiling heat flux as:

drp = hrp (Ts — Tsar) (4-39)
Where,

¢, = Film boiling heat flux, W/m?

hrp = Film boiling heat transfer coefficient, W/m?-K (Equation 4-40)
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T, = Local rod surface temperature, K

Tsat = Fluid saturation temperature, K

The general form of the film boiling heat transfer coefficient is defined as:

e =a (5 ) (enon” (Pr)* v (4-40)

Where,

k4 = Thermal conductivity of saturated vapor, W/m-K

D, = Channel hydraulic diameter, m

Repon = Homogeneous two-phase Reynolds number (Equation 4-41)

Pr,, = Prandtl number, with fluid properties evaluated at the wall temperature
Y = Empirical parameter, unitless (Equation 4-42)

a, b, c,d = Empirical coefficients (see Table 4-2)

The homogeneous two-phase Reynolds number is defined as:

Renonr = Re, <1: + (Z;) (1- az)) - <G:Z€> (x + <Zj> (1- x)> (4-41)

Where,

x = Equilibrium quality, unitless

G = Homogeneous mass velocity of fluid, kg/m?-s
D, = Hydraulic diameter of flow channel, m

« = Homogeneous void fraction, (Equation 4-46)
g = Saturated vapor viscosity, kg/m-s

ps = Saturated liquid density, kg/m3

py = Saturated vapor density, kg/m*
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The empirical correction factor Y makes use of the quality and phase densities:

0.4
Y =1.0-0.1 <pg - 1) (1—2)% (4-42)
Py

The empirical coefficients a, b, c and d of the Groeneveld correlation (Equation 4-40) were fitted
for two different data sets. One data set consisted of film flow boiling in annular channels, and
the fit to this data set was presented in Equation 5.7 in the original reference [Groeneveld, 1973].
The other data set consisted of film boiling in test sections consisting of rod clusters. The fit to
this data set was presented in Equation 5.9 of the original reference. The two formulations of the
Groeneveld correlation, therefore, are generally referred to as Groeneveld 5.7 [Groeneveld, 1973]
and Groeneveld 5.9 [Groeneveld, 1978]. The formulation for rod clusters (Groeneveld 5.9) is the
default selection for Mode 5. However, the formulation for annular channels (Groeneveld 5.7) can
be selected by user input. The values of the fitted constants for the two forms of the correlation
are listed in Table 4-2.

Table 4-2. Groeneveld fitting constants

Constant Groeneveld 5.7 Groeneveld 5.9
a 0.052 0.00327
b 0.688 0.90100
c 1.260 1.32000
d -1.060 -1.50000

Bishop-Sandberg-Tong Correlation

The Bishop-Sandberg-Tong correlation [Bishop et al., 1965] can be specified by user input for
heat transfer in the film boiling region. This correlation defines the film boiling heat flux in the same
manner as shown in Equation 4-39 for the Groeneveld correlation, that is:

Q%B = hrp (Ts - Tsat) (4'43)

The film boiling heat transfer coefficient is defined primarily in terms of the properties of the vapor
film at the wall, with the film temperature defined as in Equation 4-35. The heat transfer coefficient
is of the form:

ks
hrp = Cy <Df> (Revf)o‘8 (Pryf)m?’

e

0.68 0.068 (4-44)
¢y = 0.0193 <p9> (pg>
b P

Where,
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k,s = Coolant thermal conductivity at the film temperature, Btu/hr-ft-°F

D, = Hydraulic diameter of flow channel, ft

Re, s = Reynolds number, with fluid properties evaluated at the film temperature
Pr, s = Prandtl number, with fluid properties evaluated at the film temperature
ps = Saturated liquid density, lom/ft®

py = Saturated vapor density, lbm/ft3

pp = Bulk fluid density, Ilbm/ft3

The bulk fluid density (p) is defined in terms of the equilibrium void fraction as:

Py = pgc + py (1 —a) (4-45)

The homogeneous void fraction («) is defined as:

(4-46)

Where,

x = Equilibrium quality, unitless

ps = Saturated liquid density, kg/m?

py = Saturated vapor density, kg/m?
Groeneveld-Delorme Correlation
The Groeneveld-Delorme correlation [Groeneveld and Delorme, 1976] can be specified by user in-
put for heat transfer in the film boiling region. This correlation defines the film boiling heat flux using

the vapor temperature, rather than the saturation temperature, as the coolant sink temperature.
That is:

Q%B = hrp (Ts - Tv) (4'47)
Where,

hrp = Film boiling heat transfer coefficient, Btu/hr-ft?>—°F (Equation 4-48)

T, = Local rod surface temperature, °F
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T, = Vapor temperature, °F corresponding to vapor enthalpy (%,) calculated in Equation 4-52.

The heat transfer coefficient for film boiling is defined as:

kv GDE ; 0.8774
hpp = 8.348 x 1073 (Df> [ s (ma + [’)’f (1-— xa)ﬂ Pr, ;0112 (4-48)

Where,

k,¢ = Vapor thermal conductivity at the film temperature, Btu/hr—ft-°F

D, = Hydraulic diameter of flow channel, ft

G = Mass velocity of fluid, lbm/hr—ft2

g = Vapor viscosity at the film temperature, Ibm/hr-ft

z, = Modified equilibrium quality (see Equation 4-49) based on vapor enthalpy, unitless
pv = Vapor density at vapor enthalpy (see Equation 4-52), Iom/ft3

ps = Saturated liquid density, lom/ft®

Pr, s = Prandtl number, with fluid properties evaluated at the film temperature

The film temperature is the average of the rod surface temperature and the fluid saturation tem-
perature, as defined in Equation 4-35.

The modified equilibrium quality (z,) is included in the correlation to capture the effect of vapor
superheat at the wall. The standard definition of the equilibrium quality is multiplied by a correction
factor based on an approximation of the true enthalpy of the vapor phase, and is of the form:

— hig

Where,
x = Equilibrium quality (see Equation 4-50), unitless
hyq = Latent heat of vaporization, Btu/lbm

hy = Saturated liquid enthalpy, Btu/lbm

h, = Enthalpy of the vapor phase (see Equation 4-52), Btu/lbm
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The standard equilibrium quality is defined as:

. (4-50)

Where,

h = Local bulk fluid enthalpy, Btu/lbm
hy = Saturated liquid enthalpy, Btu/lom

hs, = Latent heat of vaporization, Btu/lbm
Therefore, the equilibrium quality can be re-written as:

h—hy

. 4-51
- (4-51)

Lq,

The enthalpy of the vapor phase (h,) is estimated in terms of the vapor superheat at the wall, and
is calculated as:

1
hy = hg + hygexp (\I’ - (3@)4> (4-52)

Where,

hg = Saturated vapor enthalpy, Btu/lom
a = Homogeneous void fraction (see Equation 4-46)

¥ = Empirical model parameter (see Equation 4-53)

The model parameter ¥ was determined from an empirical fit to the correlation’s database, and
has the functional form:

¥ = tan [C (1.3072 — 1.0833z + 0.845527) (4-53)

Where,

x = Equilibrium quality, unitless

C1 = Empirical function of flow parameters (see Equation 4-54)
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The coefficient C is defined as:

1= (q”DC >0.09232

ghfg

(4-54)

Where,

k, = Thermal conductivity of saturated vapor, Btu/hr-ft—"F
D, = Channel hydraulic diameter, ft
Reyon = Homogeneous two-phase Reynolds number (see Equation 4-41)
Pr, = Prandtl number, evaluated with saturated vapor properties
Cyy = Specific heat of saturated vapor, Btu/lom—°F
hyq = Latent heat of vaporization, Btu/lbm
q" = Film boiling heat flux, calculated using Equation 4-47
4.2.3.5 Mode 7 Post-CHF Boiling for Low Flow Conditions
This mode is selected for post-CHF boiling heat transfer if the mass flux is below 2 x 103 lbm/hr-ft2.

No distinction is made between transition boiling and film boiling in this region. The surface heat
flux is evaluated as:

q” = hpostCHF (Ts - Tsat) (4-55)

The default heat transfer coefficient in this region is the Bromley film boiling correlation [Bromley,
1949]. This correlation was developed from data obtained in round tubes at low flow rates and
relatively low equilibrium quality, and is of the form:

0.172 s 0.95
D, kog®pog (pf — pog) hpgg\
e e =062 | — P 4-56
postCHF = 0.0 (%W) ( Depuyy AT} 20
g Pf—Pvf

Where,

D, = Hydraulic diameter of flow channel, ft
g = Acceleration of gravity, 32.2 ft/s?

g. = Force to mass conversion constant for EU, 32.2 lbm-ft/Ibf-s?
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o = Surface tension, Ibf/ft

ps = Saturated liquid density, lom/ft®

pyf = Vapor density at the film temperature, lbm/ft3

k. s = Vapor thermal conductivity at the film temperature, Btu/hr-ft—°"F
hyq = Latent heat of vaporization, Btu/lbm

iy = Vapor viscosity at the film temperature, lbm/hr—ft

ATy = Wall superheat, Ty — Ti,; Where T} is the local rod surface temperature and 7, is the
saturation temperature, °F

The film temperature is the average of the rod surface temperature and the fluid saturation tem-
perature, as defined in Equation 4-35.

4.2.3.6 Mode 8: Single-Phase Convection to Superheated Vapor

This mode is defined for conditions where the bulk fluid temperature is above the saturation temper-
ature and the fluid can be treated as single-phase vapor. Heat transfer in this regime is calculated
using the Dittus-Boelter correlation, with thermal properties defined at the vapor temperature; that
is:

0.4
hepo = 0.023 (Z) Re’8 Pr (4-57)

e

Where,

hspe = Heat transfer coefficient for single-phase vapor, W/m?-K
k, = Thermal conductivity at the vapor temperature, W/m-K

D, = Hydraulic diameter of flow channel, m

Re = Reynolds number (for characteristic length D.)

Pr = Prandtl number

For conditions where the equilibrium quality is >1.0, the heat transfer coefficient is defined as the
minimum of the value for single-phase convection (obtained with Equation 4-57) and the value
obtained with the user-specified film boiling correlation (in Mode 5 or 7). That is, in Mode 8, the
heat transfer coefficient is defined as:

hModeS = min(hFBv hspv) (4'58)
Where,
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hirodes = Heat transfer coefficient for single-phase vapor, W/m?-K
hrp = Heat transfer coefficient for the fluid conditions, assuming Mode 5 or 7

hspy = Heat transfer coefficient for the fluid conditions, assuming Mode 8

This approach avoids non-physical discontinuities in the transition between the film boiling and
forced convection with single-phase vapor, which can occur due to the simplifications and approx-
imations inherent in the homogeneous two-phase flow model used in FAST.

4.2.4 Critical Heat Flux Correlations

4.2.4.1 EPRI-1 CHF Correlation

The EPRI-1 correlation is the default CHF correlation in the FAST heat transfer package. This
correlation was developed from a wide range of data obtained at Columbia University in BWR and
PWR rod bundles, over the following range of parameters [Reddy and Fighetti, 1983]:

Table 4-3. Range of conditions for EPRI-1 CHF correlation

Parameter Value or Range
Pressure 200-2400 psia
Mass Velocity 0.2—4.5 Mibm/hr—ft?
Equilibrium Quality -0.25-0.75

3 x 3,4 x 4,5 x 5rod arrays simulating commercial

Rod bundle geometry LWR fuel assemblies

Heated length 30, 48, 66, 72, 84, 96, 144, 150 and 168 in
Rod diameter Typical PWR and BWR fuel rod diameters
Axial power profile Uniform

Radial power distribution Uniform and peaked (up to 1.3)

The pressure range of this database is extremely wide, and the form of this correlation is such
that it can be extrapolated to pressures above 2450 psia and still produce reasonable predictions
of CHF. Similarly, quality dependence can be extrapolated to subcooled conditions below -0.25
and still give reasonable predictions of CHF, and geometry dependence is relatively insensitive
to rod diameter or channel hydraulic diameter. Extrapolation beyond the range of mass velocity,
however, particularly into the lower range (below 0.2 Mibm/hr—ft?), is inadvisable. For this range,
the default in the code is the modified Zuber correlation [Zuber, 1961], regardless of the correlation
selection specified by user input. When the EPRI-1 correlation is specified by user input, but the
mass velocity is above 4.5 Mibm/hr—ft?), the code uses the Biasi correlation [Biasi et al., 1967] to
determine CHF.

The general form of the EPRI-1 CHF correlation is:
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A—x;
.. 4-59
donr C+ x;f ( )
Where,
gt = Critical heat flux, Btu/hr—ft2
z;n = Equilibrium quality at the beginning of the heated length, unitless
x = Local equilibrium quality, unitless
¢} = Local heat flux at the rod surface, Btu/hr—ft?
A, C' = Empirical parameters (see Equations 4-61 and 4-62).
The equilibrium quality is defined as:
h—h
z = ! (4-60)
hyq

Where,

h = Bulk fluid enthalpy, Btu/lbm
hy = Saturated liquid enthalpy, Btu/lom

hyq = Latent heat of vaporization, Btu/lbm

Parameters A and C are optimized statistical fits relating CHF to test conditions of pressure and
mass velocity, and have the form:

A= PeGetal (4-61)
C = e3P Gootests (4-62)
Where,

P, = Critical pressure ratio, P, = P/P..;
P = System pressure, psia

P,.;+ = Critical pressure, 3208.2 psia for water
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G = Local mass velocity, Mibm/hr—ft?

cn, = Optimized constants from statistical fit to data (see Table 4-4)

Table 4-4. Optimized constants for EPRI-1 CHF correlation

Constant Value
c1 0.5328
co 0.1212
3 1.6151
Cy4 1.4066
Cs -0.3040
C6 0.4843
cr -0.3285
cs -2.0749

The base correlation (Equation 4-59) can be modified with three optional correction factors:
1. Atwo-part cold wall correction for corner-peaked bundles modeled with sub-channels (pri-
marily applicable to BWR fuel assemblies)

2. A grid spacer correction factor for rod bundles with relatively high-loss grid designs (pri-
marily applicable to fuel assemblies with mixing vane grids)

3. Anon-uniform axial power correction factor

All of these options can be selected by user input. However, the default is to use only the base
correlation.

The cold wall correction is applied by means of the following modifications to the critical heat flux
defined in Equation 4-59:

AF, — x;
g ——— 4-63
dCcHF CF, + x?;f ( )
The cold wall correction factors (F4, F¢) are defined as:
Fy = 1.000G%* (4-64a)
Fo =1.183G%! (4-64b)

The grid spacer correction is applied in a similar manner, as:
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A—ﬂfin

. 4-65
dcHF CF, + =5 (4-65)

The grid spacer correction factor (F,) is defined as a function of the form loss coefficient for the
grid (Cy,unitless) by the following equation:

F,=1.3-03C, (4-66)

The non-uniform axial power correction is applied identically as the grid spacer correction:

A—x;
gy = — 4-67
dcHuF CFpu+ w_qf” ( )
The non-uniform axial power correction factor (F;,,) is defined as:
Y -1
Fro=10+ —— 4-68
e (4-68)

Where Y is Bowring’s non-uniform axial power factor (see Equation 4-77).
4.2.4.2 Bowring’s Mixed Flow Cluster CHF Correlation

The CHF correlation developed by Bowring [Bowring, 1977] for mixed flow clusters can be speci-
fied by user input. This correlation was developed for application to thermal-hydraulic analysis of
blowdown transients modeled with RELAP-UK, and is designed with the assumption that the local
fuel assembly sub-channels are modeled as a single assembly-averaged flow channel. This cor-
relation is not designed for detailed sub-channel analysis of the rod array. (For such applications,
the EPRI-1 correlation is the recommended option.)

Bowring’s correlation was developed from a very large database with test geometries representing
rod clusters in pressure tube reactors, as well as test assemblies modeling BWR and PWR rod
bundles. This correlation’s database includes the following range of parameters:
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Table 4-5. Range of conditions for Bowring’s CHF correlation

Parameter Range

Pressure 90-2250 psia

Mass Velocity 0.04-3.0 Mlbm/hr—ft?

Hydraulic diameter 0.3—-1.4in (based on heated perimeter)
Heated length 60-180in

Rod diameter Typical PWR and BWR fuel rod diameters
Axial power profile 1.0-1.38 peak-to-average axial flux ratio
Radial power distribution 1.0-1.32 peak-to-average rod power ratio

The pressure range of this database is extremely wide, and dependence on this parameter is
such that the correlation can generally be extrapolated to pressures above 2250 psia and still
produces reasonable predictions of CHF. Similarly, geometry dependence is relatively insensitive
to rod diameter or channel hydraulic diameter. Extrapolation beyond the range of mass velocity of
the correlation’s database, however, particularly into the lower range (below 0.04 Mibm/hr—ft?), is
inadvisable. For this range, the default in the code is the modified Zuber correlation, regardless of
the correlation specified by user input.

The general form of Bowring’s mixed cluster correlation is:

" A — Bh;,

dCHF = m (4'69)

Where,

qéye = Critical heat flux, Btu/hr—ft2

hin = Enthalpy subcooling at inlet, Btu/lbom hin = hy — hin

hy = Saturated liquid enthalpy, Btu/lbm

hin = Fluid enthalpy at inlet, Btu/lbm

z = Axial distance from beginning of heated length, in

Y = Non-uniform axial heat flux correction factor (see Equation 4-77)

A,B,C = Empirical parameters (see Equation 4-70 through Equation 4-74 for parameter A,
Equation 4-75 for parameter B, and Equation 4-76 for parameter '), based on data obtained
in pressure tube geometries with subcooled inlet conditions.

The empirical parameter A of this correlation is a function of the flow rate, the system pressure
and the geometry (through the hydraulic diameter terms), and is defined as follows:
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242.2F1GD.

1.52(F,D.)*G
1+ (FgDhl'3 [1+G(0.8FF D —1)] )

Dp,

A= (4-70)

Where,

G = Mass velocity, Ilbm/hr—ft?

D, = Channel hydraulic diameter based on wetted perimeter, ft

Dy, = Channel hydraulic diameter based on heated perimeter, ft

F,, = Radial peaking (ratio of peak rod power to average rod power)

Fy, F», = Empirical parameters (see Equation 4-71 and Equation 4-72)

The parameters F} and F; in Equation 4-70 are statistically fitted functions of pressure, and have
the form:

2
F = (1 —0.04Ppy/1 + 0.47PT2> (4-71)

0.45 + 1.25Pr P < 415psia
Fy = <0.424 4+ 1.959Pr — 1.556 P12 415psia < P < 650 psia (4-72)
(3.2—Pr)(0.3240.135Pr) P > 650psia

Where Pr is reduced pressure; Pr = 0.001 P, where P is the system pressure in psia.

The formulation in Equation 4-70 for parameter A is applicable to pool test reactor, BWR, and PWR
geometries when the pressure is below 1250 psia. When the system pressure is above 1250 psia,
however, this parameter requires additional terms, as follows:

A=Ay + (225 — 0001P) (A1 — AQ) (4-73)
Where,

A; = A from Equation 4-70, evaluated at P = 1250 psia

A, = Correlation parameter (see Equation 4-74)

The high-pressure term for parameter A is a function of mass velocity and geometry, and is defined
as:
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9.5GD.
0.1+G

Ay = 18G + (4-74)

Where,

G = Mass velocity, Ibm/hr—ft?

D, = Channel hydraulic diameter based on wetted perimete,r ft

Correlation parameter B is a function of the mass velocity and channel hydraulic diameter, and is
defined as:

B = 0.25GD.e"2¢ (4-75)
Where,

G = Mass velocity, Ibm/hr—ft?

D, = Channel hydraulic diameter based on wetted perimeter, ft

Correlation parameter C contains the axial power shape correction factor, and is of the form:

Y -1
_ D 0.57 ~0.27 1 4-7
C = 60D,°%7G ( * o 1) (4-76)

Where,

G = Mass velocity, Ibm/hr—ft?

D, = Channel hydraulic diameter based on wetted perimeter, ft

The parameter Y is the non-uniform axial heat flux correction factor for this correlation, and is
defined as:

25" () dz

Where,
7’ (z) = Radially averaged axial heat flux at axial location z, Btu/hr—ft?
Z = Axial distance from beginning of heated length, in
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The integral in Equation 4-77 is adapted to the discrete nodes of a computer model by converting
the continuous integration function to a summation over the axial nodal steps, as shown by:

- J o =
b T () dz | YTy (4.78)
722z qX

Where,

e

q; = Radially averaged axial heat flux at node j, Btu/hr—ft?

X j = Axial distance from beginning of heated length to node J in
x; = Length of axial node j, in

j = Axial node index counter

J = Index of axial node corresponding to axial distance Z

4.2.4.3 MacBeth’s CHF Correlation

The CHF correlation developed by MacBeth and Thompson [Thompson and MacBeth, 1964] can
be specified by user input. This correlation was developed using a database consisting of a com-
pilation of a large amount of CHF data from a wide variety of sources. This data consisted entirely
of uniformly heated round tubes with vertical up-flow. The database includes the following range
of parameters:

Table 4-6. Range of conditions for MacBeth’s CHF correlation

Parameter Range
Pressure 15-2700 psia
Mass Velocity 0.0073-13.7 Mlbm/hr—ft?
Hydraulic diameter 0.04-1.475in
Heated length 1.0-144in

Axial power profile uniform

Although the database of this correlation consists entirely of burnout tests in round tubes, the cor-
relation has been successfully extrapolated to CHF in annuli and rod bundles at low pressure. For
pressure conditions outside the range of the database, or mass velocities above 13.7 Mibm/hr—ft?,
the CHF correlation selection logic in FAST defaults to the Biasi correlation [Biasi et al., 1967]. For
mass velocity values below the extremely low lower bound of the database, the code defaults to
the modified Zuber correlation.

The MacBeth correlation is constructed with two essentially separate functions, one applicable to
CHEF for relatively low flow conditions, and one for high flow conditions. At low flow conditions, the
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relationship between mass velocity and CHF is approximately linear, and is essentially indepen-
dent of pressure. For these conditions, the correlation defines the CHF as:

G 0.51
QH Py oty = 0-33 X 1072h D=1 (106> (1—2) (4-79)

Where,

ACHE, v, = Clitical heat flux in low velocity region, Btu/hr—ft2
D, = Channel hydraulic diameter based on wetted perimeter, ft
hyq = Latent heat of vaporization, Btu/lbm

G = Mass velocity, Ilbm/hr—ft?

x = Equilibrium quality, unitless

For high flow conditions, the correlation defines the CHF as a somewhat more complex function
of mass velocity, equilibrium quality, and geometry, with a strong dependence on pressure. The
form of the correlation in this region is:

.,  A—025D. () hygr
qCHFHigh,—Velou'ity - C

(4-80)
Where,

qéHFHighVelocily = Critical heat flux in high velocity region, Btu/hr—ft?
D, = Channel hydraulic diameter based on wetted perimeter, ft
htg = Latent heat of vaporization, Btu/lom

G = Mass velocity, Ibm/hr—ft?

x = Equilibrium quality, unitless

A,C = Empirical parameters (see Equation 4-81 and Equation 4-82)

The empirical parameters A and C' were defined using statistical optimization for two overlapping
sets of data. The first data set consisted of 1344 test points, over the following ranges of conditions:
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Table 4-7. Range of conditions for MacBeth’s 6-coefficient correlation

Parameter Range
Pressure 15-2700 psia
Mass Velocity 0.01-7.82 Mibm/hr—ft?
Hydraulic diameter 0.04-0.934in
Heated length 1.0-123in

The parameters A and C for this data set are formulated as:

Where,

D, = Channel hydraulic diameter, based on wetted perimeter, ft
G = Mass velocity, Ilbm/hr—ft?

yn = Empirical coefficients (see Table 4-8)

G \»

A =yoDY <106>
G Ys

— Ya | _—
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(4-81a)

(4-81b)

Table 4-8. Coefficients for MacBeth’s 6-coefficient model for a given reference pressure (psia)

Coefficient 250 530 1000 1570 2000 2700
Yo 106.5 1235 1245 59.90 67.50 1.300
Y1 0.847 0.834 0.913 0.873 1.130 -0.050
Y2 0.677 0.408 0.376 0.120 0.535 1.020
Y3 60.30 78.80 118.0 82.70 108.0 103.0
Ya 1.400 1.400 1.400 1.400 1.400 1.400
Ys 0.937 0.737 0.555 0.096 0.343 0.529

The second data set expanded the number of test points by 232, to 1576, to create the com-
plete database of the correlation. The additional tests expanded the database to encompass the

following ranges of conditions:
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Table 4-9. Range of conditions for MacBeth’s 12-coefficient model

Parameter Range
Pressure 15-2700 psia
Mass Velocity 0.0073-13.7 Mibm/hr—ft?
Hydraulic diameter 0.04-1.475in
Heated length 1.0-144in

The parameters A and C for this data set are formulated as:

= by —
A = yoDY? (106
G
= Y7 _—
C y(;l)e <106

Where,

Ys G
) [1 + Y9 De + Y10 (106> + y11De 106

D, = Channel hydraulic diameter based on wetted perimeter, ft

G = Mass velocity, Ibm/hr—ft?

yn = Empirical coefficients (see Table 4-10)

a

G \"” G G
) [1 +y3De + ya (106> + ysDe <106>]

)
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(4-82a)

(4-82b)

Table 4-10. Coefficients for MacBeth’s 12-coefficient model for a given reference pressure (psia)

Coefficient 560 1000 1550 2000
Yo 237.00 114.00 36.000 65.50
Y1 1.2000 0.8110 0.5090 1.190
Y2 0.4250 0.2210 -0.1090 0.376
Y3 -0.9400 -0.1280 -0.1900 0.577
Ya -0.0324 0.0274 0.0240 0.220
Ys 0.1110 -0.0667 0.4630 -0.373
Y6 19.300 127.00 41.700 17.10
Y7 0.9590 1.3200 0.9530 1.180
Ys 0.8310 0.4110 0.0191 -0.456
Y9 2.6100 -0.2740 0.2310 -1.530
Y10 -0.0578 -0.3970 0.0767 2.750
Y11 0.1240 -0.0221 0.1170 2.240
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4.2.4.4 Modified Zuber Correlation

The modified Zuber correlation [Zuber, 1961] [Smith and Griffith, 1976] is included in the CHF
correlation selection option in FAST, and can be selected by user input. This correlation was de-
veloped for CHF calculations in LWRs in severe accident conditions and is applicable to very low
flow conditions. The correlation is based on pool boiling CHF hydrodynamics, and is formulated in
terms of local fluid conditions, which makes it essentially independent of pressure. It was originally
formulated for very high void fraction (above 96%), but modifications have been developed # that
make the range of applicability essentially independent of void fraction. This was done to make
the correlation applicable to inverted annular film boiling, which can include conditions where the
bulk fluid is subcooled.

The modified Zuber correlation is the default selection in the code for all cases where the mass
velocity is below 0.2 MIbm/hr—ft? or the void fraction is above 80% . The general form of the cor-
relation is as follows:

GCnr = 0-1309FG Faubchg\/Pg (chg (o — pg)o'%) (4-83)

Where,

hyq = Latent heat of vaporization, Btu/lbm

py = Saturated vapor density, lbm/ft3

ps = Saturated liquid density, lom/ft3

o = Surface tension, Ibf/ft

g = Acceleration of gravity, 32.2 ft/s?

g. = Force to mass conversion constant for EU, 32.2 lbm-ft/Ibf-s?

F = Correction factor for extended void fraction range (see Equation 4-84)

Fy.e = Correction factor for bulk subcooled fluid conditions (see Equation 4-85)

The correction factor to generalize the void fraction range of the correlation is defined as

Fg=09(1-a) (4-84)

Where,

« = Local void fraction, unitless

4Based on modifications to the Zuber correlation in the JAERI code NSR-77.
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The correction factor for bulk subcooled conditions is

0.8

Tout — T

Fuupe = 14 0.065 (”’”) <Cpf(t")> (4-85)
Py hg

Where,

py = Saturated vapor density, lbom/ft3

ps = Saturated liquid density, lom/ft®

cpr = Specific heat of saturated liquid, Btu/lom/°F
hr, = Latent heat of vaporization, Btu/lbm

Tsq: = Saturation temperature, °F

T, = Bulk fluid temperature, °F

4.2.4.5 Biasi Correlation

The Biasi correlation [Biasi et al., 1967] is included in the CHF correlation selection option in FAST,
and can be selected by user input. This correlation was developed for CHF calculations in LWRs in
severe accident conditions and is applicable to very wide range of conditions. The Biasi correlation
is the automatic default in the code for conditions where the system pressure is below the pressure
range of the user-selected correlation, or the mass velocity is above the user-selected correlation’s
mass velocity range. However, if the void fraction is above 80% , the correlation selection defaults
to the modified Zuber correlation, no matter what the flow rate or pressure, and regardless of which
correlation has been selected by user input.

The Biasi correlation was derived in metric units, and has two separate formulations for the CHF:

ngF = max (qg‘Hqu/C,‘HFQ) (4-86)

The first component is defined as:
" _ by bo -n
Gir, =G (F,G™ —2) D; (4-87)
Where,

G = Mass velocity, g/s—cm?
F,, = Pressure-dependent empirical factor (see Equation 4-88)

x = Equilibrium quality, unitless
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D, = Channel hydraulic diameter based on wetted perimeter, cm

b1, ba,n = Empirical parameters

The pressure-dependent empirical factor F), is defined as:

F,, = b3 + by P exp(bs P)
Where,
P = Pressure, bar
bs, by, bs = Empirical coefficients

The second component of the CHF is defined as

4tnr, =G (Fy (1 —z)) D"

Where,

G = Mass velocity, g/s—cm?

Fy; = Pressure-dependent empirical factor (see Equation 4-90)

x = Equilibrium quality, unitless

D, = Channel hydraulic diameter, based on wetted perimeter, cm
c1, co = Empirical coefficients

n = Empirical coefficient on hydraulic diameter (see Equation 4-91)
The pressure-dependent empirical factor Fy; is defined as:

cg P
cy + P2

Fi=c3+ C4P€C5P +
Where,

P = Pressure, bar
D, = Channel hydraulic diameter based on wetted perimeter, cm

¢, = Empirical coefficients
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(4-88)

(4-89)

(4-90)
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The coefficient n on the hydraulic diameter in Equations 4-87 and 4-89 is defined as follows:

6, D.<1.
. 0.6, <1.0 (4-91)
04, D.>1.0

4.2.5 Influence of Rod Bowing on Critical Heat Flux

The calculation of critical heat flux reduction due to fuel rod bowing is a user option in FAST. If this
option is used, both CHF and fuel rod power are calculated according to the amount of fuel rod
bowing. The reductions are calculated by empirical correlations. The correlations for CHF reduction

are:
qcurr(Z) =1~ four(Z2)qcur(Z) (4-92a)
0, W(Z) < Wrnr
fenr (Z) = W(Z) — Wrp, (4-92b)
FBCHFi)VVTh, W(Z) > Wrp,
- Thr
Where,

fenr (Z) = Fractional decrease in CHF due to fuel rod bowing at elevation Z
qcurrr = Reduced critical heat flux
qcrr = Critical heat flux in absence of fuel rod bowing

W(Z) = Amount of fuel rod bowing (fraction of bowing required to contact adjacent fuel rod, 0
= no bowing, 1 = maximum possible bowing)

Wrn = Maximum amount of bowing which can occur without an effect on CHF (fraction of
maximum bowing possible) specified by user input.

Fpepr = Multiplication factor specified by user input (see Section B.7)

The reduction in fuel rod power due to bowing is calculated by the equation:s

IN

{P, W(Z)<0.3
P, = (4-93)

0.
[1 +0.01 (0.94W (Z) - 2.84W(Z)2)] P, W(Z)>03
Where,

P, = Power reduced to account for fuel rod bowing

P = Power in absence of fuel rod bowing
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4.3 Sodium

The correlations for the heat transfer coefficient are based on the assumption of a single phase
liquid with incompressible flow. The correlations are expected to cover the range of conditions ex-
pected under normal and accident conditions fora sodium-cooled reactor, given the lower pressure
and operating temperatures.

No correlation for CHF is implemented and will result in a value of 0.0.
4.3.1 Heat Transfer Coefficient Correlations

Heat transfer correlations are empirical models developed to quantify the rate of energy exchange
between a solid surface and a fluid flowing over it. Heat transfer correlations are expressed as a
coefficient relating the surface heat flux to the temperature difference between the surface and the
fluid:

¢" = h (Twaur — Tfiuid) (4-94)

Where,

¢" = Surface heat flux, W/m?
Twau = Wall surface temperature, K
T'f1uia = Sodium temperature, K
h = Heat transfer coefficient, W/m?2-K
4.3.1.1 Single-Phase Convection to Liquid
This mode is defined for conditions where the bulk fluid can be treated as single-phase liquid. Heat

transfer in this regime is calculated using the Subbotin and Schad correlations [Ha et al., 2007],
with thermal properties defined at the liquid temperature, as shown in Equation 4-95:

y
h— Nu <D> (4-95)

Where,

h = Heat transfer coefficient for single-phase gas, W/m?-K
k, = Thermal conductivity at the gas temperature, W/m-K
D, = Hydraulic diameter of flow channel, m

Nu = Nusselt number (ratio of convective to conductive heat transfer)
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The Nusselt number (Nu) is taken as the maximum of the values calculated using either the Schad
(Ntgenaq) OF Subbotin (Nug,;) correlation, as shown in Equations 4-96 and 4-97, respectively.

5.0+ 0.25Pe"®.  Pe < 10.0
Nuschad = { * < €= (4'96)

0.0, Pe > 10.0

Diameter Diameter

(1615 + 24.96 (200 ) — 855 (R )*) P, Pe > 1500

Diameter

(4-97)

{4.496 (1615 + 24.96 (20L) — 8.5 (5ELL)*) P < 1500
Nugyp =

Diameter

The Peclet number (Pe) is calculated using Equation 4-98:

Pe= Re- Pr (4-98)

Where,

Re = Reynolds number

Pr = Prandtl number

4.3.1.2 Range of applicability

These correlations are only valid for liquid sodium with a Peclet number up to 1000.0. Beyond this
number, the Schad correlation is used but is not within the bounds of applicability.

4.4 Helium

The correlations for the heat transfer coefficient are based on the assumption of a single gas
phase with incompressible flow. The correlations are expected to cover the range of conditions
expected under normal and accident conditions for a gas-cooled reactor, such as those that were
experienced in the Fort St. Vrain reactor.

This correlation only models the heat trasfer due to convection. There is currently no correlation in
FAST for heat transfer due to radiation; this will have a significant impact on overall heat transfer
and fuel temperature. Additionally, due to the effects of radiative heat transfer, the approach in
FAST to model a single pin in a closed fuel channel may not be applicable to gas reactors where
heating from neighboring fuel elements is significant. This capability should be considered highly
preliminary.

No correlation for CHF is implemented and will result in a value of 0.0.

4.41 Heat Transfer Coefficient Correlations

Heat transfer correlations are empirical models developed to quantify the rate of energy exchange
between a solid surface and a fluid flowing over it. Heat transfer correlations are expressed as a
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coefficient relating the surface heat flux to the temperature difference between the surface and the
fluid:

¢" = h (Twar — Ttivid) (4-99)

Where,

¢" = Surface heat flux, W/m?
Twan = Wall surface temperature, K
T'ruia = Gas temperature, K

h = Heat transfer coefficient, W/m2-K

4411 Single-Phase Convection to Gas

This mode is defined for conditions where the bulk fluid can be treated as single-phase gas. Heat
transfer in this regime is calculated using the Dittus-Boelter correlation, with thermal properties
defined at the gas temperature; that is:

h = 0.024725 G‘;’) Re%8 pr0-6 (4-100)

e

Where,

h = Heat transfer coefficient for single-phase gas, W/m?-K
k, = Thermal conductivity at the gas temperature, W/m-K
D, = Hydraulic diameter of flow channel, m

Re = Reynolds number (for characteristic length D.)

Pr = Prandtl number

4.4.1.2 Range of applicability

The correlations are only valid for a non-mixed helium gas. This correlation only includes the
impact of gas convection and does not include radiative heat transfer, which is significant for gas-
cooled reactors. The range of application based on flow rates and temperatures has not yet been
derived.
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5.0 External Code Interfaces

FAST is designed to be used as a stand-alone tool for current LWR licensing needs. However,
there are circumstances that arise when the models within FAST are not sufficient to perform a
new type of analysis, or the models within FAST are needed by another code. Some examples
include:

e Rapid transients that require the full plant response and feedback between FAST and a sys-
tems code
e Alternate fuel forms where the models within FAST were developed for standard UO,

e Analyses that require physics not modeled by FAST, such as I/Cs inventories for source term

This section describes the interfaces between FAST and external codes, the sync points, and what
data can be transferred/received.

5.1 Communication Interfaces
5.1.1 FAST Driving External Codes

FAST has the ability to call other executable programs after it has started running, allowing the
other program to be started normally without any additional modifications specific to FAST. There
are two modes in which the external program can be run:

e Serial mode (the external code is called only once)

e lterative mode (the external code is continually called)

5.2 FAST/TRACE Interface

TRACE is the NRC’s code for system wide thermal hydraulic analysis [Division of Safety Analysis,
2017]. TRACE can be used by FAST in two modes: either FAST running TRACE in lieu of its own
coolant model, or TRACE running FAST as TRACE’s fuel rod model code.

5.3 FAST/MOOSE Interface

Multiphysic Object-Oriented Simulation Environment (MOOSE) is the INL's code for an open-
source, parallel finite elemente framework. MOOSE can be used to couple FAST and TRACE
together by sending information between the two software. MOOSE facilitates the timestep sizes,
start and end times, and the information that is requested from FAST and TRACE as well as
the mapping between the variables this information is being passed to. The MOOSE interface
in FAST sets the information requested by MOOSE and controls the initialization of information
FAST receives from MOOSE. The tables below describe the current availables that can be sent
and received by MOOSE.
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Table 5-1. FAST-to-MOOSE Transfers

Mnemonic_Indexes Description

NODE_ELEVATIONS Axial node elevations set by varaible surface_mesh

Surface temperature set by the outermost radial node of the fuel

SURFACE_TEMP rods thermal mesh

CENTER_LINE_TEMP Fuel centerline temperature set by variable tempFuel

Average fuel temperature per axial node set by FAST variable

AVERAGE_TEMP PelAveTemp

Table 5-2. MOOSE-to-FAST Transfers

Mnemonic_Indexes Description

Liquid coolant heat transfer coefficient used to calculate

HIC_liquid effective heat transfer coefficient
. Liquid coolant temperature used to calculate effective coolant
T_liquid
bulk temperature
Vapor coolant heat transfer coefficient used to calculate effective
HTC_vapor .
heat transfer coefficient
Vapor coolant temperature used to calculate effective coolant
T_vapor
bulk temperature
HTC boil Boiling heat transfer coefficient used to calculate effective heat

transfer coefficient

Coolant saturation temperature used to calculate effective

T_saturation
- coolant bulk temperature

coolant_pressure Coolant pressure
reactor_power Scalar value for the rod power used to set current fuel rod LHGR
fine_cell_length Mesh cell length for FAST renodalization

When coupling FAST to MOOSE, MOOSE doesn’t use the information that it is passed directly.
MOOSE works as a middleman to pass the information it receives to another software like TRACE.
The same thing is true about the information MOOSE sends to FAST. MOOSE does not calculate
the values listed in the MOOSE-to-FAST transfers, but obtains it from a software like TRACE and
sends it to FAST.

5.3.1 Renodalization of FAST with MOOSE
The MOOSE interface in FAST includes the ability to renodalize FAST. As described previously,
one of the parameters the MOOSE interface can receive is the cell lengths for the axial nodes,

fine_cell_length. When the size of the array does not match the size of the current array for the
axial node lengths (deltaz in the MOOSE interface), a call to the subroutine setupFineMesh is
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made. This subroutine takes in the two arrays holding the cell lengths and uses the differences in
lengths and size of the array to linearly interpolate all of the arrays that store axial information in
FAST.

5.4 Output File for FAST-to-TRACE Data Transfer

For design basis accidents, the NRC uses the system-level thermal-hydraulics code TRACE for
assessing the figures of merit for fuel behavior (which are typically burst, peak cladding temper-
ature (PCT) and ECR. TRACE has simplified fuel performance models that are based on those
found in fast (i.e., models that impact temperature distribution). However, TRACE is designed to
work for short duration transients and therefore can not calculate the burnup of the fuel rod. FAST
is used to provide the burnup-dependent information to TRACE to ensure that fuel temperatures
and stored energy are not underestimated. In addition, this information is used to support the pro-
posed new NRC LOCA regulations in 10 CFR 50.46(c) that require LOCA analyses to account for
the pre-existing hydrogen in the cladding, which impacts how much transient oxidation can occur
within the regulatory limits.

To perform this data transfer, the NRC uses the SNAP interface to transfer the data from FAST
outputs into a TRACE input file to develop fuel rod inputs for both PWRs and BWRs, which are
referred to in TRACE as heatstructures and CHANSs, respectively. The NRC also uses a tool called
MAKECHAN, developed under NRC contract by Energy Research, Inc., (ERI) which works with
PARCS outputs to develop a TRACE/PARCS input deck.

This section outlines the file format that has been agreed upon by NRC, ERI and APT that contains
all of the necessary information from a FAST calculation to populate a TRACE “fuel rod”. To turn
on the writing of this file, see Section B.3.

5.4.1 File Variables

The following burnup-dependent information calculated by FAST is needed to populate the fuel
rod input parameters in TRACE:

e Gas composition - Total moles, mole fraction of each species, pressure

e Fuel composition - Axial Gadolinia content

e Burnup - Rod average, axial, and 2D (axial/radial)

e Deformations - Fuel swelling, densification and cladding inner radius permanent deformation
e Cladding data - Hydrogen content, oxide layer thickness, crud thickness

e Mesh data - Meshpoints, power and temperatures

Through sensitivity studies, the NRC has decided to use the number of moles of gas to calculate
the rod internal pressure rather than the rod internal pressure input option. There are several
reasons for this, with the most significant (as of TRACE V5P5) being that the rod internal pressure
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input for TRACE is assumed to be taken at room temperature, whereas the value produced by
FAST is at operating conditions. It is not sufficient to assume a simple ideal gas law (PV = nRT)
due to the changes in void volume associated with the change in fuel temperature.

5.4.2 File Units

The file is output entirely in SI, regardless of the FAST input file units (which can be Sl or British).
The units for each variable are shown in Table 5-3.

Table 5-3. Variables® written in MAKECHAN file

Description Units File Syntax

Temperature Kelvin kelvin

Mega-Watt days per

Burnup Kilogram Uranium MWd/kgU
Pressure Pascals pa
Moles Moles moles
Distance Meters meter
Time Days days
'Xy :;gg:] Weight Percent wt%
Concentra- Parts per million ppm
tion
Unitless - na

(@ All variables are rod average values.

5.4.3 File Header

The file header information printed to the file is shown in Tables 5-4 and 5-5. The header information
is the generic information that describes information about the code version, when the file was
produced, and descriptions of the variables being written to the file. This information is written
before the start of the timestep dependent, FAST calculated data.

Table 5-4. File case-specific information

Line Description
1 FAST Version ID
2 Date code was built
3 Date and time code was run
4 Case Description (as defined in input file)

The information for each FAST variable written to the file (ID, units, and description) shown in
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Table 5-5 is exactly as it appears in the file. This data starts on Line 5 and continues on a new line
until the last variable in the table is written. The headings in the table (e.g., "Rod Average Data”)
also constitute a new line. These headings indicate changes to the format of the data written to
the file, such as moving from a single value to an array of data.

Table 5-5. File variables written in MAKECHAN file

ID

Units Description

10
11
12
13
14
15
16
17
18

101
102
110
111
112
120
121
122

123

200
201
202
203

Rod Average Data

days Problem time
Mwd/kgU Rod Average burnup
Pa Rod internal pressure
mol Moles of gas in rod

- Mole fraction of Helium in gas
- Mole fraction of Krypton in gas
- Mole fraction of Xenon in gas
- Mole fraction of Argon in gas
- Mole fraction of Nitrogen in gas
- Mole fraction of Hydrogen in gas
- Mole fraction of Air in gas

- Mole fraction of Steam in gas

Axial Data
wt% Gadolinia content
MWd/kgU Nodal Burnup
m Cladding Outer Oxide Thickness
m Cladding Outer Crud Thickness
ppm Cladding Hydrogen Concentration
m Fuel Swelling
m Fuel Densification
m Fuel Relocation
m Cladding Inner Radiys Permanent
Deformation
Axial x Radial Data
m Fuel Rod Mesh Radial Nodes
K Fuel Rod Mesh Temperatures
- Radial Power Profile
MwWd/kgU Fuel Rod Mesh Burnup
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5.4.4 File Time-Dependent Data

The time-dependent data is written at every “plot” timestep (See Section B.3). Table 5-6 outlines
the format of the time-dependent data as it is written to the file. This data follows the header
information and is repeated for each timestep until the FAST code execution is terminated.

Table 5-6. Time-dependent information format

Description File Syntax/Information
Start of new timestep ===next time step <timestep>
Example ===next time step 1
Rod average values After ID, two spaces and array of real values
Example 1 1.15740741E-08

After ID, two spaces and array of real values. The number
of values is equal to the number of axial nodes, with the

Axial values first value being axial node(1) at the bottom and the last
value being at the top fueled axial node
Example 102 5.57881917E-11 1.27440309E-10

After ID, two spaces and an array of radial values (starting
Axial by radial values from the fuel centerline). The ID is repeated on the next
line for each axial node, starting from the bottom (first row
of values) to the top (last row of values for a given ID)

201 6.40368328E+02 6.39045340E+02
201 7.39641329E+02 7.36258582E+02

Example
201 1.16207667E+03 1.14673771E+03

FAST uses Fortran’s Engineering Scientific notation (ES15.8), which contains one value before
the period, eight values after the period, and two exponential placeholders. The format of each

data value is [1.00000000E-03].
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Appendix A — Running the Code

The FAST code is designed to be run using a command prompt on Windows and Linux based
operating systems, but the code can also be run through a graphical user interface. The NRC
currently uses and supports the Symbolic Nuclear Analysis Package (SNAP) that can serve as
the GUI to create the input file, run the code, and visualize the results. SNAP can also be used
to link FAST with other NRC supported codes, such as the thermal-hydraulics code TRACE, and
for performing statistical analysis using DAKOTA. For more information about SNAP, visit https:
//www.aptplot.com.

Using a command-line interface, the only (optional) argument that is allowed is the input file name.
By default, the input file that the FAST executable looks for is fast.in.

A.1 Windows-Based OS

On a Windows based computer, by double clicking on the executable the code will automatically
try to run using the file fast. in. If the file does not exist, the code will prompt the user to re-enter
the file name, at which point the user can type in the file name they wish to use. It is important
that the input file be in the same directory as the executable. When using a Windows command
prompt, use the cd command to move into the working directory (the folder which contains the
executable and the input file), type in the name of the executable followed by a space and the
name of the input file (fast.exe <FILENAME>). An example is shown in Figure A.1.

- —

A Administrator: Command Prompt

Microsoft Windows [Uersion 6.1.7601]
Copyright (c) 2009 Microsoft Corporatien. All rights reserved.

C:\Users\iepl>cd desktop

C:\Users\iepl\Desktop>cd "Working Directory”

:\Users\iepl\Desktop\lWorking Directory>FAST1.0.exe NRC_Fuel.in

Current date: 16-Dec- & Time: O7:57:56
Input file: HRC_Fuel.in
Output file: NRC_Fuel.out

Figure A.1. Running FAST using the Windows Command Prompt

A.2 Linux-Based OS

Running FAST on a Linux based OS is nearly identical to running on Windows OS. Rather than
typing in the name of the program (fast.exe), type in “./” followed by the name of the program
(./fast <INPUT FILENAMEE>). An example is shown in Figure A.2.
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1y W} ) 1:46PM {iY

Terminal File Edit View Search Terminal Help
Use GCC 7.0.17 (Y for OpenCoarrays, n for MOOSE)Y
v

Y

ian@ian-virtualBox:~$ cd Desktop/FAST/
ian@ian-VirtualBox:~/Desktop/FASTS ./fast

The input file could not be located.
File:fast.in
Re-enter file specification or "q" to quit.

rs

RO[IxEma:

Bo&Eya™ i EE ® rightcr

Figure A.2. Running FAST using the Linux Command Line (OS=Ubuntu 16)

A.3 Using SNAP

Once a SNAP model has been created (or imported from an ASCII file), go to Tools--> Submit
Job... and the job will be submitted to the working directory specified in the model.

Running the Code
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Appendix B — Input Instructions for the FAST-1.2 Code

This appendix contains the requirements for the input file structure and the available input param-
eters for FAST-1.2.

B.1 File and Comment Structure

The input file contains the information for fuel rod design, model options, defining the mesh, reactor
conditions, and code output options. The beginning of the file is designated for naming output files
and adding any comments.

Any comments to be included at the top of the input file should start on Line 1 with a “x”. Up
to 200 characters are allowed on these lines, and as many lines as needed are allowed. It is
highly recommended that the version of FAST the input file was developed for be included in
these comments.

After all comments are completed, the input and output file specification begins. The list of allowed
input files and available output files is shown In Table B.1. Each input file requires the following
information: FILE#='FileName.Extension',STATUS='StatusType'

Where # and Extension are shown in Table 5.1, FileName is defined by the user (recommended
to be the same as the name of the input file) and StatusType is “UNKNOWN?” for Output files and
“OLD?” for Input Files.

Table B.1. Available input and output files in FAST-1.2

Corresponding

Type Description Unit Extension Input Variable
Input Files
Reads an already
Restart created restart file for 13 .restart nread
FAST-to-FAST restarts
Output Files

Provides a summary of
important parameters at
either each axial node or 06 .out nopt/jdlpr
for the peak power axial
node

Output
Summary

Provides numerous
calculated parameters of
interest to be used by
FRAPIot and APT Plot

Provides the necessary
FAST data to populate a
Data Output TRACE fuel rod model 50 ftt nmakechan
with burnup dependent
parameters

Plotting 66 .plot nplot

Input Instructions for the FAST-1.2 Code
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The end of the comment and input file section is designated by a line starting with “/*”. An example

of the comment and file input structure is shown in Figure B.1.

@r *C\Users\iepl\Documents\Visual Studio 2015\Projects\FRAPCOMN4.1\FRAPCON4.1\Chen_HTC.in - Notepad++ [Admini... @Elﬁ1
IFiIe Edit Search View Encoding Language Settings Macro Run Plugins Window 7 X
cHHB B dEIC gt s BEISIECELH @ EDN®E|

=l Chen_HiTCin G|

LEINE

* Code Version: FAST-1.0
Date Created: 5 December 2016
Author: Ian Porter, NRC

Input file description:

- o, [ S Y

This input file resembles a 17x17 PWR fuel rod irradiated for 3 cycles in a WALP FWR
The data used to develop the rod design is from:

(H/R)

The data used to develop the power history and coolant conditions is from:

(H/R)

ey
LN H D W
R .

R T I S R

* Qutput File
FILEO&="NRC Fuel.out', STATUS="UNENOWH'
* Plot File

=k
= om o e

R

m

& FILE&6="NRC Fuel.plot', STATUS="UNENOWN', FORM='FORMRITED'

1% * Restart File

20 FILE12="NRC_Fuel.restart', STATUS='OLD'

2L/

22 NRC_Fuel

23 sfrpcn

24 ' im: number of time steps, nr: number of fuel radial nodes

25 ! ngasr: number of gas radial nodes, na: number of axial nodes

28 ! mechan: cption to select mechanical model (2=FRACAS-I, 1=FEA)

27 im=2, nr=17, ngasr=45, na=5, mechan=2, ncmesh=2, noxide=0, ncrud=0

28 send [
IINormaI text file length : 7540 lines: 191 Ln:39 Col:29 Sel:0]0 INS M

Figure B.1. Sample comment and file input structure for FAST input file

There are ten Fortran namelist input blocks. These blocks start with the syntax $namelist and
are terminated with a /, where namelist is defined in the following appendices. There is no order

dependency of each namelist block. The available input blocks are shown in Table B.2.

Input Instructions for the FAST-1.2 Code
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Table B.2. Available namelist input blocks

Input Block Description
frpcn Defines the problem discretization
frpcon Defines power information and steady-state modeling options
geometry Geometry information
material Material information
transient Parameters defining the transient solution timestep size and model options
boundary Cladding OD Boundary Conditions (Coolant conditions and imposed cladding conditions)
spentfuel Spent fuel modeling options
refabrication Refabrication options
uncertainty Uncertainty options
developer

Developer modeling options to change numerous models

B.2 frpcn block

This block, Table B.3, is used for discretizing the mesh and array sizes.

Table B.3. frpcn input block

Variable Name o Units Limitations and Default
Description .
(Type) Britis| Sl Value
im (1) Number of time steps N/A

> 1 (Required Input)
Option to select cladding mechanical

deformation model
1 = FEA model N/A

mechan (1)

Default = 2
2 = FRACAS-I model
3 = FRACAS-CT model
Number of radial elements in the _
meo () cladding for FEA model N DEEU=
Number of equal-length axial regions Default = 9
na (I) along the rod, for which calculations N/A

are performed and output Must be greater than 1

Number of radial boundaries in the
pellet (for temperature calculations

and temperature distribution output) DO 1
or (1) These are spaced by the code with N/A Must be greater than 1,
A . suggested minimum is
greater fraction in the outer region to

optimize definition of the heat i
generation radial distribution.
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Table B.3. frpcn input block (continued)

Variable Name Descrintion Units Limitations and Default
(Type) P Britis| Sl Value
Default = 45
ngasr (1) Number of equal-volume radial rings in N/A
€ the pellet for gas release calculations Must be greater than 6,

suggested is 45.
Number of values in input arrays (if

naxim (I) larger than na*im) N/A Default = na*im
enosn () Nbertoen pmcedraial
() Mrbroromysaearda
orva() oo ey,
1207 () poundaries i e clacing OD codting VA Befeult =
nlayersid (1) Number of evenly spaced radial N/A Default = 1

boundaries in the cladding ID coating

O Integer

R) Real

L) Logical

(©) Character

B.3 frpcon Block

This block, Table B.4, contains the bulk of the information related to geometry, fabrication, model
options, and power. Note: In moving from FRAPCON-4.0 to FAST, some of the input variables in
this block have been moved to new input blocks (e.g., $boundary, $uncertainty). These options
are no longer listed in this section but are still allowed in FAST-1.2 when using a FRAPCON-4.0
input file. However, in order to take advantage of the new features of FAST, the new input blocks
must be used. Future versions of FAST will remove their ability to be input in this block entirely.

Table B.4. frpcon input block

Variable Name L Units Limitations and
Description .
(Type) British sl Default Value

Reactor Conditions

Input Instructions for the FAST-1.2 Code B.4
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Variable Name o Units Limitations and
Description .
(Type) British Sl Default Value
Flag for reactor type
iplant (I) -2=PWR N/A Default = -2 (PWR)

-3 =BWR

-4 = HBWR

-5 =HTGR

-6 = SFR

Conversion between fuel specific
flux(j+1) (R)  power (W/g) and fast neutron flux, E>
1MeV (n/m?/s)

Index for crud model
0 = Constant thickness

icor (I)
2 = Time-dependent crud growth
rate (crdtr) starting
from zero crud
Initial thickness of crud layer on
@l (1)) cladding outer surface
Rate of crud accumulation (used if
crdtr (R) icor = 2) (
crudmlt (3) Axial array of multipliers on crud

thickness or growth rate (if icor = 0 or
2, respectively)

(R)

n/m?/s of  WIg of

fuel fuel
N/A
mils m
mils/hr m/s
N/A

Default = 0.221 x 10"

Default =0

Default = 0.0

Default = 0.0

Default =1.0

Must be input for all
axial nodes if used

Input Instructions for the FAST-1.2 Code
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Variable Name o Units Limitations and
Description .
(Type) British Sl Default Value
Power History Specification
Cumulative time or burnup (See
TimeFormat) at the end of each time
step
ProblemTime INote: Time steps greater than 50 days

(IM(R)

TimeFormat (1)

qupy (IT)(R)

DecayModel (I)

fpdcay (R)

ig (1)

x (N)(R)

are not recommended. If steady-state ~ S€t by TimeFormat)
operation is being modeled, use time
steps greater than 1 day. Time steps
less than 1 day should only be used
when modeling a fast power ramp.

Type of units specified by
ProblemTime, irrespective of units

0 = Days N/A
1 = Hours

2 = Seconds

3 = MWd/mtU

The linear heat generation rate at

each time step
kWi/ft kW/m
This equals the rod-average value if

iq = 0 and the peak value if iq = 1.
Decay heat model; turned on when
qmpy < 0 N/A
1 = ANS-5.1 (2005) Standard
2 = ANS-1973 Model

Multiplicative factor applied to power

given by decay heat model Rl

Axial Power Profile

Indicator for axial power shape

0 = User-input power shapes N/A

1 = Chopped-cosine shape

The elevations in each gf array

defining a power shape 4
m
Note: the first value must be 0.0 and

the last value must = totl

Required input

Default =0

Required input

Default = 1
Default =1.0
Default = 1.0

Required input if iq =
0

Input Instructions for the FAST-1.2 Code
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Variable Name o Units Limitations and
Description .
(Type) British Si Default Value
The ratio of the linear power at the x
elevation to the axially-averaged value
provided by gmpy for the M*" power
shape. The number of (qf, x) pairs Required input if iq =
qf (N)(R) for the M-th power shape is defined by N/A 0 4
jn(M).
The code will normalize to an average
value of 1.0.
The number of (qf, x) pairs for each . . .
jn (M)(I) axial power shape. Input in the same N/A Required |(r)1put ifiq=
sequence as the (qf, x) arrays
The sequential number of the power
. shape to be used for each timestep. Required input if iq =
yta (UL One value is required per timestep (if b 0
iq=0)
Peak-to-average power ratio for Required input if iq =
fa (R) cosine-type axial power shape (used N/A q 1 P *q
only if iqg=1)
Radial Power Options
Radial power profile model
radialpowermodel _ , Default = 1 (TUBRNP
() 0 = User-supplied N/A 1993 model)
1 = TUBRNP 1993 model
2 = TUBRNP 2017 model
Radpowprofile User-supplied array of sets of radial
[nt, nz, nr, power profiles. To apply the same
times, ax loc, radial power profile at all axial nodes, Required input if
rad loc enter nz = 1 and set ax;.. = 0.0. s, m, m, s, ft, ft, radialpowermodel =
 on relativefrac relativefrac
powprof(time, Note: This will bypass FAST’s 0
ax_loc, calculation of radial power profile
rad_loc)] (R) using the TUBRNP model
Code Output Options
Control on printout of Output file
nopt (1) 0 = Printout each time step, N/A Default = 0
controlled by jdlpr
1 = Case input and summary sheet only
Output file print control for each time
step
jdlpr (I) N/A Default =0

-1 = Axial summary
0 = All axial nodes
1 = Peak-power axial node

Input Instructions for the FAST-1.2 Code
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Table B.4. frpcon input block (continued)
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Variable Name Lo Units
Description .
(Type) British sl

Limitations and
Default Value

Control on printout of Plot file
nplot (1) 0 = No plot file created N/A
1 = Plot file with standard options
2 = Detailed plot file including
fission gas distribution
Code Operation and Models
Flag for units system used in input file
nunits (I) 0=SI N/A
1 = British
Fission gas release model
1=ANS5.4 (1982)
2 = Massih
ngasmod (1) 3 = FRAPFGR N/A
4 = ANS5.4 (2011)

Note: ANS5.4 (2011) uses Massih
model for stable release.

Time step to begin calculation of
fission gas release

igas (1) For all time steps prior to igas, the N/A
calculated gas release will not be
included in the void volume
calculation.
sgapt (R) Number of fission gas atoms produced N/A

per 100 fissions
Subdivision for internal creep steps

crephr (R) Note: Should be set to a minimum of N/A
10 creep steps per smallest time step

Coulomb friction coefficient between
frcoef (R) cladding and fuel pellet (only used if N/A
mechan = 2)

slim (R) Limit on fuel volumetric swelling N/A

end (R) Fraction of end-node heat transfer N/A
aen transfers to the plenum gas
Internal rod pressure calculation

igascal (I) 0 = User-specified gas presure vs. time N/A
1 = Static rod pressure calculation
2 = Transient gas flow

Default = 1

Required input

Default = 2 (Massih)

Default =0
Default = 31.0
Default = 10.0

Default = 0.015

Default = 0.05

Default = 0.3

Default = 1 (static)
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Table B.4. frpcon input block (continued)

Variable Name o Units Limitations and
Description .
(Type) British Sl Default Value
o1 (IMR) Rod internal pressure for each time psia Pa Reqqlred mpu_t only if
step igascal =0
Signal for time-dependent input arrays
for p2, tw, and go: Required input unless
nsp (1) 0 = single values for these three values N/A otherwise _Spe(i['ft')‘Td 'L‘
will be used for all time steps boundary input bloc
1 = a value for each variable for each
time step must be input
Coolant system pressure Required input unless
p2 (IT) psia Pa otherwise specified in
Input for each time step if nsp = 1. boundary input block
Coolant inlet temperature Required input unless
tw (IT) ] ) °F K otherwise specified in
Input for each time step if nsp = 1. boundary input block
Mass flux of coolant around fuel rod
Input for each time step if nsp = 1.
. Required input unless
Note that go input may have to be : L
go (IT) adjusted to ?/ieldpboth d)ésired coolant  'Pr-f? kgfs—m?  otherwise specified in
and desired cladding surface boundary input block
temperatures. Concurrent adjustment
of pitch may also be required.
O Integer
R) Real
) Logical

©) Character

(N) Axial Node Index for Input Power Profile
M) Power Shape Number

(M Time Step Index
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B.4 geometry block

This block, Table B.5, is used to define the geometry.

Table B.5. geometry input block

PNNL-33994

Variable Name L Units Limitations and
Description .
(Type) British Si Default Value
Cylindrical Geometry Design
dco (R)™ Cladding outer diameter in m Required input
thkeld (R)™M Cladding wall thickness in m Required input
thlzg;gfid Cladding inner coating thickness in m Default = 0.0
thkcoat (R)M Cladding outer coating thickness in m Default = 0.0
Pellet-cladding as-fabricated radial . . .
(1)
thkgap (R) gap thickness in m Required input
totl (R) The total (active) fuel column length ft m Required input
cpl (R) 2 Cold upper plenum length in m Required input
extplenumV (R) External plenum volume in3 m?3 Default = 0.0
User-Specified Geometry Options (overrides defaults)
Option to use equal length axial nodes
ivardn (1) or variable length axial nodes N/A Default = 0
0 = Equal length
1 = Variable length
Array of axial node lengths for fuel
region starting at the bottom of the rod ired i i
deltaz (NA)YR) ft m ReqU{red |an_1t only if
Note: The sum of all values must ivardm = 1
equal totl
Spring Dimensions
Required input (dspg
dspg (R)® Outer diameter of plenum spring in m should be less than
g the clad inner
diameter + ID coating)
dspgw (R)® Diameter of the plenum spring wire in m Required input
vs (R)® Number of turns in the plenum spring N/A Required input

Input Instructions for the FAST-1.2 Code
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Table B.5. geometry input block (continued)

Variable Name o Units Limitations and
Description .
(Type) British Sl Default Value
Pellet Design

hplt (R) Height (length) of each pellet in m Required input

rc (R)M The inner pellet radius in m Default = 0.0
ndish (R) Height (depth) of pelle_t dish, a_ssumed in m Default = 0.0

to be a spherical indentation
Pellet end-dish shoulder width (outer
dishsd (R) radius of fuel pellet minus radius of in m Default = 0.0
dish)

chmfrh (R) Chamfer height in m Default = 0.0
chmfrw (R) Chamfer width in m Default = 0.0
ZIIZQREE)iCk ZrB; layer thickness on pellets in m Default = 0.0
O Integer
R) Real
) Logical

(©) Character

() May input one value for entire pellet stack or input values as an array for each axial node starting at the
bottom

(2 May input one value (for upper plenum only) or as 2 values (first value for upper plenum, second value
for lower plenum)
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B.5 material block

This block, Table B.6, is used to define the material and composition.

Table B.6. material Input Block

PNNL-33994

Variable Name L. Units
Description .
(Type) British S|

Limitations and
Default Value

Pellet Isotopics

Fuel material indicator

0= U02
1 = MOX fuel using the
imox (1) Duriez/Ronchi/NF| N/A
Mod thermal conductivity
correlation

2 = MOX fuel using the
Halden thermal
conductivity correlation

3= U3Si2
5 = U-Pu-Zr
enrch (R)" Fuel pellet 225U enrichment at% 23°U in total U

Weight percent of plutonia in fuel

comp (R)"" (must specify if imox = 1 or 2) wite
ey VSRl
Type of Pu used in MOX fuel
moxtype (1) 1 = Reactor grade N/A
2 = Weapons grade
enrpu39 (R) Fuel pellet 22°Pu enrichment at% 2*°Pu in total Pu
enrpu40 (R) Fuel pellet 24°Pu enrichment at% 24°Pu in total Pu
enrpu4i (R) Fuel pellet 2'Pu enrichment at% 2*'Pu in total Pu
enrpu42 (R) Fuel pellet 2*2Pu enrichment at% 2*2Pu in total Pu
oy OVETETOMOM strcrion
gaotn R doinia fuel pollts. N/A
Type of gadolinium
gdtype (1) 1 = Natural N/A

2 = Depleted

Default =0

Required input

Default = 0.0
Default = 0.0

Default = 1 (reactor

grade)
Default = 0.0
Default = 0.0
Default = 0.0
Default = 0.0
Default = 2.0
(If MOX fuel is

selected, fotmtl
should be less than
2.0.)

Default = 0.0

Default = 1 (natural)
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Table B.6. material Input Block (continued)

Variable Name o Units Limitations and
Description .
(Type) British Sl Default Value
Parts per million by weight of moisture _
ppuh2o (R) in the as-fabricated pellets ppm Default = 0.0
Parts per million by weight of nitrogen _
ppnn2 (R) in the as-fabricated pellets ppm Default = 0.0
Pellet Fabrication
den (R) As-fabricated apparent fuel density %TD Required input
deng (R) Open porosity fraction for fuel pellet %TD Default = 0.0
roughf (R) Fuel pellet surface arithmetic mean in m Default = 2.0 x 106 m
roughness

The increase in pellet density
expected during in-reactor operation
(determined from a standard

rsntr (R) re-sintering test per NUREG-0085 and kg/m3 Required input
Regulatory Guide 1.126)
Note: For UO,-Gd,03 fuel, 0.1 kg/m?3
is recommended.
) Temperature at which pellets were o Default = 2911 °F
it (R sintered F K (1872.59K)
Default = 10.0
grnsize (R) Fuel grain size using MLI microns (Note: Wil force to
10 microns for FGR
calculations)
IFBA Coating
ifba (R) Percent of IFBA rods in the core % Default = 0.0
b10 (R) 0B enrichment in ZrB, at% Default = 0.0
Percent theoretical density of ZrB, o _
zrb2den (R) where TD = 6.08 g/om? %TD Default = 90.0
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Table B.6. material Input Block (continued)

Variable Name o Units Limitations and
Description .
(Type) British Sl Default Value

Cladding Fabrication

Cladding material indicator

2 = Zircaloy-2
4 = Zircaloy-4
iem (1) 2 ; ;/II5RLO N/A Required input

7 = Opt. ZIRLO
9=2Zr1Nb

10 =E110

11 =SiC

12 = SiGA®®

20 = Kanthal APMT

21 =C35M

22 = C36M

31=S8S

35 =HT-9

Flag to select vintage of Zircaloy-2 A Default = 1 (only used

zr2vintage (1) 0 = Prior to 1998 if icm = 2)
1 = Newer than 1998

Cold-work of the cladding (fractional
reduction in cross-section area due to

cldvks (R) processing) N/A Default = 0.2
Note: Recommend 0.5 for SRA; 0.0
for RXA
roughe (R) Cladding S”rrgi‘;ir":‘gg;met'c mean in m Default = 5.0 x 107 m

Cladding texture factor, defined as the
fraction of cladding cells with basal

catexf (R) poles parallel to the longitudinal axis N/A Default = 0.05
of the cladding tube

chorg (R) As-fabricated hydrogen in cladding ppm Default = 10.0
en () OD coating material indicator A Required input if
et 0=Cr thkcoat > 0.0

1=CrN

. ) ID coating material indicator; inputs Required input if
i () are same as ictm above NS thkcoatid > 0.0

5SiGA?® is a registered trademark of General Atomics.
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Table B.6. material Input Block (continued)
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Variable Name Lo Units
Description .
(Type) British sl

Limitations and
Default Value

Rod Fill Conditions
Initial fill gas pressure (taken to be at

fepav (R) temperature TGasFab) psia Pa
TGasFab (R) Temperature at_ which the fill gas °F K
pressure is measured
Initial fill type (space between fuel and
clad)
1 = Helium
idxgas (l) Ny N/A
3 = Nitrogen
4 = Fission Gas
5 = Argon
6 = User-specified gas mix
10 =Sodium
anfair (R) Mole fraction of a;r((st;se only if idxgas N/A
Mole fraction of argon (use only if
amfarg (R) idxgasg= 6)( y A
Mole fraction of fission gas (use only if
amffg (R) idxgas = 6 AND both amfxe and N/A
amfkry = 0.0)
anfhe (R) Mole fractlorl of hell_um (use only if e
idxgas = 6)
anfh2 (R) Mole fractlon.of hydrggen (use only if N/A
idxgas = 6)
amfh2o (R) Mole fractlor) qf water_vapor (use only N/A
if idxgas = 6)
anfn2 (R) Mole fractlon. of mtro_gen (use only if N/A
idxgas = 6)
anfkry (R) Mole fractlor.1 of krypiton (use only if e
idxgas = 6)
anfxe (R) Mole fraction of xenon (use only if N/A

idxgas = 6)

Required input

Default = 77.0 °F
(298.15K)

Default = 1

Default = 0.0

Default = 0.0

Default = 0.0

Default = 0.0

Default = 0.0

Default = 0.0

Default = 0.0

Default = 0.0

Default = 0.0
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Table B.6. material Input Block (continued)
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Variable Name Lo Units
Description .
(Type) British sl

Limitations and
Default Value

User Defined Material Properties

Fuel swelling rate for both open and
closed gap regimes

swell_rate (R)  Note: user may use either swell_rate m/m at%
or both swell_rate_open and
swell _rate_closed

Fuel swelling rate for open gap regime

swell_rate_oper  Note: open gap is defined as gap - at%
(R) before hard contact between fuel and
cladding
Fuel swelling rate for closed gap
regime
swell _rate_closed . ) ) / 1%
(R) Note: closed gap is defined as gap m/m atzs
after hard contact between fuel and
cladding
cladelmod (R)  User-defined cladding elastic modulus Pa

Default = -1.0 (off)

Default = -1.0 (off)

Default = -1.0 (off)

Default = -1.0 (not
used). Must be > 0.0
to use.

O Integer

R) Real

L) Logical

(©) Character

() May input one value for entire pellet stack or input values as an array for each axial node starting at the

bottom.
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B.6 transient Block
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This block contains the variables that control the transient correlations, including the time step size

and printing options.

Table B.7. transient input block

Variable Name

Description
(Type)

Limitations and
Default Value

Problem Time and Output Options

Specify the time step size as a
function of problem time.

dtmaxa (1) = time step size at problem
time dtmaxa(2).

(1.2)
dtmaxa (R) A time step size of 0.0 will result in the

steady-state solution being performed.
See Table 2-16 for more information
on suggested time step sizes for
various transients.

Specify the interval of problem time
between output file prints.

dtpoa(1) = time interval between

(1.2)
cigpee (R printout at problem time of dtpoa(2).

If not supplied, will print at intervals
specified in ProblemTime.

Specify the interval of problem time
between plot file prints.

dtplt (1) = time interval between plot

(1.2)
dtplta (R) output at problem time of dtplt (2).

If not supplied, will print at intervals
specified in ProblemTime.

Default = 0.0
(steady-state solution,
steps determined by
ProblemTime)

Required if transient
solution is to be used.

Default = 0.0 (only
prints at intervals
defined by
ProblemTime(1:im)).

Default = 0.0 (only
prints at intervals
defined by
ProblemTime(1:im)).
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Table B.7. transient input block (continued)
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Variable Name Lo Units
Description .
(Type) British sl

Limitations and
Default Value

Thermal Expansion Options

Option to specify fuel thermal
expansion model

0 = Pellet radius change
calculated by adding the
radius change in each ring N/A
due to radial thermal
expansion
1 = Pellet radius change
calculated by taking the
maximum of the sum of the
radius changes from each
node inside the current
ring due to radial thermal
expansion or the radius
change due to circumferential
thermal expansion for the
current ring
High-Temperature Oxidation Model Options

nthermex (I)

High-temperature zirconium/water
reaction model for cladding OD and
ID.

0 = Off (No high temperature
oxidation)
1 = Cathcart-Pawel

nodmw (1) 2 = Baker-Just N/A

For cladding OD and ID to use the
high temperature oxidation models,
the coolant must be water or
user-supplied.

Note: The energy term will be
generated at the cladding ID only if
the rod has ruptured.

Default value = 0

Default = 1
(Cathcart-Pawel)

Input Instructions for the FAST-1.2 Code

B.18



PNNL-33994

Table B.7. transient input block (continued)

Variable Name o Units Limitations and
Description .
(Type) British Sl Default Value

Option to choose between assuming
perfectly stochiometric oxide or a
stoichiometry gradient in modeling the
weight gain calculated by the B
iStoicGrad (1) Cathcart-Pawel model. N/A Default = 0 (perfect

0 = Cathcart-Pawel model stoichiometry)
assuming perfect
stoichiometry

1 = Cathcart-Pawel model
assuming stoichiometry

gradient
Option to model initial oxide as
ProtectiveOxide protective or non-protective. N/A Default = .TRUE.
0 .TRUE. = Initial oxide is protective (protective oxide)
.FALSE. = Initial oxide is non-protective
Ballooning Model Options
Default = . TRUE.
Balloon (L) Turns the BALON2 model on or off. N/A (BALON2 turned on)
Ratio of balloonable rods to total rods
in bundle; normally, this ratio is 0.92.
Control rods and water rods are
robnt (R) examples of rods which cannot N/A Default = 1.0 (all rods
balloon. balloonable)
Note: Use default value ifa 17x17
bundle.
Total number of rods in fuel bundle.
totnb (R) Note: Use default value if a 17x17 N/A Default = 289 (17x17)
bundle.
O Integer
R) Real
L) Logical

(©) Character
() By default, a maximum of 200 time step pairs is allowed. Use defsize to increase this.
(2) Each time step size is used until a new time step size is input for a later time.

Input Instructions for the FAST-1.2 Code B.19



B.7 boundary Block

PNNL-33994

This block contains the information related to the fuel rod boundary conditions. This includes the
clad-to-coolant heat transfer correlations, coolant type, and coolant conditions (T,P).

Table B.8. boundary input block

Variable Name L. Units
Description .
(Type) British s

Limitations and
Default Value

Coolant Definitions

Coolant type to be used. The available
coolants are:

0 = user-defined

1 = Water (sth2xt package)
CoolantType (I)

2 = Helium N/A
3 = Sodium (liquid)
5 = Nitrogen

The user-defined option allows for the
modeling of different coolants.

Cladding outer surface temperature
and pressure boundary condition flag.
Input boundary condition type as a
function of time. The options for

clad_be (# bc_type are:
pairs, (time, 0 = Coolant model (FAST N/A
bc_type)) calculates temperature,

pressure, HTC)
1 = User-specified coolant
temperature, pressure, HTC
2 = User-specified coolant
temperature, pressure (HTC
calculated by FAST)
3 = User-specified surface
temperature and pressure
User-Specified Cladding Temperature

clad_temp [nt,

nz, times, User-specified cladding temperatures
elevs, as a function of time s, ft, °F s, m, K
temps ((Ei)me selev See Note 1 for Temperature

Default = 1 (water)

Default = 1, 0.0, 0 (1
pair, starting at time
0.0 using coolant
model)

Required

Input Instructions for the FAST-1.2 Code
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Variable Name o Units Limitations and
Description .
(Type) British Sl Default Value
User-Specified Coolant HTCs
HTC [nt, nz, User-specified clad-to-coolant heat

transfer coefficients as a function of s ft
time and elevation

s, m,
Btu/ft2—hr-°F W/m?2-K

times, elevs,
HTC(time,elev)]
(R) See Note 1 for Temperature
Enthalpy Rise Model

Coolant Geometry

pitch (R) Center-to-center spacing of fuel rods ft m
dhe (R) Heated equivalent diameter of coolant ft m
flow channel
dhy (R) Hydraulic diameter of coolant flow ft m
channel
achn (R) Cross-sectional area of flow channel ft? m?
Coolant Conditions
Coolant temperature as a function of
time and elevation.
Note 1: To specify only inlet conditions,
use 1 axial zone and set all elevations
(elevs) to 0.0. To specify constant
Temperature values at all axial zones, use 2 axial
[t iz I zones, one with elevation at 0.0 and
Y ’ the second with elevation at totl+cpl. R
elevs, s, ft, °F s, m, K
temps (time,elev Note 2: For water, the input
(R) temperature must be the coolant sink
temperature. For subcooled or
super-heated forced convection heat
transfer, the actual coolant
temperature is input. For boiling heat
transfer, the coolant saturation
temperature is input.
Pressure [nt,
nz, times, Coolant pressure as a function of time
elevs, and elevation s, ft, psia s, m, Pa
press ((’;i)me »elev)] Note: See Note 1 for Temperature
MassFlux [nt,
times, Coolant inlet mass flux as a function of s. Ib/hr—ft2 s,
flux(time)] time ’ kg/s—m?
(R)

Required

Required input

Default = 0.0
Default = 0.0
Default = 0.0

Required input
(unless using the
input Enthalpy)

Required input

Required input
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Variable Name

o Units Limitations and
Description .
(Type) British Sl Default Value
Enthalpy [nt,
nz, times, Coolant enthalpy as a function of time Required input
elevs, s, Btu/lbm s, J/kg (unless using the
H(time,elev)] Note: See Note 1 for Temperature input Temperature)
(R)
Specifies location of enthalpy value
provided when only 1 elevation
EnthalpyType provided Default = 0 (core
) i inlet)
0 = Core inlet
1 = Core average
2 = Core outlet
VoidFraction
[nt, nz, times, s m Required input for
elevs, Void fraction s, ft, N/A N / A, water (unless using
vf(time,elev)] the input Enthalpy)
(R)

Method of interpolation for mapping
user-supplied coolant conditions with
InterpMethod

() the cladding mesh N/A
0 = Linear
1 = Weighted

Clad-to-Coolant Heat Transfer Models for Water

Option to allow the user to force a
specific mode of heat transfer

Mode (1) Note: applied for entire calculation. NA
Enter a value > 0 to enable. See

Section 4.0 for available heat transfer
modes.

Indicator for nucleate boiling heat
transfer correlation.
. N/A
0 = Thom + Dittus Boelter
1 =Chen
2 = Jens-Lottes

nbhtc (I)

Default = 0 (linear)

Default = -1 (Off)

Default = 2
(Jens-Lottes)
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Variable Name o Units Limitations and
Description .
(Type) British Sl Default Value
Indicator for film boiling heat transfer
correlation
3£b (1) 0 = Groeneveld 5.9 (cluster N/A Default = 0

geometry form)
1 = Groeneveld 5.7 (open
annulus form)
2 = Bishop-Sandburg-Tong
3 = Groeneveld-Delorme

Indicator for transition boiling heat
transfer correlation

jer (1) 0 = Tong-Young N/A
1 = Condie-Bengston
2 = Bjornard-Griffith
Indicator for CHF correlation to be
used.
0 = EPRI-1
1 = Bowring mixed flow
cluster
2 = MacBeth
3 = Modified Zuber
4 = Biasi
Option to modify the EPRI-1 CHF
correlation for cold wall effects
Option to modify the EPRI-1 CHF
correlation for the effect of axially
axpowct (L) varying power. N/A
Note: If flow reverses, automatically
turned off.

jent (1) N/A

coldwallcf (L) N/A

Bowing effects on CHF

Option to modify the CHF to account

for bowing.
bowing (1) N/A
To turn on, enter a value equal to the

number of axial nodes for bowing.

User-specified multiplier in equation
ffch (R) for CHF reduction due to bowing. N/A

See Section 4.2.5 for more details

(Groeneveld 5.9)

Default =0
(Tong-Young)

Default = 0 (EPRI-1)

Default = .FALSE.

Default = .FALSE.

Default = 0 (off)

Default = 0.0
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Variable Name

o Units Limitations and
Description .
(Type) British Sl Default Value
Maximum fractional amount of bowing
that can occur without any effect on
CHF. If any amount of bowing affects
If rods must be in contact, enter a
value of 1.0.
Axial array of ratios of deflection due
to bowing to maximum possible
deflection.
extentofbow N/A Default = 0.0
(R) Note: Maximum possible deflection is
taken as the fuel rod spacing minus
fuel rod diameter.
O Integer
R) Real
) Logical

(©) Character
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B.8 spentfuel Block

This block contains the information related to the performing spent fuel calculations. These calcu-
lations are performed after the in-reactor analysis is completed.

Table B.9. spentfuel input block

Variable Name Lo Units Limitations and
Description .
(Type) British s Default Value

DATING Modeling Options

0 = Do not model creep in dry
cask storage following
idatingcreep reactor operation

Default = 0 (do not

N/A model dry cask
U 1 = Model creep in spent fuel storage)
using conservative creep and
conservative Monkman-Grant
2 = Model creep in spent fuel
using conservative creep and
best estimate
Monkman-Grant
3 = Model creep using best
estimate creep and best
estimate Monkman-Grant
Temperature/pressure history for Default = 1 (helium
spent fuel storage decay curve)
1 = Helium decay curve (good for Note: if ncreephist =
ncreephist (I) 35 [GWd/MTU]) N/A 3or4, input
2 = Nitrogen decay curve (good ncreeptab,
for 35 [GWd/MTU]) creeptabtine,

. creeptabtemp, and
3 = Input temperature history.

creeptabstress.
Temperature profile will be
normalized to start at FAST
predicted EOL temperature.
4 = Input temperature and rod
hoop stress history
datingtstep  Timestep size to be used for DATING s Default = 1.0
(R) creep calculations must be < 1.0
creeptime (R) Time in dry storage y Default = 0.0
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Variable Name o Units Limitations and
Description .
(Type) British Sl Default Value
creeonooltine Time since discharge from reactor Default = 5.0
p}()R) (time spent in fuel pool prior to dry y (Note: Should not be
storage) less than 5 years)
ncreepstep (I) Number of output time steps N/A Default = 1
Number of entries in user defined Default = 1
ncreeptab (I)  temperature and rod internal pressure N/A Required if
histories ncreephist =3 or 4
reentabtin Time in storage from reactor discharge Default = 0.0
¢ e?ﬁ.)?R) ®  for user defined temperature and rod y Required if
internal pressure histories ncreephist = 3 or 4
Default = 0.0
Cre?ﬁ:c)?;;emp User defined temperature history °F °C Required if
ncreephist = 3 or 4
Default = 0.0
creeptabstress User defined midwall hoop stress sia Pa o
(IT)R) history P Required if
ncreephist =4
Indicator for when to stop the oxide
calculation.
This value should correspond to the
ProblemTime value when the fuel is
out of the pool. If it does not line up
exactly with a ProblemTime value, the _ 10
=iaopar (XY oxidation calculation will stop when the CET Dl = il
value for stopox > ProblemTime(it).
Values for oxidation layer thickness &
hydrogen uptake from the coolant will
remain the same value as the last time
step before oxidation was turned off.
Additional volumetric swelling.
Enter as a volumetric strain value.
Must enter one value for every time
addswell N/A Default = 0.0

(IM(R)

step specified in ProblemTime. Values
will be used at current time step only
and do not compound with previous
time step’s value.
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Variable Name o Units Limitations and
Description .
(Type) British Sl Default Value
Additional gram moles of gas added to
the rod internal gas pressure
calculation.
addgmles Must enter one value for every time . Default = 0.0
(IM(R) step specified in ProblemTime. Values
will be used at current time step only
and do not compound with previous
time step’s value.
O Integer
R) Real
) Logical

(©) Character

(M Time Step Index

B.9 refabrication block

This block is used to define the refabrication characteristics when a refabrication is performed
during the analysis. An example of using this block would be when analyzing a full length rod in
commercial operation and then analyzing a portion of the rod that was refabricated and placed in
a test reactor, such as Halden.

Table B.10. refabrication input block

Variable Name L Units Limitations and
Description .
(Type) British Sl Default Value
Refabrication
irefab (1) Time step to start using refabricated N/A Default = 10000 (no
treta values refabrication)
Required input (if
nrefabi (I) Lower axial node for refabrication N/A modeling
refabrication)
Required input (if
nrefab2 (I) Upper axial node for refabrication N/A modeling
refabrication)
Required input (if
cplrefab (R)" Refabricated plenum length in m modeling
refabrication)
Lo Required input (if
vsrefab (R)(") New plenum springs’ number of turns N/A qmodelin% (
in refabricated plenum refabrication)
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Table B.10. refabrication input block (continued)

Variable Name o Units Limitations and
Description .
(Type) British sl Default Value
dspgrefab _ - . Required I.nput (if
RN New plenum spring coil diameter in m modeling
refabrication)

dspgurefab Required Input (if

RN New plenum spring wire diameter in m mod_eling
refabrication)
etile(IllQu)mvrefat New External plenum volume ind m3 Default = 0.0
fgpavretab (R) Fill gas pressure at time step of sia Pa Default = 0.0
&p refabrication P ’
herefab (R) Fraction of helium in refabricated rod N/A Default = 1.0
airrefab (R) Fraction of air in refabricated rod N/A Default = 0.0
n2refab (R) Fraction of nitrogen in refabricated rod N/A Default = 0.0
arrefab (R) Fraction of argon in refabricated rod N/A Default = 0.0
fgretab (R) Fraction of f|SS|0|:o%as in refabricated N/A Default = 0.0
krrefab (R) Fraction of krypton in refabricated rod N/A Default = 0.0
xerefab (R) Fraction of xenon in refabricated rod N/A Default = 0.0
O Integer
R) Real
L) Logical

(©) Character

(1) May input one value (for upper plenum only) or as 2 values (first value for upper plenum, second value
for lower plenum)
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B.10 uncertainty Block

This block contains the information related to performing uncertainty treatment on the FAST mod-
els. The bias applied to the models can be performed using either a set number of standard devia-
tions (assuming the standard deviation is known, see the MatLib documentation [Geelhood et al.,
2023c] for more details) or a multiplier on the model’s calculated value.

Table B.11. uncertainty input block

Variable Name L Units Limitations and
Description .
(Type) British sl Default Value

Uncertainty Variables
Type of bias to apply
0 = Bias is based on number of
standard deviations
biastype (I) 1 = Bias is a multiplier on to N/A Default = 0
the calculated value

Note: If biastype = 1, all defaults of
0.0 below become 1.0

Biases or Multipliers
Bias on fuel thermal conductivity

sigftc (R) model N/A Default = 0.0
sigfcp (R) Bias on fuel specific heat model N/A Default = 0.0
sigftex (R) Bias on fuel thermal expansion model N/A Default = 0.0
sigfgr (R) Bias on fission gas release model N/A Default = 0.0
sigswell (R) Bias on fuel swelling model N/A Default = 0.0
sigote (R) Bias on cladding thermal conductivity N/A Default = 0.0
model

sigcep (R) Bias on cladding specific heat model N/A Default = 0.0
sigctex (R) Bias on claddlnrg(:z;rmal expansion N/A Default = 0.0
sigcreep (R) Bias on cladding creep model N/A Default = 0.0
sigcyield (R)  Bias on cladding yield strength model N/A Default = 0.0
siggro (R) Bias on cladding axial growth model N/A Default = 0.0
sigcor (R) Bias on cladding corrosion model N/A Default = 0.0
sigh? (R) Bias on cladding hydrogen pickup N/A Default = 0.0

model
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Table B.11. uncertainty input block (continued)

Variable Name o Units Limitations and
Description .
(Type) British Sl Default Value
Multipliers Only
sightc (R) Multiplier on clad-to-_cgolant heat N/A Default = 1.0
transfer coefficient
gaphtcmult (R)  Multiplier on gap conductance model N/A Default = 1.0
O Integer
(R) Real

B.11 developer Block

This block contains parameters that were designed to be used by the code developers to per-
form targeted code assessments. These inputs can be used to make fundamental changes to the
models in FAST, and therefore the results when using these options are NOT validated.

Table B.12. developer input block

Variable Name Description Units Limitations and
(Type) P British sI Default Value
Flag to specify whether or not to
calculate oxidation. If set to .FALSE., Default value =
Calcoxide (L) no cladding oxidation will occur and N/A TRUE
the hydrogen intake into the cladding ' ’
will also be turned off.
Moderator heating fraction. Specifies Default value = 0.0.
the fraction of input linear heat Default values if
Modheat (R) generation rate to be deposited fraction modheat = -1 are:
directly into the coolant. To use default '
values based on plant type, set PWR: 0.026
modheat = -1. BWR: 0.035
HWR: 0.084
Fuel relocation model options.
‘FRAPCON-3.5’ Default =
Relocmodel (C) ‘FRAPCON-3.4" N/A ‘FRAPCON-3.5'
‘OFF’
‘USER’
Fuel relocation fraction of
as-fabricated gap. Fuel relocation Default = -1.0 (not
Fuelreloc (R) fraction will ramp from 0.0 to fuelreloc fraction used)
nerretoc over 10 GWJ/MTU burnup. This value Must be 0.0 to 1.0 to
is only used when relocmodel = use
‘USER’
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Table B.12. developer input block (continued)

Variable Name o Units Limitations and
Description .
(Type) British Sl Default Value

Fraction of relocated fuel allowed to
recover before hard contact occurs. . _
Gaprecov (R} qpic fraction will be added to the fuel e DR S 08

surface as permanent deformation.

Flag to start from a restart file. The
value of nread is the time step to start

from.
nread (R) N/A Default = 0
Note: User must switch the

restart-write tape file number from 12
to 13 to make it a restart-read tape.

. Problem time to use for a restart .
restarttime . . . If < 0, will use last
calculation. Problem time of < 0 will S .
(R) S restart time.
default to the last calculation time

Flag for writing a restart file

nrestr (l) 0 = No restart file
1 = Write restart file

N/A Default =0

O Integer

R) Real

L) Logical

(©) Character
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Appendix C — Output and Plotting Capabilities

This appendix contains the information relating to the output and plotting capabilities of FAST. As
shown in Table B.1, FAST-1.2 can produce an ASCII text-based output file that summarizes the
results in an easy to read format, as well as an ASCII numerical-only plot file that contains scalars
and arrays of many important modeling parameters as a function of time. This file was designed to
work with a Microsoft Excel based tool called FRAPIot as well as AptPlot, which is also designed to
work with the SNAP tool previously mentioned. However, this file being written in a simple, ASCII
format will allow it to be read using any text editor.

C.1 Output File

The output file is a text-based summary of the calculation results that is laid out in an easy to
read format. The output file can be broken down into three main sections, as shown in Figure C.1.
The input processing portion contains the code version used in the analysis, a re-write of the in-
put file, and a summary report of the fuel rod design and user-supplied coolant conditions and
power history. The time-dependent results contain important calculated parameters, such as tem-
perature distributions, dimensional changes, contributions to rod internal pressure, and cladding
corrosion. These values can be printed for every axial node, the peak power axial node or as an
axial summary (jdlpr) at the end of every user-specified timestep or as a summary at the end of
the calculation (nopt for steady-state calculations, dtpoa for transient calculations). The level of
detail in the output file is controlled by the input flags.

Echo Input ije

E
uel Rog Design Summary

\:v,

Failyra

Figure C.1. Summary of output file layout
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C.2 Plot File

The plot file is an ASCIlI-based file that contains both scalars and arrays of parameters typically
assessed against experimental data or other codes. All of the parameters are printed at each
timestep (as opposed to printing each variable as a function of time at the end of the calculation).
For steady-state calculations, the print interval is equal to nplot, whereas for transient calculations
it is controlled by dtplta. The level of detail contained in the plot file is controlled by nplot. The
list of plot variables is shown in Table C.1.
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Table C.1. Available parameters in plot file
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Scalars
e Time
e Average and peak powers
e Rod average burnup

e Peak power axial node,
burnup, centerline tem-
perature, surface temper-
ature, clad ID and OD
temperature

e Average fuel temperature
e Fueled region stored en-
ergy

e Plenum gas temperature
and pressure

e Total void volume

e Fuelstack and cladding ax-
ial extension

e Relative fuel stack and
cladding axial extension

e Fission gas release

e Molar fraction of He, Xe, K,
Ar, air

e Freegasinrod

e Moles of He relased for
IFBA fuel

e Moles of fission gas re-
leased

e Moles of gas in rod

Axial Arrays
Power (absolute and relative)
Surface heat flux
Burnup and fast fluence
Elevation

Fuel centerline, surface, and
volume average temperature

Gap average temperature

Cladding ID, average, and OD
temperature

Oxide surface temperature,
CRUD temperature

Coolant temperature, pressure,
density, and mass flux

Fuel duty index
Stored energy

Cladding axial, hoop, and effec-
tive stress

Cladding axial, hoop, and radial
total, elastic, and plastic strains

Fuel and cladding deformations

Fuel thermal expansion,
swelling, densification, relo-
cation, and swelling rate

Nodal FGR
0B enrichment for IFBA fuel

Fuel/clad interfacial pressure
and rod internal pressure

Mechanical and thermal gap
thickness

Gap conductance
Oxide thickness and hydrogen
concentration

Fuel rim length if
FRAPFGR model

using

2-D(r,z) Arrays
Mesh locations (distance)
Temperature
Burnup
Fuel porosity fraction
Plutonium concentration
Radial power profile
Radial fuel density

Gas Arrays
Mesh locations (distance)

Produced, released, and
retained fission gas con-
centrations

Grain  boundary, intra-
granular, and re-solved
gas concentrations

Fuel restructuring and
porosity

C.3 FRAPIot

The Microsoft Excel-based tool developed for use with the FAST codes is FRAPIot. FRAPIot has a
series of Macros that enables it to read the plot file, create arrays, develop ListBoxes that contain
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the information about each array, and create plots. There are four Tabs at the bottom of the work-
book that contain plot-able data which corresponds to each of the boxes from Figure C.2: Data
(Scalars), 1D Data (Axial Arrays), 2D Data (2-D (r,z) Arrays) and Gas Data (Gas Arrays).

Data 1D Data 2D Data Gas Data

Figure C.2. FRAPLot’s tabs containing plottable data

Note: in order to use FRAPIot, you must 1) have an activated version of Microsoft Excel and 2)
enable macros when the workbook is opened.

FRAPIot has the ability to switch between British and Sl units, regardless of the units printed in the
plot file, using the same unit conversions as those contained in FAST. This option is available on
all Tabs. As shown in Figure C.3, the units selection is in cell B5 and contains a dropdown selection
of either S/ or British.

H 9 - FRAPlotxsm - Excel ?E - 8 X
HOME INSERT PAGE LAYOUT FORMULAS DATA REVIEW VIEW DEVELOPER ADAMS ACROBAT SecureZIP TEAM Signin
o o e B
X Cut Aial Jo K8 =E= »- | Zwapten General - F | Normal 2 Normal Bad €= =X ] X Autosum QY F
Pase 2 CO © et 2z Good Neutral Calculati | e«
Paste B IU-[[l- & -A- === =3 [5MergedCenter - -9 s % g Conditional Formatas Goo eutral | Insert Delete Format . Sot&Finda&
 Format Painter Eerg $ ® 2% Formatting - Table - - - - &l Filter - Select -
clipboard n Font ~ Alignment n Number n Styles cells Editing ~
DataUnits  ~ f | British B

oryNFC_Fuel.plot

Average Fuel Temperature (F)
ca iept ing Di y _Fuel.plot

1400

1200

1000

00

600

Average Fuel Temperature (F)

400

200

0 0.00002 0.00004 0.00006 0.00008 0.0001 0.00012

Time (days)

2D Data | Gas Data @ < >

Figure C.3. Units selection

After opening FRAPIot, click the button labeled “Load Plot File”, as shown in Figure C.4. This
button is available on all four of the Tabs; any of the tabs may be used. When switching from one
tab to another, this step does not need to be repeated.
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A, =]

- Flotfile & ins ame
directory as plotter

C

Load PlctFile

Plot File = C:\UserslieptiDocurnents
Urnuts = EBEntish

1sual Studio 2015\Projects\iFRAPCO

Plot
X Axis

Flenum Gas Temperature -

W 00 =] 00 N &£ I Pk —

=

Flenum Pressure
Total Void Volume
Figure C.4. “Load Plot File” selection

—a
—

A pop-up window will appear that allows you to select the plot file. Click the “Browse” button and
find your plot file on your computer. Note: This tool will only show files with the .plot extension. If
your plot file was not named with the .plot extension, as recommended in Figure C.5, it must be
renamed FileName.plot. Once you have selected your plot file, click the “Ok” button.

- .
FRAPPlot o

Select your I | Browse I
Plot Fie

Ok | Cancel

Figure C.5. “Load Plot File” pop-up window

Depending on the size of the plot file, it may take several seconds up to a minute for the file to

load into Excel’s memory. Once it is loaded, the ListBoxes will populate with the available plotting
data.
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Q000000000
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Upon ?
Opening |

0000000000 QOOQQQ

Axial Power

Normalized axial node power
Surface Heat Flux

Nodal Burnup

Ayial Fast Fluence

Axial Element Elevation

Fuel Centerline Temperature
Fuel Pellet Surface Temperature
Fuel Yolume Average Temperature
Gap Average Temperature
Cladding Inside Temperature
Cladding Average Temperature

Cladding Outside Temperatgre
OxidegSurf, I,

s Ll ©
Fuel Duty Index

Stored Energy

Cladding &xial Stress

Cladding Hoop Stress
Effective Cladding Stress
Cladding &xial Strain

Cladding Hoop Strain

Cladding R adial Strain
Cladding Elastic Hoop Strain
Cladding Elastic Axial Strain
Cladding Elastic Fadial Strain
Cladding Perm Axial Strain

|»

Figure C.6. View of Listboxes once Plot File is loaded into Memory

To plot the scalar data (Data tab), select a variable from both the X Axis and Y Axis ListBoxes,
make sure that the proper Units are selected, and press the “Plot” button.
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Figure C.7. Examples of “Data” plot using British units

Output and Plotting Capabilities

C.6



PNNL-33994

H 9 - FRAPIotsm - Excel T - & X
EUl HOME | INSERT  PAGELAYOUT ~FORMULAS ~DATA REVEW VIEW  DEVELOPER  ADAMS ~ ACROBAT  SecureZIP  TEAM Signin
@ ¥ o - B T K= S Autosum - A
Al o K& S Wrap Text General - E ¥ | Normal 2 Normal Bad €m BXx T H
B cony - ot o5 Good Neutral Sas | | o oo = o :
Paste BIU- '+ &H-A-~ 5 Merge & Center + § ~ % » <0 2 Conditional Formatas| Goo eutral | Insert Delete Format . sot&Find&
- < Format Painter 2T = g $ % % 30 Comatting = Table - N B - & Clear Filter Select -
Clipboard 5 Font = Alignment 5 Number 5 Styles cels Ediing -~
A1 - K N
F s " ) K L M N o e a R s b u v w % v 2 s e s N
Average Fuel Temperature (K)
C:\Userstiept ing Di VINRC_Fuel.plot
1200
1000
£
2
]
E w
g
E
£ /
E o
H
z a0
200
0
0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007
Time (days)
Data [ 1D Data | 2DData | GasData | (&) < y

|4l Tuesday, December 06, 2016

Figure C.8. Examples of “Data” plot using Sl units (continued)

To plot the Axial Arrays, click on the 71D Data tab. There are two plotting buttons on this tab: “Nodal
Plot” and “Axial Plot”. The “Nodal Plot” button will produce a plot of the selected value for each
axial node as a function of the X-axis variable selected. The X-axis for the graph in this tab can be
selected as being either problem time days or rod-average burnup GWd/MTU.
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Figure C.9. Nodal plot using burnup for x-axis

The “Axial Plot” button will produce a graph of the selected array versus axial elevation at a certain
pointin time. If the checkbox is not checked where it says “User-specified time for axial plot (default
last timestep)”, FRAPIot will pull the data at the last timestep. If this checkbox is checked, then the
code will use the closest timestep that is less than or equal to the value in cell C45, next to the
words “AXIAL PLOT TIME”. If the value here is larger than the last timestep, it will default to using
the last timestep. For both plotting options, the user can select the checkbox “Fix Max Extents” if
they wish to set the minimum and maximum values on the Y-Axis to the minimum and maximum

values being plotted. An example of the “Axial Plot” is shown in Figure C.10.
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Figure C.10. Axial Plot with “Fix Max Extents” and “User-specified Time for Axial Plot”

The 2D Data plotting options are similar to the 71D Data options, without the ability to select the
X-axis variables. Rather than having an X- and Y-axis, there is a Horizontal (similar to X-axis),
Vertical (similar to Y-axis) and a Depth axis, as shown in Figure C.10. The Horizontal axis is for the
radial nodes for the entire fuel rod (fuel, gap, clad, oxide, crud), where 1 represents the outermost
(cladding OD crud) temperature and each incremental number increase moves inward by 1 mesh
point towards the fuel centerline. The Depth axis is for the axial nodes, where 1 corresponds to
the bottom-most segment of the fuel rod.
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Figure C.11. Example of a 2D Data plot

The Gas Data tab will only contain data if the proper value is used in the input variable nplot. This
tab is very similar to the 2D Data tab, with the plotting button labeled as “Gas Plot”. However, the
radial gas nodes are for the fuel mesh only and use a reversed nodalization from the temperature
calculation (where 1 corresponds to the fuel centerline).
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Figure C.12. Example of a Gas Data plot

C.4 AptPlot

The ACS plug-in has been updated for use with AptPlot that allows it to read the plot file generated
by FAST. This section is a brief overview of how to load the FRAPCON file into AptPlot. For more
detailed information regarding the capabilities of AptPlot, visit https://www.aptplot.com. Addi-
tionally, AptPlot contains a “Help” feature that contains additional information regarding the ACS

plug-in and creating FAST plots.

The same options that were outlined in Table C.1 are available for plotting. After opening up the
AptPlot program, search for the FAST-generated plot file by selecting File -> Read -> FAST data. A
pop-up window will appear that will allow for the selection of the FILENAME . plot file. After selecting

it, press Open. These steps are shown in Figure C.13 and C.14.
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Figure C.13. How to load FAST plot file in AptPlot (a)
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Figure C.14. How to load FAST plot file in AptPlot (b)

After pressing Open, a new window will appear (Figure C.15) that contains all of the selectable
variables (these are referred to as data channels within AptPlot). In this window, there are sev-
eral options similar to those available in the FRAPIot tool. The user can select the plotting units
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(SI/British) and X-axis Time units. Rather than the multiple Tabs in the FRAPIot tool, a drop-down
menu is available that allows for multiple Plot Types: Time Dependent, Axial and Radial plots. For
the Axial and Radial plots, the plot time can be input; otherwise, it will default to the last time step.
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Figure C.15. Available data channels for the FAST plug-in in AptPlot

After selecting the data channel(s), the units, and plot time (if available), press plot. If FAST was
renodalized during the problem, results shown through AptPlot may be missing information be-
cause changes have not been made to AptPlot yet to account for renodalization. Examples of

Time Dependent and Axial plots are shown in Figure C.16.
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Figure C.16. Examples of fuel centerline temperature measurements using AptPlot’s (a) time-
dependent and (b) axial graphs.
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Appendix D — Numerical Solution of the Plenum Energy Equa-
tions

The Crank-Nicolson finite difference form of the six energy equations presented in Section 2.4.1
is as follows.

e Plenum Gas
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The superscripts m and m+-1 represent the values of quantities at the old (m) and new (m+1) time.
The steady-state finite difference equations are obtained by setting the left side of Equations D.1
through D.5 to zero and by dropping the superscripts m and m + 1. Equations D.1 through D.5 can
be written in the following simplified form by combining constant coefficients and known tempera-
tures (T,).
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e Plenum Gas

ATy 4+ BT + O g = 1

cli

e Spring Center Node
CQTg?_l + DQTgLCV—"_l =1

e Spring Surface Node

AT+ BsTi + CsThe + DsTid = I

cli

Combining Equations D.8 and D.9:

AT 4 BT 4+ O30 =T

cli

Where,
D3
C3=03——=—C
3 3 D2 2
_ D3
I3 =13— —1I
3 3 D2 2

e Cladding Interior Node

AT+ BT + CuTgd + By

cli

Cladding Center Node

B5Tm+1 +E5Tm+1 +F3Tm+1

cli cle clo

Equations D.7 through D.14 represent a set of six equations having six unknowns.
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(D.7)

(D.8)

(D.9)

(D.10)

(D.11)

(D.12)

(D.13)

(D.14)

In the above equations, all material properties and heat transfer coefficients (except convection to
the coolant) are shown as constants. For the transient case, the temperature-dependent material
properties and heat transfer coefficients are evaluated at the average of the temperatures (TBAR)
at the start and end times of each time step. For the steady-state calculation, TBAR represents an
estimate of the true steady-state temperature. Therefore, it is required that the steady-state and

transient solutions to Equations D.7 through D.14 be iterated to convergence on TBAR.
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Appendix E — Overriding Properties and Renodalizing With Lua
Scripts

Functionality has been added to FAST to allow the user to override certain material properties
by adding custom scripts to the input file. Using this functionality invalidates the verification and
validation testing that is performed on FAST; in other words: use at your own risk!

For information on the lua scripting language, visit 1ua.org. Lua version 5.1 is embedded in FAST.

For a demonstration of the lua input scripting features described below please see the lua exam-
ples included with the FAST executable distribution package.

To use lua scripting the user must add #LUA at the end of the input file followed by valid Lua code
that implements the cust correlations. Comments are allowed and are denoted by double hyphens
(--this is a lua comment).

E.1 Lua Correlation Functions

The FAST input includes different types of materials used in different parts of the FAST model.
The different material types, and the materials that belong to that category are listed below:

Table E.1. Material Types

Type Materials

Clad CrO2, C35M, C36M, CSA508, E110, HT9, Inconel600, Inconel718, Kan-
thal APTM, M5, SiC, SS304, SS316, SS347, Zirc2, Zirc4, Zirlo, Zr1Nb

Coating Cr

Crud Crud

Fluid Sodium

Fuel MOX Halden, U3Si2, UO2, UPuZr

Gas Air, Argon, He, Hydrogen, Krypton, Nitrogen, Steam, Xenon

Oxide AI203, CrO2, Si02, ZrO2

Solid BoronNitride, Constantan, Copper, PyC

Water Water

Associated with each of the material types above is a set of property functions that can be over-
ridden in Lua. The property function is overridden by adding a Lua function that is the material
type followed by the property name from the table below. Note that a few properties are specific
to a class of material that is more specific than those listed above. For example, YieldStrain is
applicable to Zirconium derivatives, which are Clad type materials. The material type names from
the table above should still be used when specifying the name of the Lua function. So, in this case,
CladYieldStrain is the name of the function to include in the FAST input file to override the yeild
strain for Zirconium derived materials.

Overriding Properties and Renodalizing With Lua Scripts
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The list of functions that can be overridden, and the types of materials that support the properties
function are listed in the table below.

Table E.2. Material Property Names

Property Name Types Description

AxialGrowth Clad Axial irradiation growth (AL/L)
Dens Fluid, Solid Density (kg/m?)

Densification Fuel Densification of oxide nuclear fuel (AL/L)
Emissivity Solid Emissivity of the solid (unitless)
Enthalpy Fluid, Fuel Specific enthalpy (J/kg)
FusionTemp Clad, Fuel (K)

GapConductance Gas Mixture

HMWeightFrac Fuel Fraction of the mass that is heavy metal
MeltingTemp Solid Melting temperature (K)
MeyersHardness Clad Cladding Meyer’s harness (Pa)
PoissonRatio Solid Poisson’s ratio (unitless)
Relocation Fuel

ShearMod Solid Shear modulus (Pa)
SpecHeatIntegral Clad Specific heat (J/kg - K)
SurfaceTension Water Surface tension ()

Swelling Solid Swelling due to burnup (AL/L)
TheorDens Solid Theoretical density (kg/m?)
ThermCond Fluid, Solid Thermal conductivity (W /m - K)
ThermExp All Materials Thermal expansion (AL/L)
TransTemp Fuel Transion temperature (K)
UltTensile Clad Ultimate tensile stress (Pa)
VaporizationEnth Sodium Enthalpy of vaporization (.J/kg)
VaporPress Sodium Sodium vapor pressure (M Pa)
Viscosity Fluid Viscosity (Pa - s)

Weight Fuel Molecular weight (kg)
YieldStrain Zirconium Types

YieldStress Solid Yield stress (Pa)

YoungMod Solid Young’s modulus (Pa)

The Clad, Coating, Crud, Fuel, and Oxide materials are solids and include the Solid properties.
Gas and Gas Mixture materials are fluids and include Fluid properties.

Each correlation function receives a single parameter, which is a table containing named param-
eters that are passed to the function. The parameters that are passed to a material properties
function depend on the material class.
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Table E.3. Correlation Function Parameters

Parameter Name Description

AsFabDensFr As fabricated density fraction

AsFabPorosityFr As fabricated porosity fraction

BurnupBOS Burnup at beginning of step (MW /kg)

BurnupEOS Burnup at end of stem (MW /kg)

cwkf Effective cold work factor (unitless ratio of areas)

DensificationBOS Total densification from previous time step (%)

Density Density (kg/m?)

FluenceBOS Effective fast fluence at the end of step (neutrons/m?)

FluenceEOS Effective fast fluence at the beginning of step (neutrons/m?)

FracMolten Fraction of the fuel that has melted

FTD Fractional Fuel Density (actual density / theoretical density)

FTD_den Ratio of actual density to theoretical density

HtOfFusion Heat of Fusion (J/kg)

GapWidth Cold state radial gap width (m)

Gd Weight fraction of Gadolinia

MeltingTemp Melting Temperature (K)

OMratio Oxygen to metal ratio of fuel (atom oxygen / atoms fuel)

Oxygen Average oxygen concentration excluding oxide layer (kg Oxy-
gen/kg Zircaloy)

P Pressure (Pa)

Point Time at which the transition takes place (1 = start, 2 = isothermal,
3 =end)

Power Pellet average power (kW /m)

Pu Weight fraction of Plutionium

Radius Fuel pellet cold state radius (m)

Rsntr Expected pellet resintering density increase (kg/m?)

ShearMod Shear Modulus (Pa)

TheorDens Theoretical Density (kg/m?)

T Temperature (K)

TransTemp Transition Temperature (K)

TSat Saturation Temperature (K)

Tsint Pellet Sinterint Temperature (K)

type Type identifier used for some calls

YoungsMod Youngs Modulus (Pa)

Zr Weight fraction of Zirconium

Overriding Properties and Renodalizing With Lua Scripts E.3
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The parameters that are passed to a function can be determined at runtime. The following show-
Params Lua function can be included in the input file and can be called from correlation functions
to print the parameters that are being passed to the function. A sample of calling this from the
cladding density function is shown below:

function showParams(tbl, fnname)
if fnname then

print(string.format ("Function Parameters for %s:", fnname))
end
for name, value in pairs(tbl) do
local val = (type(value) == "number") and string.format("%.4g", value) or value
print(string.format(" ¥%-16s = %s", name, val))
end
end

function CladDens(prm, "CladDens")
showParams (prm)
return 1100

end

E.2 External Lua Scripts

Additional helper functions can be added and called by any of the scripted properties.

Property functions can also be moved to a separate file. For example, the user could place a
set of property functions in a file named newFuelPelletProps.lua located in the same folder in
which FAST is run. Then they may add #LUA require "newFuelPelletProps" to the input file.
Any correlation functions included in the lua file will then override the built in material properties
functions.

E.3 Renodalization of FAST Using Lua

FAST has the ability to renodalize during a calculation. One way FAST can renodalize is through
Lua scripting using the onTimeStep function. The onTimestep function uses a table containing
name value pairs for its parameters, so the only parameter that is included is the table. This table
contains the current timestep (seconds) and an array containing the axial cell lengths (m). An
example of how to setup the function in the input file is shown below:

function onTimestep(params)
local time, deltaz = params["time"], params["deltaz"]
local plenumldx = #deltaz
local output = {[0] = deltaz[0], [plenumIdx * 2 - 1] = deltaz[plenumIdx]}

if (time = 360.00 ) then
for i = 1, plenumldx - 1, 1 do

Overriding Properties and Renodalizing With Lua Scripts
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output[i * 2 - 1]
output[i * 2]

deltaz[i] / 2
deltaz[i] / 2

end

return output
end

The name value pair table is called params, but the user can decide the name. The table contains
the values for the current time and a real array containing the axial node lengths. These are set by
time = params[’time”] and deltaz = params[’deltaz”], but could also be set by time = params.time
and deltaz = params.deltaz. In this example, the plenum index is setup first, then the array, output,
is populated with the for loop and returned as the result.

The onTimestep function is called everytimestep so if the time was set as time >= 360, then the
axial size would get changed every timestep from the one at 360 seconds to the end of the calcu-
lation. After the Lua function has been called, the sizes of the array holding the previous axial node
lengths and the size of the array returned from the onTimestep function. If the sizes differ, then the
setupFineMesh subroutine is called to renodalize the arrays in FAST that hold axial information to
the new size using linear interpolation.
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