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Abstract

A high-level summary of an effort to assess the predictive capability of BISON, a nuclear fuel perfor-
mance code, is presented. This assessment was focused mainly on LWR fuel, and to a lesser degree,
TRISO particle fuel. A comparison of BISON simulation results to a variety of experimental measure-
ments of instrumented LWR fuel rods are shown. The source of LWR experimental data is primarily
from the JAEA’s FUMEX program. Benchmark simulation results of TRISO-coated particles are com-
pared to BISON simulations. The TRISO benchmark simulations originate from the IAEA Coordinated
Research Program. A brief discussion of material models and modeling approaches is also presented.
There was a concerted effort to avoid model tuning to a particular set of experimental measurements.
The material models and approaches were reviewed by the BISON team, and a subset of these were
used for all the BISON simulations. As such, the BISON results shown in this assessment document are
best-estimate as of fall 2015.

Overall, BISON simulations compare quite well with LWR experimental measurements and bench-
mark TRISO simulations. Discussion of future development and assessment efforts are also presented.
More detailed versions of each assessment case are documented and can be found at the INL BISON
repository.
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1. Introduction

BISON is a modern finite-element based nuclear fuel performance code that has been under development
at the Idaho National Laboratory since 2009 [1]. The code is applicable to both steady and transient fuel
behavior and can be used to analyze either 1D spherical, 2D axisymmetric or 3D geometries. BISON
has been applied to a variety of fuel forms including Light Water Reactor (LWR) fuel rods [1l], TRISO-
coated particle fuel [2]], and metallic fuel in both rod [3]] and plate geometries.

From the beginning, the development of BISON and related software has been accompanied by the
creation of numerous verification tests in which specific features of the code are tested to see if they
compute the correct analytical or known solution. There are currently over 800 of these regression tests
for the MOOSE/BISON code hierarchy. During code development, the tests are run frequently (typically
several times a day) and the solutions checked on a variety of computer platforms.

In addition, efforts have begun to assess BISON’s ability to predict fuel behavior by comparison to
data from a variety of instrumented LWR fuel rods and by code comparison for a series of TRISO-coated
particle fuel benchmark cases. This assessment effort has been invaluable, leading to the discovery
of development oversights not apparent from the simpler regression tests. Additionally it has led to
improved confidence in BISON’s ability to predict nuclear fuel behavior.

To date, 58 integral LWR fuel rod assessment cases have been completed. These cases were selected to
assess the code’s ability to simulate a variety of physical behaviors including thermal response both early
in life and during power ramping, fission gas release, and mechanical behavior including both cladding
elongation and pellet clad mechanical interaction (PCMI). Many of these assessment cases grew out of
participation in the International Atomic Energy Agency (IAEA) sponsored FUMEX-III Coordinated
Research Project [4] and are priority cases from either FUMEX-II [S]] or FUMEX-III. Other cases were
chosen based on recommendations from nuclear fuel experts.

For TRISO-coated particle fuel, a set of 13 benchmark cases have been considered which compare
BISON results to those from other fuel performance codes, under normal operation and operational
transients. These cases originated as part of an IAEA Coordinated Research Program (CRP-6) on High
Temperature Gas Reactor (HTGR) fuel [6]].

Chapters [2| and [3| summarize the LWR and TRISO cases, respectively. Each LWR assessment case is
discussed in further detail in the attached appendices. Each result reported here-in is based on BISON
1.2 and ran on a MacPro workstation. All cases can also be run, and do run nightly, on the INL high
performance computer FISSION.



2. Light Water Reactor Fuel

2.1. Assessment Cases

As summarized in Table 58 integral fuel rod LWR assessment cases have been simulated. Indicated
in the table are the measured quantities for comparison, namely fuel centerline temperature (FCT) at
beginnng of life (BOL), throughout life (TL), and during power ramps (Ramps), fission gas release
(FGR), cladding elongation (Clad-Elong), and cladding outer diameter following pellet clad mechanical
interaction (PCMI).

Table 2.1.: Summary table of BISON LWR assessment cases.

FCT | FCT | FCT Clad-Dia

Experiment Rod BOL | TL | Ramps | FGR | Clad-Elong | (PCMI)
[FA-431 1,2,3 X
[FA-432 1,2,3 X
IFA-515.10 Al X X
US PWR 16x16 TSQ002,TSQ022 X X X
IFA-519 DH,DK
IFA-534 18,19 X
IFA-535.5/6 809,810 X X
IFA-597.3 7.8 X X X
IFA-562 15,16,17 X X
IFA-636 X X
Risg-3 AN2 X X
Risg-3 AN3 X X
Risg-3 AN4 X X
AREVA Idealized Case X
HBEP BK363,BK365,BK370 X
R.E. Ginna 2.4 X
FUMEX-II 27(1) X
FUMEX-II 27(2a) X
FUMEX-II 27(2b) X
FUMEX-II 27(2c) X
FUMEX-II 27(2d) X
Risg-2 GEm X X
Risg-3 113 X X
Risg-3 115 X X
Risg-3 GE7 X X
OSIRIS J12 X
OSIRIS HO09 X
REGATE X X
TRIBULATION BN1/3,BN1/4,BN3/15 X X X
Calvert Cliffs 13 rods X X X




2.2. Material and Behavioral Models

This section briefly reviews the BISON material and behavior models used in analyzing the LWR as-
sessment cases. Theoretical details may be found in the BISON Theory Manual [7]], and descriptions of
the input options for the models are in the BISON User’s Manual [8].

Burnup Evolution of burnup is typically driven by a table of rod averaged linear power at given times
in the analysis. Axial variations are described in a similar manner. The radial power profile is
modeled according to [9)]. Given the local power, the local fission rate may be computed, and
the fission rate is directly related to the evolving burnup. (See [7, Power, Burnup, and Related
Models][8, Burnup].)

Contact Mechanical contact is enforced using node/face constraints. The penalty algorithm is com-
monly used. The interaction is enforced with a frictionless model. (See [7, Mechanical Contact][8,
Mechanical Contact].)

Elastic An elastic material law is used for the fuel. A creep model is available but was not chosen due
to the fact that it predicts excessive creep as a result of excessively high stresses in the absence of
a cracking model. Typical parameters are 2 x 10'! N/m? for Young’s modulus and 0.345 for Pois-
son’s ratio. The coefficient of thermal expansion is 10 x 10-% m/m/K. (See [8, Solid Mechanics
Models].)

GrainRadiusAux When a polycrystalline material is subject to high temperatures, larger grains tend to
grow at the expense of the smaller ones. As a consequence, the latter gradually disappear, thus
reducing the total number of grains per unit volume and increasing the average grain size. The
granular structure of the fuel affects physical processes such as fission gas behavior (Section [2.4).
A simple empirical model [10] is implemented in BISON for calculating grain growth in UO,
fuel. (See [7, Grain Growth][8, Other AuxKernels].)

HeatConductionMaterial The general HeatConductionMaterial is used to set the thermal conductivity
and specific heat for the clad. Thermal conductivity is set at 16 W/m/K, and specific heat is 330
J/kg/K. (See [8, Thermal Models].)

MechZry The MechZry model is capable of tracking primary, thermal, and irradiation-induced creep
in clad. Typical parameters are 7.5 x 10'° N/m? for Young’s modulus and 0.3 for Poisson’s ratio.
The coefficient of thermal expansion is 5 x 10~® m/m/K.The Franklin irradiation growth model
is also incorporated into this material model. (See [7, Thermal and Irradiation Creep; Limback
Creep Model][8, Solid Mechanics Models].)

RelocationUO2 RelocationUO2 accounts for cracking and relocation of fuel pellet fragments in the ra-
dial direction. This model is necessary for accurate modeling of LWR fuel. (See [7, Relocation][8,
Solid Mechanics Models].)

Sifgrs The Simple Integrated Fission Gas Release and Swelling (Sifgrs) model is intended for consis-
tently evaluating the kinetics of both fission gas swelling and release in UO,. (See [/, Fission Gas
Behavior][8,, Fission Gas Models].)

ThermalContact The transfer of heat from the fuel to the cladding is accomplished via the ThermalCon-
tact model. The model is based on [[11]]. This model includes a computation of the conductivity
of the gas using the MATPRO model [12], increased conductance due to mechanical contact [L1]],
and radiant heat transfer. Temperature jump distance is computed [13]]. Typical roughness values
are 1 um for the clad and 2 ym for the fuel, with a roughness coefficient of 3.2. (See [[7, Gap Heat
Transfer][8, Thermal Contact].)



ThermalFuel The ThermalFuel model incorporates several empirical fits for thermal conductivity of
UO,. The assessment cases were run with the NFIR correlation [[14]. The NFIR model contains
a temperature dependent thermal recovery function that accounts for self-annealing of defects in
the fuel as it heats up. The ultimate effect of the self-annealing is a slight increase of the thermal
conductivity over a range of temperatures up to ~1200 K. (See [[7, Thermal Properties][|8, Thermal
Models].)

2.3. Thermal Behavior

The ability to accurately predict fuel rod thermal behavior is essential for fuel performance analysis.
Temperatures drive many other important physical phenomena, such as fission gas release and clad
thermal creep. Peak fuel temperatures are of primary importance in determining fuel rod performance
and lifetime.

2.3.1. Beginning of Life

Seven of the rods simulated to date considered only the first rise to power, also referred to as beginning
of life (BOL). Temperature comparisons during the first rise to power are significant as they isolate
several important aspects of fuel rod behavior before complexities associated with higher burnups are
encountered. Proper prediction of BOL centerline temperatures requires accurate models for the fuel and
clad thermal conductivity, gap heat transfer, thermal expansion of both the fuel and the clad materials
(to predict an accurate gap width), and fuel relocation. Figure [2.1] summarizes the BOL fuel centerline
temperature comparisons for all cases considered. Plotted is the measured versus predicted temperature
as the rod power is increased during power-up. The solid line indicates a perfect comparison, and the
dashed lines indicate +10 percent error. For all BOL cases considered to date, BISON does a good job
of predicting the fuel centerline temperature.
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Figure 2.1.: BOL measured vs. predicted fuel centerline temperature for rods 1, 2, and 3 in IFA-431,
IFA-432, and IFA-515.10 Rod Al. LTC and UTC stand for lower and upper thermocouple
measurements, respectively.



2.3.2. Through Life

Four experimental cases in Table contained through life temperature data, IFA-515.10 Rod A1 and
IFA-562 Rods 15, 16 and 17 [[15 [16]] . The four cases were composed of annular UO, fuel pellets
enclosed in a Zircaloy-2 cladding. The through life temperature measurements were obtained using
centerline expansion thermometers (ET) that were placed inside the inner diameter of the fuel stack.
These ETs spanned the entire length of the fuel stack and therefore provided average fuel centerline
measurements. The temperature is derived from the expansion of the ET that is measured by a LVDT.
These rods were irradiated to high burnups (75.5 MWd/kgUO, for IFA-515.10 Rod A1 and an average
of 49.4 MWd/kgUO; for the IFA-562.2 rods) to assess temperature evolution as a function of burnup.
To more accurately assess BISON’s capabilities of predicting temperature through life, measured vs.
predicted plots are given for four different burnup increments: 0 < Bu < 20, 20 < Bu < 40, 40 < Bu < 60,
and Bu > 60 MWd/kgUO, as shown in Figure [C.5]

Considering IFA-515.10 Rod Al it is observed the temperature predictions show similar behavior for
all burnup ranges illustrated in Figures[C.5(a)} [C.5(b)} [C.5(c)l and[2.2(d) as illustrated by the blue circles.
At low temperatures BISON matches the experiment quite well with the majority of points falling close
to the M=P line. At higher temperatures BISON primarily under predicts the centerline temperature with
a few points falling outside the +=10% range. Even in the high burnup region shown in Figure
almost all data points fall within the 10% range indicating that the thermal conductivity degradation
as a function of burnup is accurately captured. Overall BISON predicts the centerline temperature quite
well through life for IFA-515.10 Rod A1l considering the complexities associated fuel and cladding
evolution over such long irradiation times.

Contrarily to the the IFA-515.10 irradiation, the rods analyzed from the IFA-562.2 experiment illus-
trate that BISON primarily over predicts the temperature with less scatter in the points for all burnup
ranges. As expected all the IFA-562.2 rods have very similar predicted temperatures since the power
histories were similar. The reason for including two simulations of Rod 17 with two different assumed
fuel roughnesses, denoted by Ry, is to highlight the changes in predictions based solely on the interpre-
tation of the experiment. The documentation for the IFA-562.2 rods did not provide an as-fabricated fuel
roughness and therefore the roughness was assumed to be the BISON default value of 2 ym. This default
value is used for any validation case for which a fuel roughness is not provided. The chosen value of 0.2
um was the reported value for the IFA-515.10 experiment [15]]. Comparing the two data sets for Rod 17
in Figure it is observed that the simulation with the lower surface roughnesses predicts lower fuel
centerline temperatures. The deviation between the two simulations becomes larger as irradiation pro-
gresses. This is because at higher burnups the fuel has come into contact with the cladding and the fuel
roughness plays a crucial role in the solid-solid conductance term of the heat transfer coefficient between
the fuel and cladding. What this simple study illustrates is that the interpretation of the experimental
documentation can have a significant impact on predictions of the fuel performance code. The purpose
of a mechanistic fuel performance code is to provide predictions without any tuning of parameters. In
order to do this experiments should provide all of the details associated with the experiment including
uncertainties such that model predictions can be assessed against the uncertainty within the experimental
measurements.

2.3.3. Ramp Tests

Similar to Figs. and Fig. compares measured and predicted fuel centerline temperatures
for the five ramp test experiments. Comparisons are reasonable, with some points falling outside the
4+10% error bands. Note that focusing only on data from the Risg-3 experiments indicates a tendency
to over predict temperature at low power and under predict temperature at high power. However, the
single Halden experiment (IFA-597.3 rod 8) shows no such trend. Additional ramp test comparisons are
needed (and in progress) to better understand this observation.



Predicted Temperature (K)

Predicted Temperature (K)

1600

1400

1200

1000

800

600

40200

1200

1000

800

600

SN B B B L B L

:I|OD><<>>

IFA-562.2 Rod 15
IFA-562.2 Rod 16 —
IFA-562.2 Rod 17, R=2um X
IFA-562.2 Rod 17, R,=0.2um //’ Py
IFA-515.10 Rod A1 e 5
M=P PR 5

- M=P +10% e s
M=P - 10% I’

o B s Q_
£
()
|—
°
Q
2
02
°
)
1
o

|OD x o >

- M=P +10%

|
1600

-
1400

M- M- - -
600 800 1000 1200

Measured Temperature (K)
(a)

IFA-562.2 Rod 15
IFA-562.2 Rod 16
IFA-562.2 Rod 17, R.=2um

IFA-562.2 Rod 17, R;=0.2um
IFA-515.10 Rod A1 ¢

M=P - 10%

Predicted Temperature (K)

| | s | s J
600 800 1000 1200
Measured Temperature (K)

(c)

1400

IFA-562.2 Rod 15
IFA-562.2 Rod 16
IFA-562.2 Rod 17, R;=2um
IFA-562.2 Rod 17, R,=0.2um
IFA-515.10 Rod A1
M=P

- M=P +10%

M=P - 10%

1200

:I|OD><<>>

1000

S LA N B B B S B B B B e w s s

- - - - |
600 800 1000 1200 1400

Measured Temperature (K)
(b)
1000~ -
| o |IFA-515.10 Rod A1 //
— M=P s
L - M=P+10% ot o ®
-- M=P-10% R °g .7
i /’go 2 o@O e
L e e
800 = . o -
I //6%00 Oo _9‘/
r Kol -8
| % 0 &5~
S -7
600 /{/ Oo/,/
7// . - -
AN . ! . . . ! . . . )
40900 600 800 1000
Measured Temperature (K)
(d

Figure 2.2.: Comparison of the measured vs. predicted fuel centerline temperature for through life rods
for four different burnup ranges: (a) 0 < Bu < 20, (b) 20 < Bu < 40, (¢) 40 < Bu < 60, and
(d) Bu > 60 MWd/kgUQO,. The Ry parameter in the IFA-562.2 Rod 17 series labels indicate

Measured Temperature (K)

the fuel roughness used in the simulation.

2000 -
- < IFA-597.3Rod 8 7
[ © Rise-3 AN3 -
1800 | Riso3 ANA -7 o o
[ o Rise-3113 e i @
1600 ¢ Rise-31I5 i 0
L. — M=P 7 A A8
-~ M=P +10% ,
1400F  _ . m=p-10% Py 7
- 9% Y
1200 e i
[ //8' /./'/'
1000 T o o
800: % "9
[ m g 9//
- )/ Ea
600F o0~~~
[0 %
40'./’..I...I...I...I...I...I...I...I
200 600 800 1000 1200 1400 1600 1800 2000

Measured Temperature (K)

Figure 2.3.: Comparison of the measured vs. predicted fuel centerline temperature for fuel rods that

experienced power ramps.

10



2.3.4. Thermal Behavior Summary

BOL, through-life, and ramp temperature measurements of LWR experiments were compared to BISON
simulation results in order to evaluate the models used in BISON. The comparisons show the BISON
calculations are reasonably close to experimental measurements. This is significant because fuel temper-
atures strongly affect important physical processes such as fission gas release and clad creep and directly
determine fuel rod life.

2.4. Fission Gas Behavior

The processes induced by the generation of the fission gases xenon and krypton in nuclear fuel have a
strong impact on the thermo-mechanical performance of the fuel rods. On the one hand, the fission gases
tend to precipitate into bubbles resulting in fuel swelling, which promotes pellet-cladding gap closure
and the ensuing pellet-cladding mechanical interaction (PCMI). On the other hand, fission gas release
(FGR) to the fuel rod free volume causes pressure build-up and thermal conductivity degradation of the
rod filling gas.

A Simple Integrated Fission Gas Release and Swelling (Sifgrs) model is available in BISON for the
coupled fission gas swelling and release in UO;. The model is founded on a physics-based descrip-
tion of the relevant processes, while retaining a level of complexity consistent with the application to
engineering-scale nuclear fuel analysis. The Sifgrs model draws on and extends the approach described
in [17].

The mutual dependence between fission gas behavior and grain growth is taken into account in Sifgrs
through coupling with the grain growth model (Section [2.2).

As a first step, the model was implemented and tested in BISON for the analysis of FGR only [17].
More recently, the calculation of the fission gas swelling as coupled with the FGR has been introduced
and matched with the mechanical analysis in BISON. Testing of the full Sifgrs fission gas release and
swelling model is underway. First results are presented in this report, including comparisons with the
empirical fission swelling model from MATPRO [12], also available in BISON.

The Vitanza Criterion was simulated to determine the burnup dependent threshold temperature at
which more than 1% FGR can be expected. BISON falls within the ranges of other well-known fuel
performance codes as shown in Figure [2.4]
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Figure 2.4.: 27(1) BISON and other code results compared to Vitanza criteria [[18]].

FGR comparisons were performed with multiple assessment cases (see Table[2.1]). To best summarize
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a majority of these comparisons, a measured versus predicted plot of the end of life total fission gas
release is shown in Figure [2.5]
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Figure 2.5.: Measured vs. predicted end of life total fission gas release comparisons.

2.4.1. Fission Gas Behavior Summary

BISON predicts the total FGR well at low burnup, however, at high burnup, BISON under predicts the
total FGR. To date, the Sifgrs model provides a basis for integrating increasingly accurate descriptions
of the fission gas swelling and release mechanisms. Development of the more advanced description of
the intra-granular gas behavior, including consideration of the fuel swelling contribution due to intra-
granular gas bubbles is currently underway.

2.5. Mechanical Behavior

Accurately representing the mechanical behavior of the fuel and clad is also essential when simulating
fully-coupled thermomechanics problems like LWR fuel pins. Together with the thermal solution, the
mechanical models determine the fuel-clad gap size, which may be the single most important charac-
teristic to quantify in LWR simulations. Simulating realistic mechanical behavior is also critical when
attempting to make predictions about clad structural integrity during pellet clad mechanical interaction
(PCMI).

The following sections summarize BISON simulations of experiments where the fuel pellets have
come into contact with the clad. Measurements of final clad length and diameter are compared to
BISON calculations. These comparisons showcase the fuel and clad mechanical behavior models such as
thermal expansion, clad irradiation growth, clad creep, fuel relocation, fuel swelling, fuel densification,
and, perhaps most importantly, the mechanical interaction of fuel and clad as the two come into contact.

2.5.1. Clad Elongation

One way to quantify the mechanical behavior of LWR fuel rods is clad elongation. The point in time
at which fuel and clad interact mechanically itself depends on several factors including pellet fracturing
and relocation. It is also important to recognize that the eccentric placement of fuel pellets in the clad
allows mechanical interaction from very early times.

12



Once the mechanical interaction begins, the relative motion of the fuel and clad depends on the fric-
tion between them. The value of the friction coefficient is understood to come with a large amount of
uncertainty.

One clad elongation case has been included to date: IFA-597. This case has been run with frictionless
and glued (infinite friction) contact conditions to bound the solution. A plot of elongation vs. time is

shown in Figure

6
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— — Experiment
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Figure 2.6.: IFA-597 elongation comparison.

There is data available for eight of the cases listed to compare fuel rod elongation, however, without
frictional contact, it is not feasible to make these comparisons at this time.

2.5.2. Clad Final Diameter

Clad final diameter simulations and measurements are another way to quantify mechanical behavior
models. The multiple experiments considered to date where final rod diameter measurements were
made. Figure is a summary plot of the measured minus predicted clad outer diameter after base
irradiation and Figure [2.§]is a summary plot of the difference of the clad diameter change during the
ramp. These experiments all consisted of a base irradiation followed by application of a power ramp
before the end of the experiment.
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after and before the ramp as a function of burnup.

2.5.3. Mechanical Behavior Summary

Clad elongation and final diameter experimental measurments and BISON calculations have been pre-
sented for the purpose of quantifing the mechancial behavior and contact models in BISON. Overall,
the comparisons are good but show a need for more accurate models. One possibility is to upgrade the
nonlinear material models. For example the clad creep models (primary, secondary, and tertiary) and
instantaneous plasticity could be coupled. Perhaps more importantly, more information regarding clad
material characteristics (e.g. exact alloy specifications) and testing under realistic environments (ther-
mal and irradiated) could be obtained via testing programs and incorporated into the material models.
Further development work on nonlinear material modeling is an area of focus for next year.
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3. TRISO-Coated Particle Fuel

3.1. Assessment Cases

As part of an International Atomic Energy Agency (IAEA) Coordinated Research Program (CRP-6) on
High Temperature Gas Reactor (HTGR) reactor fuel technology, a set of benchmarking activities were
developed to compare fuel performance codes under normal operation and operational transients [6].
Sixteen benchmark cases were identified, ranging in complexity from a simple fuel kernel having a
single elastic coating layer, to realistic TRISO-coated particles under a variety of irradiation conditions.
In each case, the particle geometry, constitutive relations, material properties, and operating conditions
were carefully prescribed to minimize differences between the various code predictions; details are given
in [[6]. As an early code assessment exercise, BISON has been applied to 13 of the 16 benchmark cases,
as summarized in Table 3.1}

Table 3.1.: TAEA CRP-6 benchmark cases considered in the BISON coated-particle assessment exer-
cise. HFR-K3 and HFR-P4 are German pebble and fuel element experiments, respectively.

Case Geometry Description

1 SiClayer  Elastic only

2 IPyC layer Elastic only

3 IPyC/SiC  Elastic with no fluence

4a IPyC/SiC ~ Swelling and no creep

4b IPyC/SiC  Creep and no swelling

4c IPyC/SiC  Creep and swelling

4d IPyC/SiC  Creep- and fluence-dependent swelling
5 TRISO 350 um kernel, real conditions

6 TRISO 500 um kernel, real conditions

7 TRISO Same as 6 with high BAF PyC

8 TRISO Same as 6 with cyclic temperature
10  HFR-K3  10% FIMA, 5.3 x 10-%n/m? fluence
11 HFR-P4 14% FIMA, 7.2 x 10~2n/m? fluence

The models for all benchmark cases used either six or eight quadratic axisymmetric finite elements
across the width of each coating layer. A typical mesh with eight elements per layer is shown in Fig-
ure 3.1} Note that, in addition to the axisymmetry condition, a symmetry plane is also assumed along
the top of the mesh. For cases 1 and 2, numerical solutions were also obtained with twelve elements
across the coating layer to determine whether the mesh was sufficiently refined. Maximum tangential
stresses obtained from the refined mesh models differed at most by 0.1%, demonstrating adequate mesh
convergence with the coarser meshes. Since all of the cases are spherically symmetric, identical results
(within machine precision) can be obtained using either 1D spherically symmetric or 3D elements.

The BISON input and all supporting files (mesh, mesh scripts, etc.) for the thirteen TRISO bench-
mark cases are provided with the code distribution at bison/assessment/TRISO_benchmarks. For users
who wish to run these benchmarks, additional explanation is required. Because the IAEA CRP cases
involved comparison of results from a large number and variety of codes, the particle geometry, bound-
ary conditions and material models were prescribed for each case in detail. This was done principally
to avoid differences in material models, which can be substantial between the various codes. In some
cases these prescribed models differed from the standard BISON TRISO material models. Rather than
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implement these numerous and specific models in the code, temporary models were developed and the
necessary source code to use these models was stored with the individual cases. For the benchmark
cases requiring these models (all except 1-3), users must overwrite the material model source code, re-
compile, run the problem, and revert back to the original source. Refer to README files, included in

each directory where such modifications are required, for more detail. This cumbersome process will be
elimated in the future.
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Figure 3.1.: Typical computational mesh used for the IAEA CRP-6 benchmark cases.

3.2. Results

Cases 1 to 3 were limited to single and double coating layers and tested simple elastic thermomechanical
behavior against analytical solutions. A comparison of the analytical and BISON numerical solutions
for the maximum tangential stress, which occurs at the inner surface of the various layers, is shown in
Table[3.2] Comparisons are excellent.

Table 3.2.: Comparison of the BISON computed maximum tangential stress (MPa) to the analytical
solution for Cases 1 to 3.
Case Layer Analytical BISON Error (%)
1 SiC 125.19 125.23 0.032
2 IPyC 50.200 50.287 0.173
3 IPyC/SiC  8.8/104.4  8.7/104.5 1.14/0.10

Cases 4a to 4d included both IPyC and SiC layers and investigated pyrolytic carbon layer behavior
under a variety of conditions. Cases 5 to 8 considered a single TRISO particle with more complexity
added with each subsequent case. For cases 1 to 4d, the internal gas pressure was fixed at 25 MPa while
cases 5 to 8 included a linear pressure ramp. The particle temperature was held uniform at 1273 K for
cases 1 to 7, but for case 8 was cycled ten times between 873 and 1273 K, characteristic of fuel in a
pebble bed reactor. For cases 4 to 7, Table 3.3] compares BISON computed solutions to the range of
solutions from eight coated-particle fuel codes included in the CRP-6 exercise [6]. Comparisons are of
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the tangential stress at the inner surface of both the IPyC and SiC layers, at the end of irradiation. The
BISON solutions are always within the range of values computed by the other codes. Note that tabulated
values defining the ranges were extracted from plots in [6] and are thus not precise.

Table 3.3.: Comparison of the BISON computed tangential stress (MPa) to the range of values computed
by the codes included in the CRP-6 exercise. Comparisons are at the inner surface of each
layer and at the end of irradiation.

Case Layer CRP-6 codes [range] BISON
4a IPyC/SiC  [925, 970)/[-775, -850]  928/-819
4b IPyC/SiC  [-25, -25]/[138, 142] -25.0/139

4c IPyC/SiC  [25, 27)/[83, 92] 26.0/89.4
4d IPyC/SiC  [25, 35)/[71, 88] 27.8/87.0
5 IPyC/SiC  [40, 58]/[-56, -28] 41.9/-32.2
6 IPyC/SiC  [27, 38]/[28, 48] 29.2/44.9
7 IPyC/SiC  [37, 50)/[10, 25] 38.0/24.6

Although code comparisons in Table [3.3|are provided only at the end of irradiation, comparisons were
made at various intermediate times during the irradiation period. The BISON solutions were always
within the range of solutions produced by the CRP-6 codes.

Figure compares solutions for case 8, which involved a cyclic particle temperature, during the
full irradiation history. In this figure, BISON solutions of the tangential stress at the inner wall of the
IPyC and SiC layers are compared to solutions from three codes from the CRP-6 exercise, namely
PARFUME [19], ATLAS [20] and STRESS3 [21]. As above, data for the code comparisons were
extracted from plots in [6]]. For the IPyC layer, the four solutions essentially overlay each other during
the entire irradiation period. In the SiC layer, the four solutions are quite similar but some differences
are evident, particularly for the first four temperature cycles. The BISON solution falls roughly midway
between the PARFUME and STRESS3 solutions and is essentially identical to the ATLAS solution.
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Figure 3.2.: Code comparison for case 8, which included a ten cycle temperature history. Plotted is the
tangential stress at the inner wall of the IPyC and SiC layers.

Cases 9 to 13 in CRP-6 were more complicated benchmarks based on past or planned experiments
with TRISO-coated particles. The two cases considered here (10 and 11) were based on German fuel
from pebble and fuel element experiments. Again, details are provided in [6]]. Although material prop-
erties and constitutive relations were prescribed for these cases, they differed from cases 1 to 8 in two
ways: (1) the internal pressure was not fixed but instead determined by fission gas release and CO pro-
duction and (2) the particle size was prescribed as a population (mean value and standard deviation)
rather than a single value. BISON solutions were based on the gas release and CO production models
described above; however, for simplicity, only a single particle size was considered based on the mean
particle diameter.

Figure [3.3| provides code comparisons of the total gas pressure (Figure and tangential stress
at the inner wall of the SiC layer (Figure for benchmark cases 10 and 11. Again, BISON is
compared to three codes from the CRP-6 exercise. Substantial differences exist in these solutions,
particularly for the gas pressure. The BISON solution histories, however, compare well to the range of
solutions given by the three well-established codes chosen for comparison.

As stated in [6]], the differences between various code predictions shown in Figures[3.3(a) and [3.3(b)]
can be largely attributed to the models used to calculate fission gas release and CO production in the
kernel. A detailed description of these models is not available in [6]], limiting more detailed investigation.
One obvious and significant difference is that both BISON and ATLAS employ the simple Proksch
et al. [22]] empirical model for CO production while PARFUME [19] uses a detailed thermochemical
model.
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Figure 3.3.: Code comparisons of the total gas pressure (a) and tangential stress at the inner wall of SiC
layer (b) for benchmark cases 10 and 11.
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3.3. Summary

Since the IAEA CRP cases involved comparison of results from a large number and variety of codes,
the particle geometry, boundary conditions and material models were prescribed for each case in detail.
This was done principally to avoid differences in material models, which can be substantial between
the various codes. In some cases these prescribed models differed from the standard BISON TRISO
material models. Rather than implement these numerous and specific models in the code, temporary
models were developed and the necessary source code to use these models was stored with the individual
cases. BISON compares well with the other codes for these benchmark cases.

It is also important to assess the TRISO material models currently within BISON against experimental
results. The beginning of this assessment work is planned to occur in FY 2015.
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Appendices
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A. IFA 431 Rod 1, Rod 2, and Rod 3

A.1. Overview

The IFA-431 experiment was part of an effort by the US NRC to obtain well-characterized experimen-
tal data under conditions that simulate long-term steady LWR operation [23]]. IFA-431 was a heavily
instrumented fuel assembly irradiated in the Halden boiling water reactor from 1975 to 1976. The test
rods initially contained fresh fuel and were operated at power levels near the upper bound for full-length
commercial fuel rods.

The IFA-431 assembly included six instrumented rods, each with centerline temperature instrumen-
tation in both the top and bottom ends of the fuel column. Three of the six rods (Rods 1, 2, 3) are the
focus of this assessment.

The IFA-431 assembly also contained neutron detectors, coolant thermocouples, a coolant flow meter,
and a transducer to measure internal rod pressure.

A.2. Test Description

The three test rods considered here were designed to simulate BWR-6 rod cladding material and di-
mensions, and included only differences in fuel-cladding gap width. The general rod specifications are
summarized in Table which contains data taken from Reference [24]].

The fuel rod length was significantly shorter than full-length commercial rods to fit within the short
length of the Halden reactor core. Slight differences in the pellet diameters, as defined in Table |A.1]
resulted in a variation in the initial radial fuel-clad gaps of 115 um (Rod 1), 190 um (Rod 2), and 25.5
um (Rod 3).

A.2.1. Operating Conditions and Irradiation History

The reactor was operated with a coolant pressure of 3.4 MPa and an inlet temperature of 510 K. The
power history was provided by experimentalists from Halden [25]].
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Table A.1.: IFA-431 Test Rod Specifications

Fuel Rod
Overall length m 0.635
Fuel stack height m 0.5791

Nominal plenum height mm 254
Number of pellets per rod

Rod 1 mm 45
Rod 2 mm 44
Rod 3 mm 44
Fill gas composition He
Fill gas pressure MPa 0.1
Fuel
Material UoO,
Enrichment % 10
Density % 95
Inner diameter mm 1.752
Outer diameter
Rod 1 mm  10.681
Rod 2 mm  10.528
Rod 3 mm  10.858
Pellet geometry flat end
Grain diameter um  22-77
Cladding
Material Zr-2
Outer diameter mm  12.789
Inner diameter mm  10.909
Wall thickness mm  0.94
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A.3. Model Description

A.3.1. Geometry and Mesh

All three fuels rods were meshed using 2-D axisymmetric quadratic elements. For simplicity, the pellet
stack was modeled as a single continuous fuel column. The thermocouple holes were modeled as closely
to the experiment as possible at the top and bottom of the fuel rod. Figure [A.T]shows a scaled view of
the mesh for rod 1. Rods 2 and 3 were identical with exceptions to the thermocouple hole length and the
pellet-clad gap width.

Figure A.1.: Scaled view of the finite element mesh for rod 1 (aspect ratio scaled 10x).

A.3.2. Material and Behavioral Models
The following material and behavioral models were used for the UO, fuel:
e ThermalFuel - NFIR: temperature and burnup dependent thermal properties
e RelocationUO2: relocation strains, relocation activation threshold power set to 5 kW/m.

o Sifgr: Simplified fission gas release model with the combined gaseous swelling model.

For the clad material, a constant thermal conductivity of 16 W/m-K was used and both thermal and
irradiation creep were considered using the Limback model [26]. The fast neutron flux used in the
irradiation creep model was 1.6e12 n/m?-s per W/m [5]]. This value was multiplied by the power history
(W/m) and the axial peaking factors to approximate the fast neutron flux.
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A.3.3. Boundary and Operating Conditions

The clad outer wall temperature was assumed constant at 513.3 K. The input BOL power histories for
Rods 1, 2, and 3 are shown in Figure[A.2]
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Figure A.2.: Input BOL power history for rods 1, 2, and 3.

A.3.4. Input files

The BISON input and all supporting files (power histories, axial power profile) are provided with the
code distribution at bison/assessment/IFA_431/analysis.

A.3.5. Execution Summary

Table A.2.: Execution summary.
Rod | Machine | Operating System | Code Version

1 | FALCON LINUX BISON 1.2
2 | FALCON LINUX BISON 1.2
3 | FALCON LINUX BISON 1.2

A.4. Results Comparison

BISON postprocessors were used to record the power and temperature histories at nodes corresponding
to the upper and lower thermocouple positions.
A.4.1. Centerline Temperature at Beginning of Life

Initial comparisons were made to centerline fuel temperature measurements during the first rise to power,
or the period referred to as the Beginning of Life (BOL). Comparisons during this period are important
since they isolate several important aspects of fuel rod behavior before complexities associated with
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higher burnups are encountered. For example, good prediction of BOL centerline temperature requires
accurate models for the unirradiated fuel thermal conductivity, gap gas conductivity, thermal expansion
of both the fuel and clad materials (which set the gap width), clad conductivity, and fuel relocation.

Figures and show centerline temperature comparisons at BOL for Rods 1, 2, and 3,
respectively. Comparisons are excellent.
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Figure A.3.: Comparison of measured and BISON predicted centerline temperatures at BOL for Rod 1.
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Figure A.4.: Comparison of measured and BISON predicted centerline temperatures at BOL for Rod 2.
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Figure A.5.: Comparison of measured and BISON predicted centerline temperatures at BOL for Rod 3.

A.5. Discussion

The recommended activation energy for the ESCORE relocation model implemented in BISON is 19.7
kW/m [27]. Based on experimental evidence of fuel cracking as a function of rod power, Wolfgang
Wiesenack from Halden recommended lowering this activation threshold power to 5 kW/m. This lower
value was further confirmed through a recent relocation calibration study [28] and is now used as the
default value in BISON.
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B. IFA 432 Rod 1, Rod 2, and Rod 3

B.1. Overview

The IFA-432 experiment was part of an effort by the US NRC to obtain well-characterized experimen-
tal data under conditions that simulate long-term steady LWR operation [23]]. IFA-432 was a heavily
instrumented fuel assembly irradiated in the Halden boiling water reactor from 1975 to 1984. The test
rods initially contained fresh fuel and were operated at power levels near the upper bound for full-length
commercial fuel rods.

The IFA-432 assembly included six instrumented rods, each with centerline temperature instrumen-
tation in both the top and bottom ends of the fuel column. Three of the six rods (Rods 1, 2, 3) are the
focus of this assessment. Rod 1 achieved a burnup of approximately 30 MWd/KgU, while rods 2 and 3
achieved burnups of approximately 45 MWd/kgU. Two of the temperature measurements failed prema-
turely. Rod 2 contained an ultrasonic thermometer at the top of the rod, which failed very early and no
data were collected. The Rod 1 upper thermocouple failed after 150 days.

The IFA-432 assembly also contained neutron detectors, coolant thermocouples, a coolant flow meter,
and a transducer to measure internal rod pressure.

B.2. Test Description

The three test rods considered here were designed to simulate BWR-6 rod cladding material and di-
mensions, and included only differences in fuel-cladding gap size. The general rod specifications are
summarized in Table [B.Il which contains data taken from Reference [24].

The fuel rod length was significantly shorter than full-length commercial rods to fit within the short
length of the Halden reactor core. Slight differences in the pellet diameters, as defined in Table
resulted in a variation in the initial radial fuel-clad gaps of 115 um (Rod 1), 190 um (Rod 2), and 38 um
(Rod 3).

B.2.1. Operating Conditions and Irradiation History

The reactor was operated with a coolant pressure of 3.4 MPa and an inlet temperature of 510 K. The
power history was provided by experimentalists from Halden [29]].
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Table B.1.: IFA-432 Test Rod Specifications

Fuel Rod
Overall length m 0.635
Fuel stack height m 0.5791

Nominal plenum height mm 254
Number of pellets per rod

Rod 1 mm 45
Rod 2 mm 44
Rod 3 mm 44
Fill gas composition He
Fill gas pressure MPa 0.1
Fuel
Material UoO,
Enrichment % 10
Density % 95
Inner diameter mm 1.752
Outer diameter
Rod 1 mm  10.681
Rod 2 mm  10.528
Rod 3 mm  10.833
Pellet geometry flat end
Grain diameter um  22-77
Cladding
Material Zr-2
Outer diameter mm  12.789
Inner diameter mm  10.909
Wall thickness mm  0.94
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B.3. Model Description

B.3.1. Geometry and Mesh

All three fuels rods were meshed using 2-D axisymmetric quadratic elements. For simplicity, the pellet
stack was modeled as a single continuous fuel column. The thermocouple holes were modeled as closely
to the experiment as possible at the top and bottom of the fuel rod. Figure shows a scaled view of
the mesh for rod 1. Rods 2 and 3 were identical with exceptions to the thermocouple hole length and the
gap width.

Figure B.1.: Scaled view of the finite element mesh for rod 1 (aspect ratio scaled 10x).

B.3.2. Material and Behavioral Models
The following material and behavioral models were used for the UO, fuel:
e ThermalFuel - NFIR: temperature and burnup dependent thermal properties
e RelocationUO2: relocation strains, relocation activation threshold power set to 5 kW/m.

o Sifgr: Simplified fission gas release model with the combined gaseous swelling model.

For the clad material, a constant thermal conductivity of 16 W/m-K was used and both thermal and
irradiation creep were considered using the Limback model [26]. The fast neutron flux used in the
irradiation creep model was 1.6e12 n/m?-s per W/m [5]]. This value was multiplied by the power history
(W/m) and the axial peaking factors to approximate the fast neutron flux.
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B.3.3. Boundary and Operating Conditions

The clad outer wall temperature was assumed constant at 513.3 K. The input BOL power histories for
Rods 1 and 3 are shown in Figure [B.2]

40000
35000
30000
25000
20000
15000

10000

5000

Average Linear Heat Rate (W/m)

L L I L L L I L L I L
O 10000 20000 30000
Time (seconds)

|
40000
Figure B.2.: Input BOL power history for rods 1, 2, and 3

B.3.4. Input files

The BISON input and all supporting files (power histories, axial power profile) are provided with the
code distribution at bison/assessment/IFA_432/analysis.

B.3.5. Execution Summary

Table B.2.: Execution summary.
Rod | Machine | Operating System | Code Version

1 FALCON LINUX BISON 1.2
2 | FALCON LINUX BISON 1.2
3 | FALCON LINUX BISON 1.2

B.4. Results Comparison

BISON postprocessors were used to record the power and temperature histories at nodes corresponding
to the upper and lower thermocouple positions.
B.4.1. Centerline Temperature at Beginning of Life

Initial comparisons were made to centerline fuel temperature measurements during the first rise to power,
or the period referred to as the Beginning of Life (BOL). Comparisons during this period are important
since they isolate several important aspects of fuel rod behavior before complexities associated with
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higher burnups are encountered. For example, good prediction of BOL centerline temperature requires
accurate models for the unirradiated fuel thermal conductivity, gap gas conductivity, thermal expansion
of both the fuel and clad materials (which set the gap width), clad conductivity, and fuel relocation.

Figures and show centerline temperature comparisons at BOL for Rods 1, 2, and 3,
respectively. Note that for Rod 2, only lower thermocouple comparisons are possible since a gamma
thermometer that failed to operate occupied this position in the rod [24]. Comparisons for all three rods
are very good.
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Figure B.3.: Comparison of measured and BISON predicted centerline temperatures at BOL for Rod 1.
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Figure B.4.: Comparison of measured and BISON predicted centerline temperatures at BOL for Rod 2.
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Figure B.5.: Comparison of measured and BISON predicted centerline temperatures at BOL for Rod 3.

B.5. Discussion

The recommended activation energy for the ESCORE relocation model implemented in BISON is 19.7
kW/m [27]. Based on experimental evidence of fuel cracking as a function of rod power, Wolfgang
Wiesenack from Halden recommended lowering this activation threshold power to 5 kW/m. This lower
value was further confirmed through a recent relocation calibration study [28] and is now used as the
default value in BISON.
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C. IFA 515.10 Rod A1

C.1. Overview

The IFA-515.10 Rod A1 experiment was irradiated in the Halden Boiling Water Reactor (HBWR) for
approximately 6 years to a discharge burnup of ~76 MWd/kgUO,. Rod A1l was fitted with a fuel cen-
terline expansion thermometer (ET) to measure the fuel centerline temperature during irradiation [[15]].

C.2. Test Description

C.2.1. Rod Design Specifications

Rod A1 in the IFA-515.10 series was an annular short rod (0.2455 m overall length) enriched to 11.5 %.
The fuel and cladding specifications are tabulated in Table

Table C.1.: IFA-515.10 rod A1 Test Rod Specifications

Fuel Rod
Overall length m 0.2455
Fuel stack height m 0.212

Nominal plenum height mm  19.0

Fill gas composition He

Fill gas pressure MPa 1.0
Fuel

Material U0,
Enrichment Y% 11.5
Density % 96.8
Inner diameter mm 1.80
Outer diameter mm 5.56
Pellet geometry flat end

Average grain diameter um  15.5
Average fuel roughness um  0.28
Insulator Pellet

Material Al,O3
Inner diameter mm 1.80
Outer diameter mm  5.56
Pellet length mm 5.0
Cladding

Material Zr-2
Outer diameter mm  6.53
Inner diameter mm 5.61
Zr-Barrier thickness mm  0.05
Wall thickness mm 0.46
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C.2.2. Operating Conditions and Irradiation History

The HBWR operating conditions are tabulated in Table The reactor power history is shown in
Figure [C.I] The measured reactor coolant temperature was used as the boundary temperature on the
cladding outer surface.

Table C.2.: Operational input parameters.

Average coolant temperature C 195

Coolant pressure MPa 34

Fast neutron flux n/(cm?-s) per (kW/m) 1.6-10'!
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Figure C.1.: Halden irradiation through life power profile for IFA-515.10 rod Al.

C.3. Model Description

C.3.1. Geometry and Mesh

The assumed geometry and mesh are shown in Figure [C.2] The fuel pellet stack was modeled as a
smeared column with merged insulator pellets. The insulator pellets were modeled as UO; (ie. the same
mechanical and thermal properties) to make the simulation easier to run. The expansion thermometer
was modeled as a void in the pellet/insulator stack, this was also done to ease the simulation. The BISON
fuel centerline temperature was calculated as an average of the pellet interior (BISON sideset 13). The
plenum length for the mesh was adjusted from the experiment length to account for the difference in
volume caused by the voided expansion thermometer. The initial gas volume in the simulation was 2.3
cc, as listed in [[15].

A 2-dimensional axisymmetric quadratic mesh was used. The fuel column was meshed with 111 axial
and 11 radial elements (aspect ratio 11.2) and the insulator pellets with 3 axial and 11 radial elements
(aspect ratio 9.75). The cladding was meshed with 150 axial and 4 radial elements (aspect ratio 16.7).
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Figure C.2.: 2-D axisymmetric quadratic mesh for IFA-515.10 Rod A1 simulation. Note: This is only a
cut from the bottom of the fuel rod meant to show the fuel and insulator pellet. The volume
where the expansion thermometer would be in the experiment can also be seen.
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C.3.2. Material and Behavioral Models

The following material and behavioral models were used for the UO, fuel:

e ThermalFuel - NFIR: temperature and burnup dependent thermal properties
e VSwellingUO2: free expansion strains (swelling and densification)
e RelocationUO2: relocation strains, relocation activation threshold power set to 5 kW/m.

e Sifgrs: fission gas generation and release

For the cladding material, a constant thermal conductivity of 16 W/m-K was used and both thermal
and irradiation creep were considered using the Limback model [26].

C.3.3. Input files

The BISON input and all supporting files (power histories, axial power profile, cladding surface tem-
perature boundary condition, fast neutron flux history, etc.) for this case are provided with the code
distribution at bison/assessment/IFA_515_RodA1/analysis.

C.3.4. Simulation Parameters and Assumptions

As mentioned in the the mesh used is not an exact representation of the experiment. To make
the simulation run easier the insulator pellets were modeled as UO; instead of Al,O3. Merged materials
of the same type in the mesh make for easier mechanics (ie. thermal expansion and swelling). The
insulator pellets were not included in the heat source term. The expansion thermometer was neglected
in this mesh. This was done to alleviate troubles with thermal and mechanical properties between the
thermometer and the fuel/insulator stack. The plenum length of the fuel rod was adjusted to account
for the extra gas volume made from the voided thermometer. The initial gas volume is 2.3 cc as listed
in [15]. The zirconium barrier on the cladding interior was not modeled, but the cladding thickness
was modeled as specified in [15]]. The initial fuel grain size and the fuel roughness were inputted in to
BISON as averages of the numbers that were given in [15]. The test was short and located in a region
were the axial flux variation average to peak is small, less than 1.03 [[15]. Due to this peaking factors for
power and temperature were not inputted into BISON.
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C.3.5. Execution Summary

Table C.3.: Execution summary.
Machine ‘ Operating System ‘ Code Version
INL HPC Falcon | Linux | BISON 1.2

C.4. Results Comparison

A BISON postprocessor was used to extract the centerline temperature as an average of the interface of
the pellet interior surface and the ET (BISON sideset 13). This provides an accurate representation of
the average fuel centerline temperature since, in this case, no axial variation in fuel temperature.

C.4.1. Temperature

The BISON results for the fuel centerline temperature show that BISON approximates the actual experi-
mental values well. A plot of the comparison can be seen below in Figure[C.3] There are some noticeable
differences between BISON and the experiment on the peaks at the beginning of the experiment. The
difference between the BISON results and the experiment becomes less as the simulation progresses.
This points to possible issues in the gap heat transfer model. As fuel centerline temperature was the
only parameter that was measured we can only speculate on the other effects that may have contributed
to this difference. Figure [C.4] shows a comparison of fuel centerline temperature and linear heat rate.
This plot shows that BISON does tend to under predict through the simulation at all powers. It should
be noted that the experiment low outliers are from instrument issues and should be ignored. Figure [C.3]
is the same data as Figure [C.4] but the results are compartmentalized by burnup level to investigate
BISON performance throughout the simulation more closely. Figure shows that BISON does
under predict during the early stages of the simulation. This is before the gap closes, which supports the
previous hypothesis. As the simulation progresses the Figures [C.5(b)] [C.5(c)| and [C.5(d)| show that the
comparison of BISON results to experiment data improves.
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Figure C.3.: A comparison of fuel centerline temperatures from BISON calculations and experimental
measurements.
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Figure C.5.: Comparison of the measured vs. predicted fuel centerline temperature for IFA-515.10 at
four different burnup ranges: (a) 0 < Bu < 20, (b) 20 < Bu < 40, (¢) 40 < Bu < 60, and (d)

Bu > 60 MWd/kgUOs,.
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C.5. Discussion

The results show that the fuel centerline temperature compares well between the BISON predicted and
experiment measurements. Although this is true the results also show that there are possible weaknesses
in the gap conductance in the early stages of the simulation. Results and information from this simulation
will help to guide future BISON developments.
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D. IFA 519 Rod DH and Rod DK

D.1. Overview

The IFA-519.9 experiment was base irradiated in the Halden Boiling Water Reactor (HBWR), experi-
ment IFA-429, to a burnup of 26-29 MWd/kgUO,. The three rods (rods DC, DH, and DK) were then
re-fabricated to include a bellows type pressure transducer and inserted back in to the HBWR to a bur-
nup of approximately 90 MWd/kgUO; [30]]. The bellows transducer in rod DC failed, therefore, in-pile
data is only available for rod DH and rod DK.

D.2. Test Description

D.2.1. Rod Design Specifications
Summary of the rod specifications for rods DH and DK are shown in Table

Table D.1.: IFA-519 rod DH and DK Test Rod Specifications

DH DK
Fuel Rod
Fuel stack height m 0.244 0.245
Nominal plenum height mm 25 24
Fill gas composition He He
Fill gas pressure MPa 2.59 2.59
Fuel
Material U0, UoO,
Enrichment % 13 13
Density % 94.7 94.7
Outer diameter mm 9.3 9.14
Pellet geometry Dished both ends  Dished both ends
Dish radius mm  16.8 16.8
Dish depth mm 0.33 0.33
Land width um 1.4 1.4
Grain diameter (2D) um 6 17
Cladding
Material Zr-4 Zr-4
Outer diameter mm  10.73 10.73
Inner diameter mm 9.5 9.5
Wall thickness mm  0.61 0.61
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D.2.2. Operating Conditions and Irradiation History

The HBWR operating conditions are tabulated in Table[D.2] The total reactor power history for rods DH
and DK in the IFA-519.9 experiment is shown in Figure The measured reactor coolant temperature
was used as the boundary temperature on the clad outer surface.

Table D.2.: Operational input parameters.
Coolant temperature C 227
Coolant pressure MPa 34
Fast neutron flux n/(cm?-s) per (kW/m) 1.6 10"
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Figure D.1.: (a) Full irradiation power history for rod DH in the IFA-519.9 experiment. (b) Full irradia-
tion power history for rod DK in the IFA-519.9 experiment.
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D.3. Model Description

D.3.1. Geometry and Mesh

The assumed geometry and mesh for the two rods are shown in Figure The fuel pellet stack for
each rod was modeled as a smeared column. A 2-dimensional axisymmetric quadratic mesh was used
for each rod. The fuel columns were meshed with 48 axial and 11 radial element and the clad were
meshed with 48 axial and 4 radial elements.

(@) (b)

Figure D.2.: (a)2-D axisymmetric quadratic mesh for IFA-519 Rod DH simulation. (b)2-D axisymmetric
quadratic mesh for IFA-519 Rod DH simulation. Note the figures above are scaled radially
by a factor of 10.

D.3.2. Material and Behavioral Models
The following material and behavioral models were used for the UO; fuel:
e ThermalFuel - NFIR: temperature and burnup dependent thermal properties
e VSwellingUO2: free expansion strains (swelling and densification)
e RelocationUQO2: relocation strains, relocation activation threshold power set to 5 kW/m.

o Sifgrs: fission gas generation and release

For the clad material, a constant thermal conductivity of 16 W/m-K was used and both thermal and
irradiation creep were considered using the Limback model [26].
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D.3.3. Input files

The BISON input and all supporting files (power histories, axial power profile, clad surface temperature
boundary condition, fast neutron flux history, etc.) for this case are provided with the code distribution
at bison/assessment/IFA_519/analysis/rod_DH and bison/assessment/IFA_519/analysis/rod_DK.

D.3.4. Execution Summary

Table D.3.: Execution summary.
Machine ‘ Operating System ‘ Code Version
Mac Workstation ‘ OS X ‘ BISON 1.2

D.4. Results Comparison

A BISON postprocessor was used to extract the data needed to compute the total fission gas released
(FGR) from each rod. The total FGR is computed by dividing the fission gas released by the fission gas
produced.

D.4.1. Fission Gas Release

Table [D.4] summarizes the end of life (EOL) total fission gas release comparisons to the puncture results
obtained durning post irradiation examination (PIE). It has been shown that the prediction of total FGR
within a factor of 2 is considered acceptable [17]]. Since the BISON FGR prediction is within this range,
it is concluded that the FGR predictions are acceptable. As there is no fuel centerline temperature data
available for comparisons, it is unknown if the underprediction of FGR is caused by a difference in the
predicted and actual fuel temperature.

Table D.4.: End of Life Fission Gas Release for IFA-519.9 Rods DH and DK.

Rod | BISON Burnup | Halden Burnup | BISON FGR | Halden FGR | BU diff | FGR diff
MWd/kgU0,) | MWd/kgUO,) (%) (%) (%) (%)

DH 86.97 87.0 38.0 574 0.04 33.75

DK 83.16 88.5 33.8 52.8 6.03 36.02
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E. IFA 534 Rod 18 and Rod 19

E.1. Overview

The purpose of the IFA-534 experiment was to investigate the effect of fuel grain size on fission gas
release and pellet-clad mechanical interaction (PCMI) in high burnup fuel. [31]]. IFA-534 consisted of
two rods (rod 18 and rod 19) which were base irriated in the Goesgen PWR to 52-55 MWd/KgUO,.
These rods were then re-instrumented with internal pressure transducers and irradiated in the Halden
Reactor. [18]].

E.2. Test Description

The two test rods considered here were designed to test the effects of fuel grain size on fission gas release
and PCMI. These two rods were instrumented with pressure transducers which provided on-line data as
the experiment was irradiated in the Halden Reactor. The general rod specifications are summarized in
Table which contains data taken from Reference [31]] and [18]].

Table E.1.: IFA-534 Test Rod Specifications

Fuel Rod
Overall length m 0.533
Fuel stack height m 0.411

Nominal plenum height mm 100
Number of pellets per rod

Rod 18 mm 39

Rod 19 mm 39
Fill gas composition He
Fill gas pressure MPa 2.15
Fuel
Material U0O,
Enrichment

Rod 18 % 3.84

Rod 19 % 3.79
Density % 95
Outer diameter mm 9.12
Pellet geometry flat end
Grain diameter

Rod 18 um 221

Rod 19 um 8.5
Cladding
Material Zr-4
Outer diameter mm  10.75
Inner diameter mm 9.29
Wall thickness mm  0.73
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E.2.1. Operating Conditions and Irradiation History

Rods 18 and 19 were base irradiated at the Goesgen PWR at a coolant pressure of 15.5 MPa and coolant
inlet temperature of 308 C to approximatly 52 MWd/KgUQO,. The ramp testing was done in the Halden
reactor and was operated with a coolant pressure of 3.2 MPa and an inlet temperature of 232 C. The
Halden power history was provided by experimentalists from Halden [32].

E.3. Model Description

E.3.1. Geometry and Mesh
Both fuels rods were meshed using 2-D axisymmetric quadratic elements. For simplicity, the pellet stack
was modeled as a single continuous fuel column. The rods were identical so the same mesh was used
for both.The fuel pellets had 111 axial elements and 11 radial elements, and the cladding consisted of
117 axial elements and 4 radial elements.
E.3.2. Material and Behavioral Models
The following material and behavioral models were used for the UO; fuel:

e ThermalFuel - NFIR: temperature and burnup dependent thermal properties

e RelocationUO2: relocation strains, relocation activation threshold power set to 5 kW/m

o Sifgrs: Simplified fission gas release model with a gaseous swelling model

For the clad material, a constant thermal conductivity of 16 W/m-K was used and both thermal (pri-

mary and secondary) and irradiation creep were considered using the Limback creep model [26].
E.3.3. Input files
The BISON input and all supporting files (power histories, axial power profile) are provided with the

code distribution at bison/assessment/IFA_534/analysis.

E.3.4. Execution Summary

Table E.2.: Execution summary.
Rod ‘ Machine ‘ Operating System ‘ Code Version ‘
18 | FALCON LINUX X BISON 1.2
19 | FALCON LINUX X BISON 1.2

E.4. Results Comparison

The purpose of the IFA-534 rod 18 and rod 19 experiments were to investigate the effect of fuel grain
size on fission gas release. For this purpose the only parameter that was different in the build for these
two rods was the fuel grain size. There is a slight difference in the enrichment of the two rods. This
difference was accounted for by making a small modification to the individual rod power based on the
acutal fuel weight to get 52 MWd/KgUO, at the beginning of the Halden run. [33] Fission gas relase is
compared against the experiment numbers and other well known fuel performance codes. Pressure data
for both rods was collected with an in-situ pressure transducer. Pressure is compared between BISON
and the Halden data. The data for these comparisons was digitized from plots in the FUMEX-II Final
Report [18]
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E.5. IFA-534, Rod 18

E.5.1. Fission Gas Release

The BISON end result for fission gas release compared very well the the data that Halden collected.
As one may note the BISON run does not start at zero like the Halden does. After the base irradiation
the rod was refabricated so that the pressure transducer could be added. At this time the rod was also
refilled with pure He gas. BISON currently misses rebasing the fission gas that was released prior to
refabracation. We are currently discussing the best course of action to model this.
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Figure E.1.: Comparison of measured and BISON predicted fission gas release during Halden irradiation

for rod 18.
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Figure E.2.: Comparison of the post irradiation examination and the BISON predicted fission gas release

for rod 18.
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E.5.2. Pressure

As stated previously the rod had an in-situ pressure transmitter installed at refabraction. Due to this we
have real online data of the experiment’s pressure. The BISON result for the pressure is off by a bit in
the start and then compares very well in the end. One possible reason for the higher pressure at the start
is the extra fission gas present in the model mentioned in the discussion above. Another problem that
was encountered with pressure was the model predicted gas volume. The gas volume at the start of the
BISON run (base irradiation) was correct, according to the FUMEX data. At refabracation the model
underestimate gas volume leading to a much higher plenum pressure. As a temporary work around the
mesh was adjusted such that the gas volume was high in the base irradiation and then was calculated
by BISON to be correct in the Halden run. In this case the Fumex reported gas volume for the base
irradiation and Halden run is 5.1 cm>. A gas volume of 6.1 cm * was used for the BISON base irradiaion
to achieve approximately 5.1 cm? for the Halden run.
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Figure E.3.: Comparison of measured and BISON predicted plenum pressure for rod 18.

E.6. IFA-534, Rod 19

E.6.1. Fission Gas Release

As with the the previous rod, 18, rod 19 compares well to the Halden data for fission gas release. Rod 19
does have the same issue as rod 18 in that fission gas does not start at zero. There is an added issue with
the rod 19 data, there is a slight shift in the x-axis, burnup. This is common as burnup gets calculated in
different manners with slightly different numbers and the shift is acceptable.
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Figure E.5.: Comparison of the post irradiation examination and the BISON predicted fission gas release
for rod 19.

E.6.2. Pressure

The pressure comparision is acceptable between BISON and the experiment. Once again, rod 19 has the
same issues as rod 18 so the same methods where employed. These work arounds may account for the
difference in the pressure. A gas volume of 6.1 cm ® was used for the BISON base irradiaion to achieve
approximately 5.1 cm? for the Halden run.
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Figure E.6.: Comparison of measured and BISON predicted plenum pressure for rod 19.

E.7. Discussion

In modeling these two rods it came to the surface that how refabracation is modeled needs to be looked
at more closely. This is a good thing as it will lead to a better overall BISON. Topics such as what to do
with the released fission gas at refab and the BISON calculated gas volume are being worked out. As for
how refabracation works currently a user enters plenum volume, gas temperature, gas content and gas
pressure. BISON uses these to calulate the number of moles of gas in the plenum. BISON then looks
to the postprocessors for the previous time step to calculate the gas volume that it is going to use for
the continuation of the run. This was done to attempt to capture the fuel swelling and other physics that
happened in the base irradiation. As stated better approaches are being looked in to.
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F. IFA 535.5/6 Rod 809 and Rod 810

F.1. Overview

The IFA535 test is a test that was carried out during the Halden reactor project. This particular test was
conducted to examine the effect of pre-pressurisation on fission gas release in high burnup BWR-type
fuel rods. In this test four rods of identical design and base irradiation history were irradiated up to a
burnup of 44 MWd/kgUO,. At the end of the base irradiation the rods were reinstrumented with pressure
transducers and clad elongation sensors. Two rods at a time were installed in the IFA-535 rig and rampe
with one rod of each pair pressurized with He at 32 bar at room temperature. Rod 809, presented here
was part of the first IFAS535 test (IFA-535.5) which consisted of a slow ramp up to 52 kW/m. The base
irradiation of the rods was completed in the upper cluster of IFA-409 from May 1973 to June 1985.
Upon refabrication rods 809 and 810 were repressurized to 7.0 and 32.0 bar respectively, and fission gas
from the base irradiation was measured. The rods were in reactor position 4-10 from November 1985
to February 1986 for the ramp test. After reaching a burnup of 48 MWd/kgUO,the rods were removed
from the reactor.

F.2. Test Description

F.2.1. Rod Design Specifications

The rod specifications for the IFA-535 test is are summarized in Table [F.I] The clad thickness includes
the 13um niobium linear as the liner is not modeled for simplicity and is incorporated into the cladding
thickness.
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Table F.1.: IFA-535 Rod 809 and 810 Test Rod Specifications

Fuel Rod

Overall length m 0.560019
Fuel stack height m 0.286
Nominal plenum height mm  70.166
Base Irradiated Rod

Fill gas composition He

Fill gas pressure MPa 0.1
Re-Fabricated Rod 809

Fill gas composition He

Fill gas pressure MPa 7.0
Re-Fabricated Rod 810

Fill gas composition He

Fill gas pressure MPa 32.0
Fuel

Material Uuo,
Enrichment % 9.88
Density % 94.7
Inner diameter mm -

Outer diameter mm  10.54
Pellet geometry flat ends, chamfered
Grain diameter um  9.36 (not given assumed as per [34])
Pellet Dishing

Chamfer width cm not given
Chamfer depth cm  not given
Cladding

Material Zr-4
Outer diameter mm  12.56
Inner diameter mm  10.81
Wall thickness mm  0.88
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F.2.2. Operating Conditions and Irradiation History

The base irradiation average power is shown in Figure The average power during the bump test
is shown in Figure [F2] According to Rossiter [34] the base irradition powers were given as average
powers over a timestep. Therefore following the same format as Rossiter the power was ramped to the
average power of the step at a rate of 10 kw/m per hour and then remained at the average power for
the duration of the timestep. The ramp test values were given as point values and the power profile
was linearly interpolated between these values. There was a signifcant axial profile on the fuel through
both the base irradiation and the ramp test. There were minor fluctuations of the axial profile during
irradiation. To illustrate the signifcance of the axial profile a plot of the profile at the end of base irradia-
tion (prior to refabrication) and at the end of the ramp test (prior to shut down) are provided in Figure[F.3]
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Figure F.1.: IFA-409 base irradiation used for all IFA535 tests.
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Figure F.2.: Average power history during the IFA-535.5 ramp test.
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Figure F.3.: The axial power profile at the end of the base irradiation and the end of the ramp.

The clad surface temperature was input as a function, along with the fast neutron flux from data provided
in the FUMEX-III data set [35)]. The coolant inlet temperature and pressure for the base irradiation and
power ramp is shown in Table[F.2] The clad tempature, fast flux, and axial peaking factors were modified
such that the same ramp rates as the power history are applied. This ensures that the times used are
consistent throughout the model.

Table F.2.: Operational input parameters.
Base Irradiation

Coolant inlet temperature C Not Given
Coolant pressure MPa 3.2
Power Ramps

Coolant inlet temperature C Not Given
Coolant pressure MPa 3.2

F.3. Model Description

F.3.1. Geometry and Mesh

The geometric parameters specified in Table [F.I| were used to create the mesh for this simulation. The
fuel was meshed as a smeared fuel rod with 11 radial elements and 135 axial elements. The geometry was
such that the refabricated rod length was modeled during the base irradiation and bump test. To account
for the correct gas volume the plenum height was adjusted such that the overall voidage including radial
gap, bottom plenum and top plenum were equivalent to the refabricated volume at the beginning of the
ramp irradiation. The lower plenum was equal to the length of the insulator pellet that was not modeled.

F.3.2. Material and Behavioral Models

The thermal conductivity model used for the UO, fuel was NFIR. The fuel was modeled as elastic and
fuel swelling was coupled to the fission gas release model. In addition fuel relocation was modeled using
an activation power of 5 kW/m. Fission gas release was modeled using the Sifgrs model with a transient
burst release model. The cladding material, was modeled using a constant thermal conductivity of 16
W/m-K. Primary and secondary thermal, and irradiation creep were modeled.

56



F.3.3. Input files

The BISON input and all supporting files (power histories, axial power profile, fast neutron flux history,
etc.) for these cases are provided with the code distribution at bison/assessment/IFA _535/analysis/rod_809
and BISON/assessment/IFA _535/analysis/rod_810.

F.3.4. Execution Summary

The assessment case was completed on a Mac Workstation running OS X using BISON version 1.2.

Table F.3.: Execution summary.
Machine ‘ Operating System ‘ Code Version ‘
FALCON | LINUX | BISON 1.2 |

F.4. Results Comparison

In this section the BISON simulation results are compared against the experimental data provided in
the FUMEX-III data set. Measurements were provided for the rod internal pressure, fission gas release
percentage and clad elongation. At the present time BISON is unable to predict clad elongation and
therefore clad elongation comparisons are not included.

F.4.1. Rod Internal Pressure

The rod internal pressure results for rods 809 and 810 are presented in Figures and [F.5] respectively.
The initial pressure at the beginning of the ramp was 0.7 MPa nad 3.2 MPa for rods 809 and 810 respec-
tively. It is observed that BISON overpredicts the internal pressure for 809 and slightly underpredicts
the pressure for rod 810. BISON predicts the correct trends in both cases and the pressure drops during
power decreases are much larger in magnitude then observed in the experimental data.
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Figure F4.: Rod internal pressure experimental comparison of IFA-535 rod 809 during the ramp test.
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Figure F.5.: Rod internal pressure experimental comparison of IFA-535 rod 810 during the ramp test.

F.4.2. Fission Gas Release

The fission gas release results for rods 809 and 810 are presented in Figures and At the end
of the base irradiation the PIE measurements obtained 19.6% and 16.2% fission gas for the two rods.
However, the experimental data gives values that are slightly different at the end of the base irradiation
(22% and 16.9%). BISON underpredicts the fission gas released in both cases however the results are
within a factor of 2 which is considered acceptable for fission gas release predicts due to the complexity
and uncertainties associated with the processes.
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Figure F.6.: Fission gas release experimental comparison of IFA-535 rod 809 during the ramp test.
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Figure F.7.: Fission gas release experimental comparison of IFA-535 rod 810 during the ramp test.

F.4.3. Discussion

There is some significant discrepancies in the experimental data provided in the FUMEX-III data files
for the IFA-409 base irradiation history. Within the data the average linear heat rate is given and the
linear heating rate at 5 axial locations. The axial peaking factors used within BISON are determined by
taking the axial locations and dividing by the average. Therefore the average of the axial peaking factors
should equal one. Using the data given in the FUMEX-III data base this is not the case. In many cases
the average linear heating rate provided is less than the lowest value reported for the axial zones, which
does not make sense. Therefore to ensure the correct axial profile is applied to the fuel the average linear
heat rate is recalculated by taking the average of the 5 axial values provided in the data file. Moreover at
certain locations in the datat files, there are two points for a specific time. Usually one lists adt value of 0
and was therefore removed. In one case the second data point contains a negative value for power at the
fifth axial location. Thus for this data point the axial peaking profile was set to completely flat and the
average linear heating rate to zero to remove the unphysical negative power. The effect of this change to
the base irradiation on the final results is expected to be minimal. Moreover the base irradiation given
in the data files for both rods 809 and 810 were significantly different even when they were irradiated
in the same IFA-409 rig. Therefore, the corresponding base irradiation provided in the data files in each
case was used.

In addition to the experimental data provided in the FUMEX-III dataset, numerous well known codes
also completed the simulation of rod 809. Figure [F.8] presents the rod internal pressure of BISON,
TRANSURANUS, FRAPCON and ENIGMA-B alongside the experimental comparison. It can be seen
that BISON’s predictions are within the range predicted by other codes.
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G. IFA 562 Rod 15, Rod 16, and Rod 17

G.1. Overview

The IFA-562.2 experiments centered on through life fuel centerline temperature and were part of the Ul-
tra High Burnup (UHB) program. They were irradiated in the Halden Boiling Water Reactor (HBWR)
for 2.68 years to a average burnup of approximately 50 MWd/kgUQO,. The rods were fitted with a
fuel centerline expansion thermometer (ET) to measure the fuel centerline temperature during irradia-
tion [[16]].

G.2. Test Description

G.2.1. Rod Design Specifications

The IFA-562.2 rods were short rods of annular fuel and were enriched to 13% U-235. The fuel and
cladding specifications are tabulated in Table

Table G.1.: IFA-562.2 Test Rod Specifications

Fuel Rod

Fuel stack height mm 4425
Nominal plenum height mm  31.0
Fuel pellet height mm 7.5
Fill gas composition He
Fill gas pressure MPa 1.0
Fuel

Material U0o,
Enrichment % 13
Density % 94
Inner diameter mm 2
Outer diameter mm  5.915
Pellet geometry flat end
Insulator Pellet

Material natural UO,
Inner diameter mm 1.80
Outer diameter mm  5.56
Pellet length mm 7.5
Cladding

Material Zr-2
Outer diameter mm  7.015
Inner diameter mm  6.015
Wall thickness mm 0.5




G.2.2. Operating Conditions and Irradiation History

The HBWR operating conditions are tabulated in Table [G.2] The reactor power history is shown in
Figure [G.1] The measured reactor coolant temperature was used as the boundary temperature on the
cladding outer surface.

Table G.2.: Operational input parameters.

Average coolant temperature C 230
Coolant pressure MPa 3.4
40
\
30 \

N

o

—_—
—
—=

-

—— =

-

==
_—

—_
o

Average Linear Heat Rate (kW/m)

IJ” | I | .

0 2e+07 4e+07 6e+07 8e+07
Time (s)

(=)

Figure G.1.: Through life power profile for IFA-562.2 rod 15. Note: Rods 15-17 power histories were
very similar.

G.3. Model Description

G.3.1. Geometry and Mesh

The assumed geometry and mesh are shown in Figures[G.2]and [G.3] The fuel pellet stack was modeled
as a smeared column with merged insulator pellets. The insulator pellets were modeled as UO;, meaning
they the same mechanical and thermal properties of the rest of the column. The expansion thermometer
was modeled as a void in the pellet/insulator stack; this was done to ease the simulation. The BISON
fuel centerline temperature was calculated as an average of the pellet interior (BISON sideset 13). The
plenum length for the mesh was adjusted from the experiment length to account for the difference in
volume caused by the voided expansion thermometer. The initial gas volumes for the simulations were
as listed in [[16]]. A 2-dimensional axisymmetric quadratic mesh was used. The fuel column was meshed
with 177 axial and 11 radial elements (aspect ratio 14) and the insulator pellets with 3 axial and 11 radial
elements (aspect ratio 14). The cladding was meshed with 183 axial and 4 radial elements (aspect ratio
23.3).
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Figure G.2.: 2-D axisymmetric quadratic mesh for IFA-562.2 rod 15. Note: magnified radially 10x.

Figure G.3.: Close-up view of the IFA-562.2 rod 15. Note: This is only a cut from the bottom of the
fuel rod meant to show the fuel and insulator pellet. The volume where the expansion
thermometer would be in the experiment can also be seen.
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G.3.2. Material and Behavioral Models

The following material and behavioral models were used for the UO, fuel:

e ThermalFuel - NFIR: temperature and burnup dependent thermal properties
e VSwellingUO2: free expansion strains (swelling and densification)
e RelocationUO2: relocation strains, relocation activation threshold power set to 5 kW/m.

e Sifgrs: fission gas generation and release

For the cladding material, a constant thermal conductivity of 16 W/m-K was used and both thermal
and irradiation creep were considered using the Limback model [16].

G.3.3. Input files

The BISON input and all supporting files (power histories, axial power profile, cladding surface tem-
perature boundary condition, fast neutron flux history, etc.) for this case are provided with the code
distribution at bison/assessment/IFA_515_RodA1/analysis.

G.3.4. Simulation Parameters and Assumptions

As mentioned in the the mesh used is not an exact representation of the experiment. The insulator
pellets were not included in the heat source term. The expansion thermometer was physically neglected
in this mesh. This was done to alleviate troubles with thermal and mechanical properties between the
thermometer and the fuel/insulator stack. The plenum length of the fuel rod was adjusted to account for
the extra gas volume made from the voided thermometer. The simulation initial gas volumes were as
listed in [16]. The initial fuel grain size and the fuel roughness were not given in [16]. The value of
7.75e-6 m was used for the initial grain size. This value was taken from IFA-515A1. The BISON default
value of 2e-6 was used for the fuel roughness. Peaking factors were not given for this experiment. It is
assumed that the rod were short enough that they did not experience much power tilting.

64



G.3.5. Execution Summary

Table G.3.: Execution summary.
Machine ‘ Operating System ‘ Code Version
INL HPC Falcon | Linux | BISON 1.2

G.4. Results Comparison

A BISON postprocessor was used to extract the centerline temperature as an average of the interface of
the pellet interior surface and the ET (BISON sideset 13). This provides an accurate representation of
the average fuel centerline temperature since, in this case, no axial variation in fuel temperature.

G.4.1. Temperature

The BISON results for the fuel centerline temperature show that BISON over predicts the actual ex-
perimental. Plots of the comparisons can be seen below in Figures [G.4] [G.5] and [G.6] The peak fuel
centerline temperatures are over estimated by 40-100 degrees C. One possible reason for the higher pre-
dicted temperature is that the fuel and cladding roughnesses were not reported. While running the initial
simulations it was noticed that a smaller roughness affects the peak FCT greatly, improving the result
comparisons. Fission gas release is another possible player with the FCT results. Initial fuel grain radius
was not reported either and due to this 7.75e-6 m was taken from another simulation. The end of life
FGR was reported by BISON to be about 3.5% for all three rods. This small amount would not affect
the temperature much. The difference in the BISON results and the experiment measured can be seen as
soon as the simulation starts. Meaning that the FGR is not the reason for the FCT difference. FCT were
the only data measured from this experiment. Figures and[G.9show a comparison of measured
and predicted fuel centerline temperatures. These plots show that BISON does tend to over predict
through the simulation at all powers. Included in these plots are the results from the test simulation that
was run with a smaller fuel roughness. The rod 17 R ;=0.2um results show a significant improvement in
the comparison of measured and predicted. As mentioned before the fuel roughness was not reported so
these results are purely academic.

65



—
o
o
o

Fuel Centerline Temperature (C)

0

1200
— BISON
— IFA-562 rod 15
800 | . il
f i l
f
600 8 j
400
0

\ \ \ \
2e+07 4e+07 6e+07 8e+07
Time (s)

Figure G.4.: A comparison of fuel centerline temperatures for IFA-562.2 rod 15 from BISON calcula-
tions and experimental measurements.
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tions and experimental measurements.
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Figure G.6.: A comparison of fuel centerline temperatures for IFA-562.2 rod 17 from BISON calcula-
tions and experimental measurements.
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Figure G.8.:

Figure G.9.:
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G.5. Discussion

Fuel centerline temperature comparisons between BISON and the measured results show obvious dif-
ferences, although the BISON results are within 10% of the experiment measured data. Fuel roughness
was shown to be a sensitive parameter and one that we are stuck using a default value for. As mentioned
previously FCT was the only data recorded from this experiment leaving us with only speculation as to
what may be causing the result differences.

69



H. IFA 636 Rod 5

H.1. Overview

The IFA-636 fuel performance test was an experiment completed in the Halden reactor as part of the
OECD Halden Reactor Project. The main objective of this experiment was to extend the database on
the performance of UO,-Gd,0O3 fuel compared with commerical UO;. The rod of interest investigated
in this report is rod 5 which contained standard UO;fuel pellets and had online measurements of fuel
elongation. Fuel elongation prior to contact can provide information on whether or not the thermal ex-
pansion, densification, solid fuel swelling and gaseous fuel swelling models are behaving as expected.
Upon contact with the cladding the fuel elongation behavior becomes dependent upon the friction be-
tween the fuel stack and cladding. In the experiment it was observed that densification only occured in
the UO,fuel whearas fuel elongation measurements in the Gd-doped fel rolds indicated essentially con-
stant sweeling with burnup. At burnups above 5 MWd/kgUO, the swelling rate was observed to be about
0.5 - 0.6 % AV/V per 10 MWd/kgUO, for both fuel types. The total burnup in rod 5 is approximately
34 MWd/kgUOs.

H.2. Test Description

H.2.1. Rod Design Specifications
The specifications for IFA-636 rod 5 is are summarized in Table
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Table H.1.: IFA-636 Rod 5 Rod Specifications

Fuel Rod

Overall length m 0.7288
Fuel stack height m 0.393
Nominal plenum height mm  20.2
Fill gas composition He
Fill gas pressure MPa 0.1
Fuel

Material U0,
Enrichment % 4.25
Density % 96.1
Inner diameter mm -
Outer diameter mm  8.195
Pellet geometry dished, chamfered
Grain diameter um  9.36
Pellet Dishing

Chamfer width mm  0.51
Chamfer depth mm 0.13
Dish diameter mm  4.95
Dish depth mm 0.24
Cladding

Material Zr-4
Outer diameter mm 9.5
Inner diameter mm  8.357
Wall thickness mm  0.5715

H.2.2. Operating Conditions and Irradiation History

The power history of the IFA-636 experiment was provided by Halden as part of the Halden Research
Project (HRP). Throughout the duration of the experiment there was an axial profile that resulted in
higher power to the fuel at the top of the rod. The average linear heating rate applied to the fuel is
presented in Figure [H.1]

30000

25000 “

! |
2e+08 2.5e+08

| " |
% 5e+07 1e+08 1.5e+08
Time (s)

Figure H.1.: Average linear heating rate to the fuel for the IFA-636 rod 5 test.
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The outer clad surface temperature was given in the Halden data and prescribed as function Dirichlet
boundary condition. For the fast flux to the cladding factor of 1.6 x10'> n m~2 s~! per W/m was
multiplied by the power profile. This factor is a typical value for the Halden Boiling Water Reactor. The
coolant pressure for the duration of the experiment was set to 3.33 MPa.

H.3. Model Description

H.3.1. Geometry and Mesh

The geometric parameters specified in Table were used to create the mesh for this simulation. The
fuel was meshed as a smeared fuel rod with 11 radial elements and 40 axial elements. The plenum length
was adjusted such that the initial void volume within the fuel element is equal to 5.4 cubic centimeters
as given in the Halden report. A segment of the mesh is illustrated in Figure

Figure H.2.: Segment of the mesh used for the fuel and cladding for the IFA-636 rod 5 simulation.

H.3.2. Material and Behavioral Models

The thermal conductivity model used for the UO; fuel was NFIR. The fuel was modeled as elastic and
fuel swelling was coupled to the fission gas release model. In addition fuel relocation was modeled using
an activation power of 5 kW/m. Fission gas release was modeled using the Sifgrs model with a transient
burst release model. The cladding material, was modeled using a constant thermal conductivity of 16
W/m-K, and primary and secondary thermal, and irradiation creep were modeled.

H.3.3. Input files

The BISON input and all supporting files (power histories, axial power profile, fast neutron flux history,
etc.) for this case are provided with the code distribution at bison/assessment/IFA_636/analysis/

H.3.4. Execution Summary

The assessment case was completed on a Mac Workstation running OS X using BISON version 1.2.
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Table H.2.: Execution summary.
Machine ‘ Operating System ‘ Code Version ‘
FALCON | LINUX | BISON 1.2 |

H.4. Results Comparison

In this section the BISON simulation results are compared against the experimental data and informa-
tion provided by Halden. Measurements were provided for fuel elongation for rod 5. From the fuel
elongation measurements a calculation of the volumetric strain in the fuel was determined. Halden
takes experimental measurements every 15 minutes during the irradiation. To make the amount of data
points manageable the program PowerCondense4 was used to condense the power history, axial profile,
cladding temperature and cladding elongation. All condensed measurements were synchronized in time.
Halden noted that the fuel elongation sensor present in rod 5 failed during irradiation. This failure is
observed when the experimental data falls close to zero at an irradiation time of approximately 60 000
hours as illustrated in BISON underpredicts the fuel elongation early in life and overpredicts the
fuel elongation late in life. To gain a better understanding of the behavior early in the irradiation a
zoomed in version on the first 500 hours of irradiation is provided in Figure[H.5] The sharp increase in
the BISON results immediately after the simulation starts is due to the fact that BISON assumes a ref-
erence temperature of 297 for the thermal expansion. The systematic underprediction during part of the
irradiation is due to the use of a constant thermal expansion coefficient currently employed in BISON.
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Figure H.3.: Comparison of BISON simulation results to the experimental measurements for fuel elon-
gation for IFA-636 rod 5.

Halden stated in the report that the volumetric swelling rate was between 0.5% and 0.6% per 10
MWd/kgUQO?2 after a burnup of 5 MWd/kgUO?2 as presented in Figure It is observed that BISON
overpredicts this swelling rate by approximately 10

To gain a better understanding of the behavior early in the irradiation a zoomed in version on the first
500 hours of irradiation is provided in Figure[H.5] The sharp increase in the BISON results immediately
after the simulation starts is due to the fact that BISON assumes a reference temperature of 297 for the
thermal expansion. The systematic underprediction during part of the irradiation is likely due to the use
of a constant thermal expansion coefficient currently employed in BISON.
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Figure H.4.: Volumetric strain predicted by BISON. The minimum and maximum swelling rates (0.5%
and 0.6% per 10 MWd/kgUO2) given by Halden are superimposed. BISON appears to
overpredict the volumetric strain.
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Figure H.5.: Comparison of BISON simulation results to the experimental measurements for fuel elon-
gation for IFA-636 rod 5 for the first 500 hours of irradiation.
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l. US PWR 16x16

l.1. Overview

The US PWR 16x16 lead test assembly (LTA) extended burnup demonstration (refered to as US PWR
16x16 from here on out) was conducted during the 1980’s in a US commercial pressurized water reactor
(PWR) [35]. The purpose of this series of exeperiments was to increase final discharge burnup and to
demonstrate improved fuel utilization through more effecient fuel management. Two rods out of this
series, TSQO002 and TSQO022, were discharged at a burnup of approximately 58 MWd/kgU and are the
subjects of this report. TSQO002 is a full length fuel rod with standard (solid) fuel pellets, whereas
TSQO022 is a full length fuel rod with annular fuel pellets.

l.2. Test Description

1.2.1. Rod Design Specifications

As mentioned in the previous section, both rods considered in the US PWR16x16 experiment were full
length rods. TSQO002 was a standard fuel rod with solid fuel pellets whereas TSQO022 had annular fuel
pellets. Both fuel rods were clad with Zr-4. The rod specifications are tabulated in Table [[.]

I.2.2. Operating Conditions and Irradiation History

The power history for rod TSQO002 is shown in Figure The power history for rod TSQ022 is shown
in Figure[[.2] A prescribed axial profile for this experiment was provided in the FUMEX-III data [35].
The measured clad surface temperature, as a function of time, was also provided in the FUMEX-III
data [35] and used as a boundary condition for this simulation. The fast neutron flux was provided in
the FUMEX-III data [35] as well, and is input in to the code as a function of time. The other reactor
operation parameters are tabulated in Table
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Figure I.1.: Power history for the TSQO002 fuel rod.
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Table I.1.: Rod Specifications for US PWR 16x16 rods TSQ002 and TSQ022.

Fuel Rod
Overall length m 4.094
Fuel stack height m 3.81
Nominal plenum height mm 284
Number of pellets per rod 385
Fill gas composition He
Fill gas pressure MPa 2.62
Fuel
Material UO,
Enrichment % 3.48
Density % 95
Inner diameter (TSQ022 only) mm  2.337
Outer diameter mm  8.255
Pellet geometry dished both ends
Grain diameter um  7-12
Pellet Dishing
Dish diameter cm 0.5
Dish depth cm  0.03
Chamfer width cm 0.05
Chamfer depth cm  0.016
Cladding
Material Zr-4
Outer diameter mm  9.7028
Inner diameter mm  8.4328
Wall thickness mm  0.635
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Figure 1.2.: Power history for the TSQ022 fuel rod.
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Table 1.2.: Operational input parameters for the US commercial PWR.

Coolant inlet temperature C 290
Coolant pressure MPa 15.517
Fast neutron flux n/(cm?xs) per (kW/m) 5.41x10'2

1.3. Model Description

1.3.1. Geometry and Mesh

A 2-dimensional axi-symmetric quadratic mesh was used to model the geometry for both rods. The fuel
pellets were modeled using a single cylindrical fuel column, refered to as a smeared pellet mesh. Both
meshes consisted of 1925 axial elements and 11 radial elements. The clad mesh for both rods consisted
of 1931 axial elements and 4 radial elements.

1.3.2. Material and Behavioral Models

The following material and behavioral models were used for the UO; fuel:
e ThermalFuel - NFIR: temperature and burnup dependent thermal properties
e RelocationUO2: relocation strains, relocation activation threshold power set to 5 kW/m.

o Sifgrs: fission gas release model with a couple gaseous swelling model

For the clad material, a constant thermal conductivity of 16 W/m-K was used and both thermal (pri-
mary and secondary) and irradiation creep were considered using the Limback creep model [26]].
1.3.3. Input files
The BISON input and all supporting files (power histories, axial power profile, fast neutron flux history,

etc.) for this case are provided with the code distribution at ..bison/assessment/US_PWR_16x16/analysis.

1.3.4. Execution Summary

Table 1.3.: Execution summary.
Rod ‘ Machine ‘ Operating System ‘ Code Version
TSQ002 | Falcon Linux BISON 1.2

TSQO022 | Falcon Linux BISON 1.2

1.4. Results Comparison

The purpose of this series of experiments was to increase final fuel discharge burnup and to demonstrate
improved fuel utilization through more effcient fuel management. The two rods of interest, for this study,
are TSQO002 and TSQO022, which compare the difference between annular and solid pellets with the
standard PWR fuel design [35]. Experimental data is sparse as these are commercial rods irradiated in a
commercial plant. The through life fuel centerline temperature and the through life rod internal pressure
results were compared to other well know fuel performance codes. The data for these comparisons were
digitized from the plots in the FUMEX-III Summary Report [35]. The total fission gas release and the
end of life final rod diameter calculations were compared to experimental data.
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.4.1. TSQ002
Temperature

As there is no experimental data to compare the fuel centerline temperature to, BISON results were
compared to other well know fuel performance codes [35]. As show in Figure[[.3] the BISON predictions
for fuel centerline temperature compare well with the other codes. Note: The fuel centerline temperature
was taken at a node near the axial mid-plane of the rod.
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Figure 1.3.: Fuel centerline temperature comparisons for rod TSQO002.

Fission Gas Release

The only fission gas release data available for this experiment is from post irradiation examination (PIE)
puncture tests at the end of the fuel life. Figure [[.4] shows BISON’s comparisons with the end of life
experimental data.

—_
(6}
|

—
I

— BISON
x Experiment

Total Fission Gas Release (%)
5
I

O 1 | 1 | 1 | 1 | 1 J

0 10 20 30 40 50 60
Rod Average Burnup (MWd/kgU)

Figure 1.4.: Fission gas release comparisons for rod TSQO002.
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Internal Rod Pressure

As there is no rod internal

pressure data to compare to, BISON calculations are compared to other well

known fuel performance codes [35]. As shown in Figure [[.5] the BISON predictions of rod internal

pressure compare well wit
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life code comparisons for the rod internal pressure for fuel rod TSQO002.

The final rod diameter is an indication of how well the solid mechinics featured in BISON are predicting
fuel swelling and clad creep. Figure [[.6/has the BISON to experimental comparisons for the end of life
final rod diamter. The BISON predictions over estimate the end of life rod diameter, with a difference

of appoximatly 0.02 mm.
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Results of the other fuel performance codes can be found in reference [35].
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Figure 1.6.: Final rod diameter comparisons for fuel rod TSQO002.
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.4.2. TSQ022
Temperature

As there is no experimental data to compare the fuel centerline temperature to, BISON results were com-
pared to other well known fuel performance codes [35]. As show in Figure the BISON predictions
for fuel centerline temperature compare well with the other codes. Note: The fuel centerline temperature
was take at a node near the axial mid-plane of the rod.

1100
1000
900
800
700
600
500
400
300
200
100
0 I | I I

| | | |
0 10 20 30 40 50 60 70
Rod Average Burnup (MWd/kgU)

— BISON
+— ENIGMA - UK

»—x FALCON - Switzerland
eo—e TRANSURANUS - Bulgaria

Temperature (C)

! ! !

Figure 1.7.: Fuel centerline temperature comparisons for rod TSQ022.

Fission Gas Release

The measured fission gas released was 0.85%, BISON did not predict any fission gas release for this
experiment.

Rod Internal Pressure

As there is no rod internal pressure data to compare to, BISON calculations are compared to other well
known fuel performance codes [35]. As shown in Figure the BISON predictions for the rod internal
pressure are lower than the other codes plotted. The lack of fission gas release in the BISON simulation
could account for the lower pressure calculated.
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Figure 1.8.: Through life code comparisons for the rod internal pressure for fuel rod TSQ022.

Rod Diameter

The final rod diameter is an indication of how well the solid mechanics featured in BISON are predicting
fuel swelling and clad creep. Figure[L.9|shows the BISON to experimental comparisons for the end of life
final rod diamter. The BISON predictions over estimate the end of life rod diameter, with a difference
of appoximatly 0.03 mm. Results of the other fuel performance codes can be found in reference [35].
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Figure 1.9.: Final rod diameter comparisons for fuel rod TSQ022.

I.5. Discussion

Data for these two simulations, TSQ002 and TSQ022, where provided in a histogram format from the
FUMEX-III database. A script was written at Idaho National Laboratory to convert this histogram
style formatting in to a linear style format for BISON’s PiecewiseLinear function call. This script can
be found with the code distribution at ..bison/assessment/US_PWR_16x16/analysis. From the results
shown above it is plain to see that BISON results differ from the other codes mainly in the end of life rod
diameter. Pellet-cladding interactions are extremely complex and modeling them is not a trivial matter.
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The BISON code is constantly undergoing changes and revisions to rectify weaknesses and results will
be revisited as new and improved features are made available.
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J. IFA 597.3 Rods 7 and 8

J.1. Overview

The IFA-597.3 rod 8 experiment conducted at Halden utilized a re-fabricated rod from the Ringhals
boiling water reactor (BWR) [18]]. The mother rod was irradiated at a low average power of around 16
kW/m for approximately 12 years. The mother rod was then re-fabricated to a shorter length and fitted
with a fuel centerline thermocouple and an internal pressure sensor [36], [37]].

The IFA-597.3 rod 7 experiment is similiar to the IFA-597.3 rod 8 experiment with the exception that
it was instrumented with an elongation detector. The two experiments saw similarl powers (differed by
approximately 2 kW/m). However, since the maximum power is approximately 30 kW/m this 2 kW/m
difference is a significant percentage of the total power and the two simulations were run as separate rods
with only the power history being changed. The fuel temperature and fission gas release results were
obtained from the rod 8 simulation and the cladding elongation was obtained from the rod 7 simulation.

J.2. Test Description

J.2.1. Rod Design Specifications

As stated in the previous section, both rods were nearly identical and comparisons for both experiments
were modeled with one simulation. The specifications for rod 8 were used for the simulation. Rod 8
was a re-fabricated rod extracted from a full length rod. The hole for the thermocouple was at the top of
the fuel stack and did not penetrate the entire fuel stack. The re-fabricated rod geometry is tabulated in
Table 11
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Table J.1.: IFA-597.3 Rod 8 Test Rod Specifications

Fuel Rod

Overall length m 0.3539
Fuel stack height m 0.4098
Nominal plenum height mm  0.0513
Mother Rod

Fill gas composition He
Fill gas pressure MPa 0.1

Re-Fabricated Rod
Fill gas composition He

Fill gas pressure MPa 0.5
Fuel

Material UoO,
Enrichment Y% 3.347
Density % 95.5
Inner diameter mm 2.5
Outer diameter mm 10.439
TC hole length mm  34.0
Pellet geometry dishing one end
Grain diameter um  7.83
Pellet Dishing

Dish diameter cm 0.5
Dish depth cm  0.01
Chamfer width cm 0.07
Chamfer depth cm  0.02
Cladding

Material Zr-2
Outer diameter mm  12.25
Inner diameter mm  10.65
Wall thickness mm 0.8

J.2.2. Operating Conditions and Irradiation History

The power history for the base irradiation carried out at the Ringhals BWR is the same for both rods 7
and 8 and is shown in Figure [J.I] The experiment power history carried out at the Halden boiling water
reactor (HBWR) is shown in Figure The measured clad surface temperature as a function of time is
shown in Figure The other reactor operational parameters are tabulated in Table
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Figure J.1.: Base irradiation history for IFA-597.3, carried out at Ringhals BWR.
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Figure J.2.: Halden irradiation periods for rods 7 and 8. The irradiations include IFA-597.2 and IFA-
597.3.
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Figure J.3.: Temperature on the outside surface of the cladding for both the base irradiation and Halden
irradiations for Rods 7 and 8.

Table J.2.: Operational input parameters.

Base Irradiation

Coolant inlet temperature C 286
Coolant pressure MPa 7.0

Fast neutron flux n/(cm?-s) per (kW/m) 2.3-10'2
Power Ramps

Coolant inlet temperature C 232
Coolant pressure MPa 3.2

Fast neutron flux n/(cm?-s) per (kW/m) 1.6-10"

J.3. Model Description

J.3.1. Geometry and Mesh

The re-fabricated rod geometry was modeled for the entire simulation. The rod was modeled with two
smeared pellet blocks, one annular and one solid, to account for the thermocouple at the top of the fuel
rod.

A 2D-RZ axisymmetric quadratic mesh was used to model the geometry of rod 8. The fuel mesh
consisted of 128 axial nodes and 14 radial nodes (11 radial elements for the annular section) and the
clad was meshed with 4 radial elements through the thickness. A section of the meshed fuel rod at the
thermocouple location is shown in Figure
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Figure J.4.: 2D-RZ axisymmetric mesh for IFA-597.3 Rod 8 simulation with temperature contour plot
at thermocouple location.

J.3.2. Material and Behavioral Models

The following material and behavioral models were used for the UO; fuel:
e ThermalFuel - NFIR: temperature and burnup dependent thermal properties
e RelocationUO2: relocation strains

o Sifgrs: Simplified fission gas release model with a combined solid/gaseous swelling model based
on fission gas release.

Material models for Zr-4 were used as a replacement for the Zr-2 clad. For the clad material, a
constant thermal conductivity of 16 W/m-K was used and both thermal (primary and secondary) and
irradiation creep were considered using the Limback model [26].

J.3.3. Input files
The BISON input and all supporting files (power histories, axial power profile, fast neutron flux history,

etc.) for this case are provided with the code distribution at bison/assessment/IFA_597 _3/analysis.

J.3.4. Execution Summary

Table J.3.: Execution summary.
Machine ‘ Operating System ‘ Code Version
FALCON | LINUX | BISON 1.2

J.4. Results Comparison
The IFA-597.3 Rod 8 experiment irradiated at Halden is used to demonstrate the code’s capability to cap-

ture the fuel centerline temperature and the total fission gas released. The IFA-597.3 Rod 7 experiment
is used to assess the code’s capability to predict clad elongation during irradiation.
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J.4.1. Temperature

Comparison of the measured and predicted fuel centerline temperature during the first four and final
power ramps are shown in Figure Although BISON tends to under predict the temperature, consid-
ering uncertainties in the power and temperature measurements the comparisons are reasonable.
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Figure J.5.: BISON fuel centerline temperature comparison to Halden experimental data.

A comparison of the predicted (P) and measured (M) fuel centerline temperatures for the entire IFA-
597.3 ramp section is shown in Figure [J.6] Superimposed on the graph are a M=P, M=P+10%, and
M=P—10% lines to illustrate how well BISON is predicting the fuel centerline temperature. Given the
uncertainty in thermal conductivity and measurements of linear power, predictions within +10% are
considered acceptable.
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Figure J.6.: Predicted versus measured temperature throughout the IFA-597.3 Halden ramp.

J.4.2. Fission Gas Release

BISON under predicts the total FGR at the end of base irradiation and at the end of the power ramps.
The pressure transducer that was used to measure the FGR reached its maximum operating limit at 68
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MWd/kgU. The total fission gas release measured during the PIE puncture test was 15.8%. BISON
predicts 1.8%. The BISON results compared to experimental data is shown in Figure
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Figure J.7.: BISON fuel centerline temperature comparison to Halden experimental data.

J.4.3. Clad Elongation

The clad elongation was predicted with both frictionless contact between the fuel and clad and with glued
contact between the fuel and clad, with the actual clad elongation lying between the two predictions.
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Figure J.8.: BISON fuel centerline temperature comparison to Halden experimental data.

J.5. Discussion

BISON over predicts the burnup which leads to a shift in the comparisons; this is currently being inves-
tigated.

It is recommended that this problem be revisited when frictional contact is ready for use in order to
better predict the clad elongation during the power ramps.
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K. R. E. Ginna Rod 2 and Rod 4

K.1. Overview

The objective of the Siemens Power Corporation (SPC)- R. E. Ginna fuel irradiation program was to
test proposed fuel designs with increased margin to PCI failure and potential for higher burnup. The
lead fuel assemblies were fabricated by Exxon Nuclear Company (ENC, later acquired as SPC) under
a cooperative program jointly sponsored by Empire State Electric Energy Research Corporation (ES-
EERCo), Rochester Gas and Electric Corporation (RG&E), and ENC [38]]. The irradiation program
conducted at the R. E. Ginna nuclear power plant evaluated 14x14 fuel rod designs with both full length
and segmented test rods featuring annular or solid pellets combined with standard (CWSRA Zr-4) or
Zr-barrier (Zr-lined, CWSRA Zr-4) cladding. For the purposes of this fuel analysis problem, two rodlets
from a segmented fuel rod in lead fuel assembly XT03 were evaluated: one with solid pellets and one
with annular pellets. Both rods used standard cladding without a Zr-barrier. This experiment was chosen
for analysis because of the availability of measured data for evaluation of several fuel rod performance
characteristics including fission gas release, cladding hydrogen pick-up fraction, fuel column length
changes, and end-of-life internal free volume and rod internal pressure.

K.2. Test Description

K.2.1. Rod Design Specifications

Two segmented rodlets from lead test assembly XT03 were chosen for analysis: Rodlet-2 type SSNS and
Rodlet-4 type ASN5. The fuel rodlet cross reference identification data is shown below in Table[K.T|[39].
The geometric input parameters for the R.E. Ginna Rodlet-2 and Rodlet-4 test are summarized in Ta-
ble

Table K.1.: R.E. Ginna Fuel Rodlet Cross Reference

Rodlet Rod Rod Serial ~ Segment Segment  Rodlet
Number Assembly Position Number Number Serial No. Type

2 XTO03 MO7 XV00-2604 3 SO03L SSNS5
4 XTO03 L02 XU10-2303 2 S015U ASNS
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Table K.2.: R. E. Ginna Rodlet-2 and Rodlet-4 Test Rod Specifications.

Fuel Rod

Overall length m 0.653
Fuel stack height m 0.5418
Nominal plenum height mm  70.8
Fill gas composition He
Fill gas pressure MPa 2.1
Fuel

Material U0,
Enrichment (Rodlet-2) % 3.52
Enrichment (Rodlet-4) V) 3.7
Density % 94
Inner diameter (Rodlet-4 only) mm  2.814
Outer diameter mm  8.903
Nominal diametral gap um 190
Average grain size (Rodlet-2) um 22
Average grain size (Rodlet-4) um 20
Cladding

Material Zr-4
Outer diameter mm  10.592
Inner diameter mm  9.093
Wall thickness mm  0.749
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K.2.2. Operating Conditions and Irradiation History

The XTO03 segmented rod was irradiated for 5 cycles in the R.E Ginna reactor to a final discharge
average assembly burnup of 52.07 MWd/kgU. The reactor operated at or near full power throughout the
five cycles of irradiation. The power mode selected is PiecewiseLinear. The power histories for Rodlet-2
and Rodlet-4 are shown in Figures and respectively. These two power histories assumed a 24
hour startup time to reach full power, and a ramp rate of 0.33 kW/m/hr for large power increases. The
ramp rate of 0.33 kW/m/hr was applied for Rodlet-2 at time step 18 to increase linear power from 21700
W/m to 33200 W/m in 125454.4 seconds and at time step 74 to increase linear power from 8200 W/m
to 21300 W/m in 142909.1 seconds. The ramp rate was also applied for Rodlet-4 at time step 16 to go
from LHGR of 16200 W/m to 33200 W/m in 185454.5 seconds and at time step 97 to go from 12600
W/m to 21400 W/m in 96000 seconds.

The startup times and ramp rates selected are based on ANATECH’s experience with fuel rod mod-
eling for steady state operation and are intended to minimize the introduction of computational artifacts
from unrealistic power changes and ramp rates into the analyses . The ramp rate guidelines for typical
power maneuvers are shown in Table The axial profile was calculated from the SPC-RE-Ginna data
package [40]]. The measured cladding outer surface temperature as a function of time was also provided
in the SPC- RE-Ginna data package [40] and was used as a boundary condition for these simulations.
The cladding outer surface temperature ranged from 568 K to 601.2 K. The initial fill-gas (Helium) pres-
sure was 2.1 MPa, and the coolant system pressure was corrected to be 15.51 MPa instead of 155.1 MPa
as shown in the QA report for SPC Irradiation in RE Ginna Reactor data [41]]. The fast neutron flux as
a function time was calculated from the fluence data provided in the SPC-RE- Ginna data package [40].
The fast neutron flux profile was scaled to 4.8e17. Operational input parameters are summarized in

Table [K4]
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Figure K.1.: Rodlet-2 power history with 24 hours startup and ramp rate of 0.33 kW/m/hr
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Figure K.2.: Rodlet-4 power history with 24 hours startup and ramp rate of 0.33 kW/m/hr

Table K.3.: Ramp Rate Guidelines for typical power maneuvers

Steady State Operation kW/ft/hr kW/m/hr
Typical operating maneuvers 0.1 0.33
Start-Ups 03-10 1.0-33
Fast Transients

LOCA tests 2.2E3 7.2E3

Table K.4.: Operational input parameters
Base Irradiation
Coolant inlet temperature K 550.15
Coolant pressure MPa 15.51

K.3. Model Description

K.3.1. Geometry and Mesh

The rod specifications in Table were used to define the geometry for these simulations. Each rodlet
was modeled as a 2-dimensional axi-symmetric linear mesh with quadratic elements. The Rodlet-2 fuel
mesh consisted of 102 axial elements and 11 radial elements, whereas the Rodlet-4 fuel mesh consisted
of 102 axial elements and 8 radial elements due to the presence of the fuel pellet annulus. The cladding
mesh for both rodlets consisted of 4 radial elements.

In order to accurately model the fuel rod initial free volume, the overall fuel rod length and upper
plenum height were adjusted during the mesh generation to account for the volume of the plenum spring
which is not explicitly modeled. The overall fuel rod lengths for Rodlet-2 and Rodlet-4 were reduced
from 653 mm to 600.853 mm and 593.578 mm, respectively. The plenum heights for Rodlet-2 and
Rodlet-4 were reduced from 70.8 mm to 53.59 mm and 46.316 mm, respectively. The meshes for each
rodlet are shown in Figures and
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Figure K.3.: Rodlet-2 mesh

Fiig

Figure K.4.: Rodlet-4 mesh

K.3.2. Material and Behavioral Models

The following material and behavioral models were used for the UO; fuel:

e ThermalFuel - NFIR: temperature and burnup dependent thermal properties.
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e RelocationUO2: relocation strains, relocation activation threshold power set to 5 kW/m.
o Sifgrs: fission gas release model with the combined gaseous swelling model.

e MechZry: model irradiation growth.

For the cladding material, a constant thermal conductivity of 16 W/m-K was used and both thermal
and irradiation creep were considered using the Limback model [26].

K.3.3. Input files

The BISON input and all supporting files (power histories, axial power profile, etc.) for Rodlet-2 and
Rodlet-4 are provided with the code distribution at bison/assessment/RE_Ginna_Rodlets/analysis/RE_Ginna_Rodlet-
2 and bison/assessment/RE_Ginna_Rodlets/analysis/RE_Ginna_Rodlet-4, respectively.

K.3.4. Execution Summary

Table K.5.: Execution summary.
Rod ‘ Machine ‘ Operating System ‘ Code Version
2 | FALCON LINUX BISON 1.2

4 | FALCON LINUX BISON 1.2

K.4. Results Comparison

Data from the SPC-R. E. Ginna fuel irradiation program was used to assess the codes capability to
capture the integral fuel rod fission gas release, rod internal pressure, fuel column length changes and
cladding hydrogen pick-up fraction. A comparison of the predicted values from BISON calculations
versus measured values from experimental data are shown in Table and Table for Rodlet-2 and
Rodlet-4 respectively. Because the feature to calculate oxide thickness, cladding hydrogen concentra-
tion and pick-up fraction are not currently available in BISON, these comparisons will be performed
in the future. The final burnup calculated for Rodlet-2 and Rodlet-4 were 51.508 MWd/kgU and 57.57
MWd/kgU compared to 51.6 MWd/kgU and 57.04 MWd/kgU burnup, respectively in the test documen-
tation.
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Table K.6.: Bison prediction versus measured data for Rodlet-2.
BISON prediction Measured Data

Burnup (MWd/kgU) 51.508 51.69

Fission Gas Release (%) 1.903 2.36

EOL Rod Internal Pressure (MPa) 4.25 2.88

Column changes (mm) 3.578 7.3 (Length Increase)
Initial free volume (cc) 5.0 5.0

Final free volume (cc) 3.599 3.7

Rod average diametral creepdown (%) 0.1944 0.793

Table K.7.: Bison prediction versus measured data for Rodlet-4.
BISON prediction Measured Data

Burnup (MWd/kgU) 57.57 57.04

Fission Gas Release % 0.843 0.92

EOL Rod Internal Pressure (MPa) 3.604 2.32

Column changes (mm) 4.75 4.7 (Length Increase)
Initial free volume (cc) 7.897 7.9

Final free volume (cc) 6.565 7.0

Rod average diametral creepdown (%) 0.19 0.769

K.4.1. Fission Gas Release

The only fission gas release (FGR) data available for this experiment is from post irradiation examination
(PIE) puncture tests at the end of the fuel life. Figure and Figure show BISONs comparisons
with the end-of-life experimental data for Rodlet-2 and Rodlet-4, respectively. BISON computes a
reasonable FGR value that only slightly under predicts the measured result for both rodlets.
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Figure K.5.: Fission gas release comparisons for Rodlet-2
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Figure K.6.: Fission gas release comparisons for Rodlet-4

K.4.2. Rod Internal Pressure

The only rod internal pressure data available for this experiment is from PIE puncture tests at the end-
of-life. Figure and Figure show BISONs comparisons with the experimental data for Rodlet-2
and Rodlet-4, respectively. Both figures show BISON over predicts the rod internal pressure at the end
of life.
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Figure K.7.: Rod internal pressure comparisons for Rodlet-2
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Figure K.8.: Rod internal pressure comparisons for Rodlet-4

K.4.3. Cladding Diametral Creep

The calculated final rod diameter as a function of axial position is compared to measured data. Fig-
ure and Figure show BISONs comparisons with the measured end-of-life rod average diame-
ter data for Rodlet-2 and Rodlet-4, respectively. Both figures show BISON under predicts the cladding
creep down which results in larger rod computed diameters than measured.
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Figure K.9.: Rod diameter comparisons for Rodlet-2
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Figure K.10.: Rod diameter comparisons for Rodlet-4

K.4.4. Discussion

Based on the data presented above, several observations can be made regarding the results obtained from
BISON analyses of Rodlets 2 and 4.

e BISON predicts the EOL FGR reasonably well for both cases.

— From Figures and sharp increases in FGR can be seen that correspond to large
power drops. This rapid release of fission gas during power drop appears to be characteristic
of the SIFGRs model implemented in BISON. This response may not be representative of
FGR kinetics and warrants further review.

e BISON over predicts the measured rod internal pressure for both cases by a fairly large margin.

e BISON over predicts measured EOL cladding diameter except in the plenum region.

— Based on evaluation of these and other assessment cases, this behavior appears to be related
to fuel swelling after fuel/cladding contact. Additionally, other effects on fuel deformation
including relocation, densification, fuel creep, etc. could influence the behavioral response
in these analyses.

Since cladding oxide thickness and hydrogen concentration data are available for Rodlet-2 and Rodlet-4,
these characteristics should be evaluated in the future once these features are available in BISON.
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L. Risg AN2

L.1. Overview

The Risg AN2 experiment conducted at the Risg DR3 water-cooled HP1 rig utilized a non re-fabricated
rod from the Biblis A pressurized water reactor (PWR) [[18]],[42]. The rod, CB6, was irradiated over
four reactor cycles up to about 41 GWd/t and inserted into the DR3 reactor without any modifications
made. The rod diameter at the end of the base and experimental irradiation periods and the final fission
gas release can be used for comparison.

L.2. Test Description

L.2.1. Rod Design Specifications

Fuel pin CB6 was the upper-middle segment of four, ~675 mm-long barrier clad segments (from top
CB9, CB6, CB7, CB8) which together with a top and a bottom segment constituted a fuel rod stringer.
CB6 was bump tested in the unopened condition. The CB6 rod geometry is tabulated in Table [L.1]

Table L.1.: Risg AN2 Test Rod Specifications

Fuel Rod

Overall length m 0.65354
Fuel stack height m 0.5418
Nominal plenum height mm  61.0
Mother Rod

Fill gas composition He
Fill gas pressure MPa 2.31
Fuel

Material [8[0))
Enrichment % 2.95
Density % 93.74
Outer diameter mm  9.053
Pellet geometry both ends
Grain diameter (3D) pum 9.36
Pellet Dishing

Dish diameter cm 0.665
Dish depth cm  0.013
Chamfer width cm 0.046
Chamfer depth cm  0.016
Cladding

Material Zr-4
Outer diameter mm  10.811
Inner diameter mm  9.261
Wall thickness mm  0.775
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L.2.2. Operating Conditions and Irradiation History

The power history for the base irradiation carried out at the Biblis A PWR is shown in Figure The
experiment power history carried out at the Risg DR3 facility is shown in Figure[L.2] A prescribed axial
profile for this experiment was provided in the FUMEX-II data [18]. The measured clad surface tem-
perature as a function of time was also provided in the FUMEX-II data [[18]] and was used as a boundary
condition for this simulation. The other reactor operation parameters are tabulated in Table
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Figure L.1.: Base irradiation history for fuel segment CB6, carried out at Biblis A PWR.
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Figure L.2.: Risg DR3 irradiation period for test AN2 (CB6).

L.3. Model Description

L.3.1. Geometry and Mesh

The CB6 section rod geometry was modeled for the entire simulation considering a smeared column of
flat ended pellets. The entire fuel stack was shifted up from the bottom of the clad by 5.1 mm, which is
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Table L.2.: Operational input parameters.

Base Irradiation

Coolant inlet temperature C 284.7
Coolant pressure MPa 15.52
Fast neutron flux n/(cm?-s) per (kW/m) 3.4-10'2
Power Ramps

Coolant inlet temperature C NA
Coolant pressure MPa 15.3
Fast neutron flux n/(cm?-s) per (kW/m) 4.0- 10!

the height of the insulator pellet at the bottom of the fuel rod.

A 2-dimensional axisymmetric quadratic (QuadS8 elements) mesh was used to model the geometry of
the rod used in the AN2 experiment. The fuel was meshed so that the total active fuel length would
equal 0.54 m, leaving a total upper plenum length of 61 mm. The fuel mesh consisted of elements 2.31
mm in the axial direction and 0.4115 mm in the radial direction (for an aspect ratio of 5.613). The clad
mesh consisted of elements 2.57565 mm in the axial direction and 0.19375 mm in the radial direction
(for an aspect ratio of 13.29).

L.3.2. Material and Behavioral Models

The following material and behavioral models were used for the UO; fuel:
e ThermalFuel - NFIR: temperature and burnup dependent thermal properties

e RelocationUQO2: relocation strains, relocation activation threshold power set to 5 kW/m.

o Sifgrs: fission gas release model with coupled gaseous swelling.

For the clad material, a constant thermal conductivity of 16 W/m-K was used, and both thermal and
irradiation creep were considered using the Limback creep model [26]. Thermal expansion modeling
utilized the CTHEXP sub-code with its correlations for zircaloy [43]].

L.3.3. Boundary and Operating Conditions

The Risg DR3 irradiation period for the AN2 test shown in Figure was appended to the base irra-
diation power history shown in Figure [L.1] It was assumed that the clad temperature during the down
time between base irradiation and the Risg test was 300K. The fast neutron flux was input as a function
of power and scaled to 4.9¢17.
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L.3.4. Input files

The BISON input and all supporting files (power histories, axial power profile, fast neutron flux history,
etc.) for this case are provided with the code distribution at bison/assessment/Riso_AN2/analysis.

L.3.5. Execution Summary

Table L.3.: Execution summary.

Machine ‘ Operating System ‘ Code Version
FALCON | LINUX | BISON 1.2

L.4. Results Comparison

The Risgp AN2 experiment is used to assess the code’s capability to capture the total radial displacement
of the cladding surface as well as the final amount of fission gas that is released. Cladding surface
displacement measurements were given with the AN2 data packet taken at ten different locations along
the cladding which are used for comparison. A final fission gas release point was also taken after all
testing by puncturing the rod to obtain all gasses.

L.4.1. Cladding Displacement

BISON predicts the final cladding surface displacement with sufficient accuracy, as seen in Figure[L.3|
where the sudden diameter decrease denotes the pellet-stack’s edge. The cladding displacement was
measured at 10 equidistant node lengths at both the pellet end and mid sections.
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Figure L.3.: BISON fuel cladding displacement comparison to Risg experimental data.
L.4.2. Fission Gas Release

The calculated integral fuel rod fission gas release is compared to the measured data point, in Figure
In view of the uncertainties involved in FGR modeling, the predictive accuracy is satisfactory.
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M. Riso AN3

M.1. Overview

The Risg AN3 experiment conducted at the Risg DR3 water-cooled HP1 rig utilized a re-fabricated rod
from the Biblis A pressurized water reactor (PWR) [18]],[44]]. The mother rod, CBS8, was irradiated
over four reactor cycles up to about 41 GWd/t, and re-fabricated to a shorter length. The re-fabricated
rod, CB8-2R, was instrumented with a fuel centerline thermocouple and a pressure transducer. The fuel
centerline temperature, fission gas release and rod internal pressure can be used for comparison.

M.2. Test Description

M.2.1. Rod Design Specifications

Rod CB8-2R was a re-fabricated rod extracted from a full length rod. The hole for the thermocouple
was at the top of the fuel rod and did not penetrate the entire fuel stack. The re-fabricated rod geometry
is tabulated in Table M.1l

105



Table M.1.: Risg AN3 Test Rod Specifications

Fuel Rod

Overall length m 0.39058
Fuel stack height m 0.286
Nominal plenum height mm  61.0
Mother Rod

Fill gas composition He
Fill gas pressure MPa 2.31
Re-Fabricated Rod

Fill gas composition He
Fill gas pressure MPa 1.57
Fuel

Material [8[0))
Enrichment Y% 2.95
Density % 93.74
Inner diameter mm 2.5
Outer diameter mm  9.053
Pellet geometry both ends
Grain diameter um 6.0
Pellet Dishing

Dish diameter cm  0.665
Dish depth cm  0.013
Chamfer width cm 0.046
Chamfer depth cm  0.016
Cladding

Material Zr-4
Outer diameter mm  10.81
Inner diameter mm  9.258
Wall thickness mm 0.776
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M.2.2. Operating Conditions and Irradiation History

The power history for the base irradiation carried out at the Biblis A PWR is shown in Figure The
experiment power history carried out at the Risp DR3 facility is shown in Figure M.2] A prescribed
axial profile for this experiment was provided in the FUMEX-II data [18]]. The measured clad surface
temperature as a function of time was also provided in the FUMEX-II data [[18]] and used as a boundary
condition for this simulation. The other reactor operation parameters are tabulated in Table
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Figure M.1.: Base irradiation history for fuel segment CB8, carried out at Biblis A PWR.
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Figure M.2.: Risg DR3 irradiation period for test AN3 (CB8-2R).

107



Table M.2.: Operational input parameters.

Base Irradiation

Coolant inlet temperature C 287.7
Coolant pressure MPa 15.52
Fast neutron flux n/(cm?-s) per (kW/m) 3.4-10'2
Power Ramps

Coolant inlet temperature C NA
Coolant pressure MPa 15.3
Fast neutron flux n/(cm?-s) per (kW/m) 4.0- 10!

M.3. Model Description

M.3.1. Geometry and Mesh

The re-fabricated rod geometry was modeled for the entire simulation considering a smeared column
of flat ended pellets, with the top pellets containing the hole for the thermocouple. The plenum height
was adjusted such that the plenum volume at the beginning of the bump test was approximately 7.0 cm?.
The entire fuel stack was shifted up from the bottom of the clad by 5.1 mm, which is the height of the
insulator pellet at the bottom of the fuel rod.

A 2-dimensional axi-symmetric quadratic (Quad8 elements) mesh was used to model the geometry
of the rod used in the AN3 experiment. The fuel was meshed considering two fuel pellet types. The
first pellet type was 4.1 cm in length with a hole down the center, the second pellet type was 24.5 cm
in length with no hole down the center. The first pellet type’s mesh consisted of 29 axial nodes and 10
radial nodes (for an aspect ratio of 4.07). The second pellet type’s mesh consisted of 166 axial nodes
and 13 radial nodes (for an aspect ratio of 3.93). The clad mesh consisted of 131 axial nodes and 3 radial
nodes. Figure shows the top section of the mesh at the thermocouple location with a temperature
contour plot.

M.3.2. Material and Behavioral Models

The following material and behavioral models were used for the UO; fuel:

e ThermalFuel - NFIR: temperature and burnup dependent thermal properties
e RelocationUQO2: relocation strains, relocation activation threshold power set to 5 kW/m.

o Sifgrs: fission gas release model with the combined gaseous swelling model.

For the clad material, a constant thermal conductivity of 16 W/m-K was used and both thermal and
irradiation creep were considered using the Limback model [26].

M.3.3. Boundary and Operating Conditions

The Risg DR3 irradiation period for the AN3 test shown in Figure [M.2] was appended to the base irra-
diation power history shown in Figure It was assumed that the clad temperature during the down
time between base irradiation and the Risg test was S00K. The fast neutron flux was input as a function
of power and scaled to 4.9e17.
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M.3.4. Input files
The BISON input and all supporting files (power histories, axial power profile, fast neutron flux history,

etc.) for this case are provided with the code distribution at bison/assessment/Riso_AN3/analysis.

M.3.5. Execution Summary

Table M.3.: Execution summary.
Machine ‘ Operating System ‘ Code Version
FALCON | LINUX | BISON 1.2

M.4. Results Comparison

The Risg AN3 experiment is used to assess the code’s capability to capture the fuel centerline temper-
ature and the integral fuel rod fission gas release. Fuel centerline temperature and fission gas release
data from the TRANSURANUS and ENIGMA codes were digitized from the FUMEX-II report [3]] for
comparison with the BISON predictions.

M.4.1. Temperature

BISON predicts the fuel centerline temperature well (see Figure and is comparable with other well
known fuel performance codes. The fuel centerline temperature is taken at a node approximately 36.4
mm from the top of the fuel stack (black dot on mesh in Figure [M.3)).
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Figure M.3.: BISON fuel centerline temperature comparison to Risg experimental data.

M.4.2. Fission Gas Release

The calculated integral fuel rod fission gas release is compared to the measured data, as well as with
the TRANSURANUS and ENIGMA predictions, in Figure[M.4] In view of the uncertainties involved
in FGR modeling, the predictive accuracy is satisfactory. When compared to other codes, BISON’s
prediction of total FGR is excellent, with many codes underpredicting the fission gas release at the end
of life by more than a factor of 2 [3].
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Figure M.4.: BISON total fission gas release comparison to Risg experimental data.

M.4.3. Rod Internal Pressure

The fission gas release as a function of time during the ramp test is calculated based off the measured
pressure of the rod. When compared to the measured rod internal pressure, BISON slightly over predicts
the rod pressure, see Figure[M.5] This is likely due to the conditions of the rod at the refabrication time.
It is reported that the fill gas is measured at room temperature, however, the temperature of the gap is
higher than that of ambient temperature due to the decay heat of the already irradiated fuel.
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Figure M.5.: BISON rod internal pressure comparison to Risg measured data.
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N. Riso AN4

N.1. Overview

The Risg AN4 experiment conducted at the Risg DR3 water-cooled HP1 rig utilized a re-fabricated rod
from the Biblis A pressurized water reactor (PWR) [45]], [18]. The mother rod, CB7, was irradiated over
four reactor cycles then re-fabricated to a shorter length. The re-fabricated rod, CB7-2R, was fitted with
a fuel centerline thermocouple and a pressure transducer. The fuel centerline temperature, fission gas
release and rod internal pressure can be used for comparison.

N.2. Test Description

N.2.1. Rod Design Specifications

ROB CB7-2R was a re-fabricated rod extracted from a full length rod. The hole for the thermocouple
was at the top of the fuel rod and did not penetrate the entire fuel stack. The re-fabricated rod geometry
is tabulated in Table N1l
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Table N.1.: Risg AN4 Test Rod Specifications

Fuel Rod

Overall length m 0.330483
Fuel stack height m 0.292
Nominal plenum height mm  34.0
Mother Rod

Fill gas composition He
Fill gas pressure MPa 2.31
Re-Fabricated Rod

Fill gas composition Xe
Fill gas pressure MPa 0.1
Fuel

Material [8[0))
Enrichment % 2.97
Density % 93.74
Inner diameter mm 2.5
Outer diameter mm  9.053
Pellet geometry both ends
Grain diameter um 6.0
Pellet Dishing

Dish diameter cm  0.665
Dish depth cm  0.013
Chamfer width cm 0.046
Chamfer depth cm  0.016
Cladding

Material Zr-4
Outer diameter mm  10.81
Inner diameter mm  9.258
Wall thickness mm 0.776

N.2.2. Operating Conditions and Irradiation History

The power history for the base irradiation carried out at the Biblis A PWR is shown in Figure [N.1] The
experiment power history carried out at the Risg DR3 facility is shown in Figure The axial profile
for this experiment is shown in Figure [N.3] The measured clad surface temperature as a function of time
is shown in Figure[N.4] The other reactor operation parameters are tabulated in Table
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Figure N.1.: Base irradiation history for fuel segment CB7, carried out at Biblis A PWR.
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Figure N.2.: Risg DR3 irradiation period for test AN4 (CB7-2R).
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Figure N.4.: Measured clad surface temperature as a function of time.

Table N.2.: Operational input parameters.
Base Irradiation

Coolant inlet temperature C 287.7
Coolant pressure MPa 15.52
Fast neutron flux n/(cm?xs) per (kW/m) 3.4x% 1012
Power Ramps

Coolant inlet temperature C NA
Coolant pressure MPa 15.3
Fast neutron flux n/(cm?xs) per (kW/m) 4.0x10"!
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N.3. Model Description

N.3.1. Geometry and Mesh

The re-fabricated rod geometry was modeled for the entire simulation as a single dished pellet. The
entire fuel stack was shifted up from the bottom of the clad by 5.1 mm, which is the height of the
insulator pellet at the bottom of the fuel rod.

A 2-dimensional axi-symmetric linear mesh was used to model the geometry of the rod used in the
AN4 experiment. The fuel mesh consisted of 141 axial nodes and 9 radial nodes (for an aspect ratio of
5.1), the clad mesh consisted of 113 axial nodes and 5 radial nodes, see Figure [N.5]

Figure N.5.: 2-D axi-symmetric mesh for Risg AN4 simulation. Note: Mesh plot is scaled axially by
0.05

N.3.2. Material and Behavioral Models

The following material and behavioral models were used for the UO, fuel:

e ThermalFuel - NFIR: temperature and burnup dependent thermal properties
e RelocationUO2: relocation strains, relocation activation threshold power set to 5 kW/m.

o Sifgrs: fission gas release model with the combined gaseous swelling model.
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For the clad material, a constant thermal conductivity of 16 W/m-K was used and both thermal and
irradiation creep were considered using the Limback model [26].

It has been observed during late in life that the interaction layer between the fuel and clad has some
contribution to the heat transfer in the gap. The effect of an interaction layer is not as obvious with
helium in the gap. However, the presence of this interaction layer is magnified with xenon in the gap.
The gap heat transfer model for this problem included the presence of an interaction layer between the
fuel and clad. The fuel centerline temperature comparisons were extremely off when this interaction
layer was not taken into consideration for this problem.

N.3.3. Boundary and Operating Conditions

The Risg DR3 irradiation period for the AN4 test shown in Figure|[N.2] was appended to the base irradia-
tion power history shown in Figure The power history used as an input parameter for this particular
simulation is shown in Figure The clad temperature as a function of time shown in Figure was
used as the clad boundary condition for this simulation. The fast neutron flux was input as a function of
power and scaled to 4.9¢17.
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Figure N.6.: BISON input power history for Risg AN4.

N.3.4. Input files

The BISON input and all supporting files (power histories, axial power profile, fast neutron flux history,
etc.) for this case are provided with the code distribution at bison/assessment/Riso_An4/analysis.

N.3.5. Execution Summary

Table N.3.: Execution summary.
Machine ‘ Operating System ‘ Code Version
FALCON | LINUX | BISON 1.2
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N.4. Results Comparison

The Risg AN4 experiment is used to assess the codes’ capability to capture the fuel centerline tempera-
ture, plenum pressure and the total fission gas released. At this time BISON is not capable of capturing
the total fission gas release during transient analysis, therefore, the only comparisons made were the fuel
centerline temperature and plenum pressure.

N.4.1. Temperature

The fuel centerline temperature predicted with BISON compared extremely well with the experimental
data. The maximum difference between measured temperature and predicted temperature was approxi-
mately 72 degress C at the top of the ramp. (see Figure [N.7).
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Figure N.7.: BISON fuel centerline temperature comparison to Risg experimental data.

N.4.2. Fission Gas Release

BISON predicts the total fission gas released well with some over prediction during the first flat power
section of the ramp test (see Figure [N.8)).
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Figure N.8.: BISON total fission gas release comparison to Risg experimental data.

117



N.4.3. Plenum Pressure

The calculated plenum pressure increases throughout the entire ramp test (see Figure [N.9). The pressure
prediction follows the fission gas release behavior which could be the reason for the constant increase in
plenum pressure during the ramp test.
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Figure N.9.: BISON plenum pressure comparison to Risg experimental data.
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O. HBEP Rod BK363, Rod BK365, and Rod BK370

0.1. Overview

The purpose of the High Burnup Effects Programme (HBEP) task 3 rods BK363, BK365 and BK370 was
to provide high burnup data on fission gas release (FGR) and fission product distributiions [18]]. Rods
BK363,BK365 and BK370 were irratiated to 66.7 MWd/KgU, 69.4 MWd/KgU and 50.9 MWd/KgU,
respectivly, in the BR-3 pressurized water reactor (PWR) [[18]. Only end of life FGR predictions were
requested from the modellers.

0.2. Test Description

The three rods in this series were manufactured by CEA and are identical. The fuel stack consisted of
annular pellets and was one meter long. The only difference in experiment build was the initial plenum
fill gas pressure( See Table[O.I). This portion of the HBEP experiments was designed to study the
effects of fill gas pressure on FGR. It also provided data on FGR of annual pellets for use against the
solid pellets in the HBEP series [[18]].

0.2.1. Operating Conditions and Irradiation History

Rods BK363, BK365 and BK370 were irratited in the BR-3 pressurized water reactor (PWR) in Bel-
gium [46] at a coolant pressure of 13.73 MPa and coolant inlet temperature of 255 C [18]]. Rods BK363
and BK365 were irratiated four cycles to burnups of 66.7 MWd/KgU and 69.4 MWd/KgU, respectively.
Rod BK370 was irratiated three cycle to a burnup of 50.9 MWd/KgU. Clad temperatures and local power
histories were taken at 10 axial locations and obtained from the FUMEX II data.
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Table O.1.: HBEP Test Rod Specifications

Fuel Rod

Overall length m 1.0895
Fuel stack height m 1.017
Nominal plenum height mm  72.5
Number of pellets per rod 102
Pellet Height

BK363 mm  9.98

BK365 mm  9.98

BK370 mm  9.98
Fill gas composition He
Fill gas pressure

BK363 MPa 1.40

BK365 MPa 2.88

BK370 MPa 2.88
Fuel
Material U0,
Enrichment

BK363 % 7.07

BK365 % 7.07

BK370 % 7.07
Density % 93.2
Outer diameter mm  8.188
Inner diameter mm  2.475
Grain diameter

All Rods um 13.5
Cladding
Material 7r-4
Outer diameter mm  9.515
Inner diameter mm  8.3536
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0.3. Model Description

0.3.1. Geometry and Mesh

All three fuel rods were meshed using 2-D axisymmetric quadratic elements. For simplicity, the pellet
stack was modeled as a single continuous fuel column. The rods were identical so the same mesh was
used for all runs. The fuel pellets had 306 axial elements and 11 radial elements, and the cladding
consisted of 312 axial elements and 4 radial elements.

0.3.2. Material and Behavioral Models
The following material and behavioral models were used for the UO, fuel:
e ThermalFuel - NFIR: temperature and burnup dependent thermal properties
e RelocationUO2: relocation strains, relocation activation threshold power set to 5 kW/m

o Sifgrs: Simplified fission gas release model (model 2) with a gaseous swelling model

For the clad material, a constant thermal conductivity of 16 W/m-K was used and both thermal (pri-
mary and secondary) and irradiation creep were considered using the Limback creep model [26].

0.3.3. Input files

The BISON input and all supporting files (power histories, axial power profile) are provided with the
code distribution at bison/assessment/HBEP/analysis.

0.3.4. Execution Summary

Table O.2.: Execution summary.
Rod ‘ Machine | Operating System | Code Version

BK363 | FALCON LINUX BISON 1.2
BK365 | FALCON LINUX BISON 1.2
BK370 | FALCON LINUX BISON 1.2

0.4. Results Comparison

HBEP rods BK363, BK365 and BK370 were designed and built to investigate the effects of initial fill gas
pressure on fission gas release. To achieve this the rods were built identical and for BK363 and BK365
only the initial fill gas pressure was changed. These 2 rods were then irradiated to approximately the
same burnup. Rod BK370 was filled to the same pressure as BK365, but was only irratiated 3 cycles as
opposed to 4 cycles.

0O.5. HBEP, BK363

0.5.1. Fission Gas Release

The BISON end result of fission gas release for this rod did not compare very well to the experimental
data. It is thought that the BISON high burnup structure model needs some work. There is also a
new fission gas burst release model under development that may prove to improve the FGR numbers in
Figure(O.1
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0.6. HBEP, BK365

0.6.1. Fission Gas Release

The BISON result for this rod compares well to the experimental data Figure [O. 1

O.7. HBEP, BK370

0.7.1. Fission Gas Release

No experimental data was collected from this rod.
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Figure O.2.: Comparison of measured fission gas release and the predictions of other codes
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0.8. Discussion

Modeling these three rods was useful to the BISON developement as it shows that there is possible
work needed in the high burnup structure. BISON seems to have similar issues to other codes as the
overall results, comparing all codes, appears more random than real (see Figure[O.2). As mentioned
above there is current work being done with the fission gas models and these HBEP cases will be rerun
as they become available. Another piece of future work for this test would be modeling the plutonium
concentration with BISON.
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P. AREVA Idealized Case

P.1. Overview

The AREVA Idealized Case is an optimal case designed to simulate idealized commercial power plant
operation. This case was based on measurements for three rods operatedf or 3, 4, and 7 cycles in a
commercial French pressurized water reactor (PWR). The three rods chosen experienced similar power
histories, allowing for three fission gas release measurements for a single power history. The maximum
fuel rod burnup is approximately 81.5 MWd/kgU with a total fission gas release of approximately 9%
[35]].

P.2. Test Description

P.2.1. Rod Design Specifications

The rod simulated for this particular case was based on an idealized commercial reactor fuel rod. Details
of the rod geometry and specifications are summarized in Table[P.T]

Table P.1.: AREVA Idealized Case Test Rod Specifications

Fuel Rod

Fuel stack length m 3.65
Nominal plenum volume cm®  8.04
Number of pellets per rod 275
Fill gas composition He
Fill gas pressure MPa 1.6
Fuel

Material U0,
Enrichment % 4.5
Density % 95
Outer diameter mm  8.085
Pellet geometry dished
Grain diameter um 15.6
Pellet Dishing (if applicable)

Dish diameter mm 6.0
Dish depth mm  0.31
Chamfer width mm  0.5425
Chamfer depth mm  0.27
Cladding

Material Zr-4 (stress-relieved)
Outer diameter mm 9.5
Inner diameter mm  8.25
Wall thickness mm  0.625
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P.2.2. Operating Conditions and Irradiation History

The operating conditions for this simulation were based on power cycles in a commercial French PWR.
The operating conditions used are shown in Table [P.2]

Table P.2.: Operational input parameters.
Coolant inlet temperature C 282
Coolant pressure MPa 15.5
Coolant mass flow rate kg/m?-sec 3700

P.3. Model Description

P.3.1. Geometry and Mesh

The fuel rod geometry specified in Table[P.I|was used as a basis for the mesh used in this simulation. The
fuel pellets were meshed as a single smeared fuel column. The mesh consists of 1375 axial elements and
12 radial elements in the fuel, and 1375 axial elements and 4 radial elements in the clad, see Figure [P.1}
This simulation was meshed as a 2D-RZ axisymmetric geometry with quadratic elements.

Figure P.1.: Section of BISON mesh with temperature contour.

P.3.2. Material and Behavioral Models

The following material and behavioral models were used for the UO, fuel:

e ThermalFuel - NFIR: temperature and burnup dependent thermal properties

e RelocationUO2: relocation strains, relocation activation threshold power set to 5 kW/m.

e Sifgrs: coupled fission gas release and swelling model
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For the clad material, a constant thermal conductivity of 16 W/m-K was used and both thermal and
irradiation creep were considered using the Limback model [26].

P.3.3. Boundary and Operating Conditions

The power history used for this simulation is shown in Figure with axial peaking factors <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>