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ABSTRACT

The GAPCON-THERMAL-2 code is used by the U. S. Nuclear Regulatory Commission
for audit calculations of nuclear fuel thermal pertormance computer codes. Since
the code was originally written, errors and needed updates have been identified.
Revision 2 of GAPCON-THERMAL-2 contains a number of coding corrections and updates,
and now conforms with the American National Standards Institute FORTRAN-77 standard.
The changes to the code are presented in detail. Benchmarking calculations, concen-
trating on fuel temperatures and fission gas release, were performed to qualify the
effect of model changes on the performance of GAPCON-THERMAL-2, Revision 2. It was
concluded that use of tne old fuel relocation model combined with the modified ANS 5.4
fission gas release model provides the best overall comparison with the thermal perform-
ance and fission gas release data used for the benchmarking exercise. The use of the
new fuel relocation model combined with the Beyer-Hann f.<sion gas release model pro-
vided the best comparisons of thermal behavior but significantly underpredicted fission
gas release.
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1.0 INTRODUCTION

This report has two principal objectives. First, to discuss the changes
that make GAPCON-THERMAL-2, Revision 2 (GT2R2) different from the preceeding
versions of GAPCON-THERMAL-2. Second, to provide a benchmarking of GT2R2.

GAPCON-THERMAL-2 (GT?)(I) is a computer code designed for the calculation
of thermal performance parameters of nuclear fuel rods; i.e., temperature and
fission gas release. The code consists of numerous mathematical models that
describe physical properties (for example, thermal conductivity) and processes
(for example, fuel relocation). The models were developed independently of
each other and then combined to form an integrated thermal performance code.
As a result, the code as a whole has not been "tuned" or matched to any
specific data set and therefore displays an independence not matched by many
other fuel codes.

GT2 was originally written by Pacific Northwest Laboratory (PNL)(a)staff
under a contract to the U,S. Nuclear Regulatory Commission. GT2, Revision 1
(GT2R1) was also prepared by PNL staff for the NRC. GT2R1 corrected errors
that ?ad been found in the original coding of GT2, but no other changes were
made. b) The work on GT2R2 was commissioned with the objective of making the
coding more usable for NRC audit calculations. Revisions include reorganiza-
tion of some of the coding, removal of non-used coding, addition of new coding,
modifications to make the coding American National Standards Institute (ANSI)
FORTRAN-77 standard, and adding comments to more fully identify variables and
clarify the calculational sequence. In addition, the name of the program has
been changed to GT2R2 from GAPCON to reflect the numerous coding revisions, and
to allow a new subroutine to be named GAPCON.

The development of GT2R2 was performed on a DEC VAX 11/780 machine at
PNL. Following, and during, development of the coding, GT2R? was also placed
on CDC computers at Brookhaven National Laboratory (BNL). The FTN5 compiler
with the ANSI option was used on the BNL equipment to check for non-ANSI stan-
dard coding. This allowed NRC access to the coding for review resulting in
comments and suggestions as to additional modifications.

This report presents the coding changes that were made (Section 2), a
series of benchmarking/verification runs (Section 3), input instructions for
the revised code (Appendix A), and the input used for the benchmarking cal-
culations (Appendix R),

sa Operated for the U.S. Department of Energy by Battelle Memorial Institute.

b) No formal documentation was prepared for GT2R1, however the coding was sup-
plied to the National Energy Software Center (NESC) at Argonne National
Laboratory. The coding does contain comments discussing some of the
changes in GT2R1,
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GT2R2 CODING CHANGES

There are a number of differences between GT2R2 and previous versions of
The differences include:

REMOVAL OF OLD ROUTINES

Subroutine MOVEKA and Function OMEXP were removed because they were not
being used. Function TEPP was removed when Function TERP was modifie' to
handle all calls to the origiral TERP and TEPP interpolation functions. Jub-
routine INPT was removed and replaced by Subroutine INPUT.

2.2 MODIFICATION OF OLD ROUTINES

2.2.1 Linear Interpolation

Function TERP was modified to handle all linear interpolation require-
ments. This necessitated combining some previously singly-dimensioned arrays

into one doubly-dimensioned array. For example, the singly-dimensioned arrays
TT and TS were combined into the Goubly-dimensioned array TT.

2.2.2 Fuel Radial Thermal Expansion

The sum-of-nodes method for fue!) radial thermal expansion(?) has been
added to Subroutine EXPAND as an option. This method assumes a number of rings
of equal width and then sums the thermal expansion of each ring. The increase
In thickness of each segment is determined as follows:

At lt(T—Tr\

i

where At change in thickness of fuel ring i
coefficient of thermal expansion
initial thickness of segment i
average segment temperature
reference temperature

The increase in the fuel radius is then the sum of individual

increments:




This option is chosen by setting IEXPND = 1. The default thermal expancsion,
IEXPND = 0, is the model originally used in GT2.

2.2.3 Fuel Relocation

A recently developed fuel relocation mode1(3) has been added to subroutine
RELOC as an option. The new model is a simple function of linear heat genera-
tion rate and burnup as described below:

For LHGR < 20 kW/m:

AG
- 30 + 5*FBU

where, ég-- decrease in hot gap, based on as-fabricated
cold gap dimensions (%)

FBU = BURNUP/S5, for BURNUP < 5 MWd/kgM
=1 , for BURNUP > 5 MWd /kgM
BURNUP = segment average fuel burnup (MWd/kgM)

For 20 kW/m < LHGR < 40kW/m:

’-‘g = 30 + PFACTOR + (5 + PFACTOR)*FBU

where, PFACTOR = {LHR-20) * 5/20
LHGR = linear heat rate (kW/m)

For LHGR > 40 kW/m:

e_g = 35 + 10*FBU

This model, therefore, has a minimum relocation of 30% at low linear heat gen-
erztion ratings anc a maximum relocation of 45% at high linear heat generation
ratings and burnup > 5 MWd/kgM.

The new fuel relocation model is used when IRELOC = 2. No fuel relocation

is the default condition (IRELOC = 0); the standard GT2 fuel relocation model
is chosen by setting IRELOC = 1.

2.2.4 Fue) Restructuring

The logic for fuel restructuring has been modified. If the fuel restruc-
turing option is chosen and fuel restructuring is calculated to occur (because
of high fuel temperatures), the resulting change in fuel density and increase

2.2



in central void diameter is carried through the remainder of the time history.
Previously fuel restructuring effects on temperature were carried along as a
parallel calculation. Fuel restructuring may occur only when FRSIN > FRDEN.

2.3 ADDITION OF NEW ROUTINES

2.3.1 Cladding Creepdown

Subroutine CREEP incorporates the BUCKLE equations(4'5) for calculating
cladding creepdown. Cladding creepdown is a function of external coolant pres-
sure, rod internal gas pressure, cladding texture factor (FZ), cladding cold
work (CW), incident neutron fluence (local power * FLXFAC), and time. The
equations describing the creep behavior are: ;

Thermally activated creep

e= (1 +a*K*exp(-Kt)) * B * exp(Q/RT) * sinh(SC * o)
Athermal, irradiation enhanced creep

e=(1+a*K*exp(-Kt)) * Bi * ¢" * exp(Qi/RT) * sinh (SCi * o)

where: e is the tangertial strain at the neutral plane
a 1s the transient creep coefficient
K is the time coefficient
t is time
B is the high temperature creep coefficient
Bi is the low temperature creep coefficient
Q is the high temperature activation enerqy
1 is the low temperature activation enerqy
= 9500 + 0.0380 * o
R is the universal gas constant
T is the temperature
SC is the high temperature stress coefficient
SCi is the low temperature stress coefficient
o is the the tangential stress at the the neutra) plane
¢ is the fast neutron flux

The cladding is allowed to creepdown only until hard fuel-cladding contact
(i.e., interfacial pressure greater than zero) is achieved. If hard fuel-
cladding contact is achieved the creepdown calculations are then discontinued
for the remainder of the time history. If the rod internal gas pressure
exceeds the external gas pressure, the cladding is allowed to creep outward.
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Subroutine CREEP is usec¢when ICREP = -1, No cladding creepdown is the
default condition (ICREP = 0). If desired, a table of creepdown values may
still be entered (ICREP > 0).

2.3.2 Peak Fuel Temperature Node

A fuel region that npe.rates at peak power and densifies to the 95/95(5)
1imit may be carried as a parallel calculation to define peak temperatures.
This calculation is performed when the initial density for the peak node
(FDEN95) is less than that of the other fuel (FRDEN). A special peak node
power history may also be input through the variable POW95. If a specific
power history is not entered through POW95, the axial peak power from the
standard power history is used for this node. The coolant temperature asso-
cfated with the standard power history peak node is used for the peak tempera-
ture node. This node has no effect on whole-rod calculations such as fission
gas release or cladding axfal irradiation growth.

2.3.3 Cladding Axial Irradiation Growth

The cladding 1rrad1?;‘on axial growth model developed for the MATPRO mate-
rial properties handbook has been added to GT2R2. This model was added for
the purpose of improving the free volume calculatiun used for the gas pressure
calculation. The model is:

A = A exp(240.8/M1"2 (4002 (1 - 3¢) (1 + 2W)
where, ﬁ%- = fractional cha gel}g cladding length due to irradiation growth

A =1,407E-16 (n/m”)"

T = cladding temperature (K)

¢ = fast neutron flux, E > 1 MeV (n/mz-s)

t = time (s)

f, = texture factor for the tubing axis (typically equal to 0.05)
Ca = cold work (fraction of cross-sectional area reduction)

The model {is applied by calculating the irradiation growth for each step using
the total fluence (¢t) received from the start of irradiation. The fast neu-
tron flux for each time step 1s calculated using FLXFAC * PAVG (PAVG is the rod
average linear heat rate).

2.3.4 Gas Thermal Conductivity

The gas thermal conductivity coding was removed from the main program and
placed into the new subroutine GASCON. In additifon to the original GT2 method
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of calculating gas thermal conductivity.“) the HATPRO-II(” formulation has
been added as an option. The MATPRO option has been added for comparisons to
codes that use this model.

The MATPRO-11 method of calculating gas thermal conductivity consists of
correlations for the pure noble gases and a weighting function that combines
the thermal conductivity of the pure gases to obtain the thermal conductivity
of a gas mixture. The correlations for the pure aases are of the form:

k = ATS
where, k = thermal conductivity (W/m-K)
T = gas temperature (K)
A,B = constants for each particular gas

The thermal conductivity of the gas mixture is then calculated by:

n k. x
mix n
i=1
Ra: ¥ K 8K
i j=1 11
J#i

where,

i | e (M- ") (Y - O-19,)

(M + "j)2

232 (1 . ";_)1/2

n = number of components in mixture
M; = molecular weight of component i (kg)

Xy = mole fraction of component i
ky = thermal conductivity of component 1 (W/m-K)
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The MATPRO gas thermal conductivity is used when KGAS = 1; the default gas
thermal conductivity (KGAS = 0) is the original GT2 model.

2.3.5 Temperature Jump Distance

The temperature jump distance coding has been removed from the main pro-
gram and placed in the new subroutine JUMPD. The method of calculating jump
distance (G1PG2) has not been changed.

2.3.6 Gap Conductance

The gap conductance coding has been removed from the main program and
placed in the new subroutine GAPCON. The method of calculating gap conductance
(HGC) has not been changed.

2.3.7 Fuel Radial Power Profile

A subroutine named RADAR was added to calculate the burnup dependent
radial power profile for each axial node. Also added was the function BES to
calculate the Bessel functions needed by RADAR. RADAR is a modified version of
the RADAR code developed by sritish Nuclear Fuels Ltd. A description of the
RADAR model may be found in Reference 8. The modifications to the original
coding of RADAR were performed by PNL staff.

The default values of resonance escape probability (varianle ESCAPE) used
by RADAR assume no void fraction in the coolant. Since BWR's do have a sig-
nificant void fraction, an option has been added to calculate the resonance
escape probability accounting for this, if desired. Strawbridge(q) has devel-
oped an expression for ESCAPE based on coolant density and this correlation is
provided in Subroutine VOIDP. This subroutine calculates a value of the reson-
ance escape probability for use in RADAR rather than using the BWR default
values.

The default radial power profile model (NFLX = 0) is the original GT2
model in Subroutine DEPRES. The RADAR option is selected by setting NFLX < -1;
see Appendix A for further discussion.

2.3.8 Fission Gas Release

GHO)was originally developed using the Beyer-Hann fission gas release
modeI( This model was then modified with the NRC high burnup correc-
tion. 1) A major addition to GT2R2 {is the ANS-5.4 fission gas release
model.(lz) The diffusion coefficients used in ANS-5.4 have since been modi-
fied(13) ¢ provide better comparisons to data at intermediate burnup levels.
The user has the option of using any of these four fission gas release models.
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The default fission rase model (IGA is the Beyer-Hann model

W‘Y,h the NR hy}h f‘)y‘r”‘:‘\ correct . The other "‘(’,df*'wf, are ‘,"-.!ﬂgt("’*, “. Q(*t?"iﬂ(‘}

# see Appendix A.

»

Error hecking

- el
Subroutine CHECK has been added to check for several error conditions
to the execution of the codinag If an error condition is detected, an

o

r message 1s printed out and the run is stopped. The conditions that are
checked are sorbed gas fractions not adding to 1.; time steps of less than

1/100 day (non-fata) error); selection of a valid fission 1as release model:
excessive size of problem when using the ANS-5.4 fission gas release model: and
equivalent diameter and coolant velocity being provided through input when a

31,1,1-‘,11_(“']\"“? heat transfer coefficient has not heen wﬁ(..‘&:pd'

|

le Initialization

Variat

ubroutine INITAL has been added to perform a series of initializations
that Were previously located in the main program, These initializations
include calculating supplementary dimensions from the input data: calcu) atinag

number densities; ilculating coolant saturation temperature: determining time
teps from input burnup; loading fuel and ladding properties into the proper

1V ' ro 1 nt ¥ some variables
v .

T™IDN

inges that wers “ceauir ) make GLT17 3 ANSI standard code are
only provi 'q the data necessary for the ¢ nde to
yecause the previous method of data input., NAMELIST. i< non-

v

dl

NAMEL ]! input has been replaced by a formatted data input
made to keep the new input method as simple and flexible

)f the new data input method are provided in Appendix A. The

sfanificant amount of the flexibility offered by

g the user the option of inciuding comments with the

the new dat ) subroutine INPUT was written.
1 nNew ro ) ' zes all input variables to
the input data deck, provides a

data deq . st the values f all Iinput varia

| 3
enter mul ti i ob ¢ LAl '\l CAsee ?vw,-,,“‘,:r- one input deck




Separate from the change of format for data input, other changes have also
been made relative to earlier versions of the code. These changes involve
variables that have been removed, added, or modi‘ed:

Removed: - ISTOR; GT2R2 now automatically calculates and prints out fuel
stored energy.

- IRELSE, the option to release fission gas after a time step,
rather than during a time step.

- KOOL; the option to set the cladding inner surface temperature
equal to the coolant temperature.

- HBC, DBO, KB; the option to have a basket external to the
cladding.

Added: - KPRFIL increases the flexibility in specifying the time depend-
ence of the axial power pofiles. The number of different pro-
files is entered through NPRFIL and KPRFIL then specifies which
profile is used for which time step.

- FZ and CW; parameters used in calculating the cladding irradia-

tion axial growth; FZ is the texture factor and CW specifies the
cold work.

- FLXFAC; specifies the conversion factor to determine fast (E > 1
MeV) neutron flux from linear heat generation rate; used for both
¢.adding creepdown and irradiation axial growth.

- HRUL ; specifies whether time hardening or strain hardening is to
be used in calculating cladding creepdown.

- TEXPND; specifies which fuel radial thermal expansion model is to
be used.

- FDEN9S; specifies starting fuel density (fraction of theoretical)
for peak temperature node.

- POW95; specifies axial region linear heat generation rate for
peak temperature node.

- PITCH; specifies pitch of square array of fuel rods for calcu-

lating coolant void fraction dependernt resonance escape proba-
bility for use with RADAR.
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RHOM20 : specifies axial change in coolant density for calculating
( 1112",.\"", void f!'di t‘;(," dependent resonance escape f""\‘b’ih”‘t" fO"

use Hi f,'\ L’/A']ﬂ;)

KGAS; specifies gas thermal conductivity model: MATPRO-11
Bird, Stewart & Lightfoot.

or

Modified:-1CAS; there are an increased number of fission gas release

>
models which may be selected by this variable.

NFLX; there are an increased number of radial power profile

options which may be selected by this variable.

[CREP: there are ) ncreased number of cladding creepdown

options which may lected by this variable.

input variables are further discussed in Appendix A

RGANIZATIO)

eorganization the coding has been carried out. Crimwipa”y, a

number i1lculations have been removed from within the gap conductance con-
cladding thermal and mechanical

ties, cladding creepdown, and cladding therma)

vergence loop: cladding temperature, proper-
expansion.

-

A reorganization f COMMON blockze

has been performed,
removal of inneeded vari Jk"“\"v .

alphabetization and

In some subroutines/functions a COMMON block
been removed because nr‘,',y one or a few variables were ()f’tuaHv used; the
re }»“:v‘q\v", V\{r“‘,-]f"w S are now « d"r";("‘, Th".\u(]f‘ t"(" (f]‘] T"'_’

has

An extensive number of comments have been added to the coding. These
yments help c)

larify the logic of the coding and identify variables (including




3.0 BENCHMARKING OF GT2R2

Three topics are presented in this section: a discussion of some of the
major model changes; a presentation of cases for the code benchmarking; and the
results of the benchmarking exercise. While reviewing the following data and
code comparisons, it should be kept in mind that each of the physical models in
the code were developed independently of each other; therefore, the code as a
whole has not been tuned to any particular data set.

3.1 MAJOR MODEL CHANGES

3.1.1 Fuel Relocation

The new fuel relocation model was developed because of concerns about the
behavi?r of the original model and its impact on calculated fuel tempera-
tures, 3) Major concerns have been significant overpredicting of temperature
at beginning-of-life and the underpredicting of temperature later-in-life, The
fuel relocation calculated as a function of linear heat generation rate for the
two models is presented in Figure 1, Note that the new model provides con-
siderably more relocation at beginning-of-1ife and will therefore reduce
beginning-of-1ife calculated temperatures. Calculated fuel relocation as a
function of burnup for the two models is presented in Figure 2. Note that
after 1.0 MWd/kgM the new model provides less relocation than the original
model, and therefore will provide higher temperatures later-in-1ife.

3.1.2 Cladding Creepdown

Prior to GT2R2, cladding creepdown was entered as a table containing time
and cladding diametral change due to creepdown. This table was based on either
measured creepdown or separate calculations of creepdown. Cladding creepdown
in CT2R2 may now be S’lculated within the code using the equations developed
for the BUCKLE code.( To check the calculated creepdown, creepdown for Rod
PA/29-4 (see Sections 3.2 and 3.3) was compared to the creepdown calculated by
BUCKLE using the same pressures and power history. The results of this com-
parison are presented in Figure 3. Good agreement is evident until fuel-
cladding contact is calculated by GT2R2 (point of curve flattening). BUCKLE
also calculates a slight reversal in creepdown after the rod internal gas
pressure exceeds the external coolant pressure; this is not duplicated in the
GT2R2 run because cladding creepdown has been turned off due to the fuel-
cladding contact., GT2R2 and BUCKLE creepdown are compared for Rod 386 (a PWR
rod, see Sections 3.2 and 3.3) in Figure 4, Again, a good agreement is
obtafned,
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3.1.3 Gas Thermal Conductivity

The subroutine GASCPI'S includes two gas thermal con?%tivity models: the
model originally in GT-2 and the model from MATPRO-11. These twc models
use slightly different pure gas thermal conductivities and mixing correlations.
After a comparison to some published gas thermal conductivity data, it was con-
cluded that there is probably not a major effect upon the integral calculations
from using one model over the other. However, as may be seen by comparing Fig-
ures 5 and 6, the MATPRO correlation provides a smaller standard error than the
GT-2 correlation. For some gas mixtures, the difference in gas thermal con-
ductivity between the two models may approach 10%; however, the agreement is
usually better, Both models are provided in the GT2R2 coding for the users
option,

3.2 BENCHMARKING CASES

To qualify the changes to GT-2 to produce GT2R2, the code has been com-
pared to a number of well-characterized data sets. This exercise is to help
define where the code provides "good" predictions of fuel rod behaviour and
where those predictions are not so good. Two areas of fuel rod performance are
of principal concern: fuel temperatures and fission gas release.

NData sets have been selected from four reactors for this benchmarking
exercise om the 1den Boili ater Reagtor, rods fr assemblies
trA-nz.“‘-‘ES IFA-513, 016 1rn-527.na7rm-sn.h‘ﬂana 1FA-1119) have been
se\ecisg’ Additional data sets include two rods that uew?%llrradiated at
Riso, two rods that were irradiated 1(}2§he BR-3 reactor, and one rod
that was irradiated in the Zorita reactor. A compilation of rod design and
instrumentation may be found in Table 1, The reasons for selecting the various
data sets are presented in Table 2,

GT2R2 has been run with three basic sets of options for the benchmarking
calculations. The first case (Case 1) uses the original fuel relocation model
(IRELOC = 1) and the modified ANS-5.4 fission gas release model (IGAS = 3).
The second case (Case 2) uses the new fuel relocation model (IRELOC = 2) and
the modified ANS-5.4 fission gas release model, The third case (Case 3) uses
the new fuel relocation model and the Beyer-Hann fission gas release model
without the NRC high burnup correction (IGAS = 1). Radial power profiles as
calculated by RADAR were used for all three cases (based on *the appropriate
reactor type). Also used for all three cases were the original fuel radial
thermal expansion mode! and the original gas thermal conductivity model.
Cladding creepdown, as calculated by CREEP, was used for some of the bench-

marking cases. A summary of input parameters for the various cases is pre-
sented in Appendix B,
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TABLE 1,

Rod Design and Instrumentation for Benchmarking Data Sets

Fuel Fuel
0.0. Diametral Density arg) Initial Gas (b)
Reactor Assembly _Rod  (wm) Gap (wm) Stability and Pressure Instrumentation
Halden IFA-432 1 10.68 230 95% 1D, S 100% He, 1 atm 2 TC, EC, PF
Halden IFA-432 5 10.68 230 92% 10, S 100% He, 1 atm 2 TC, EC, PF
Haldern IFA-432 6 10.68 230 92% 1O, U 100% He, ! atm 2 TC, EC, PF
Halden IFA-513 1 10,68 230 95% 1D, S 100% He, 1 atm 2 TC, EC, PF
Halden IFA-513 2 10.68 230 95% 10, S 100% He, 3 atm 2 1C, EC, PF
Halden IFA-513 4 10.68 230 952 1D, S 92% He, 8% Xe, 2T, C, ¥
1 atm
Halden [IFA-513 6 10,68 230 952 10, S 77% He, 22%, 2 TC, EC, PF
1 atm

Halden IFA-527 1 10.68 230 95% 1D, S 100% Xe, ! atm 2 1C, EC, PF
Halden IFA-517 Rl 10,26 250 95.5% TD, 100% He, 1 atm TC, &€
Halden IFA-11 HBA 12,54 50 98% 1D, S 100% He, 1 atm TC

Halden IFA-11 HBC 12,42 175 9% 1D, S 100% He, 1 atm TC

Riso - PA/29-4 12,60 240 95% 1D, S 100% He, 1 atm --

Riso -- M2-2C 12.60 240 95% 1D, S 100% He, 1 atm -

BR-3 -- 11115 9.29 185 95% 10, S 100% He, 14.6 atm --

BR-3 - 3618 9.29 190 94,5% TD, 100% He, 14.6 atm -

lorita ~-- 386 9.32 160 95% 10, S 100%, 34 atm --

(a) S = stable fuel with respect to densification
U = unstable fuel with respect to densification
(b) TC = fuel centerline thermocouple
EC = cladding elongation

PF = rod internal gas pressure,



TABLE 2. Benchmarking Data Set Selection Reasons

Reactor Assembly Rod Reason
Halden IFA-432 1 Well qualified in-reactor thermal performance data.
Halden IFA-432 5 Rod 1 is standard design for NRC/PN] test series.
Halden IFA-432 6 Rod 5 is standard design with lower density fuel,
Rod 6 is standard design with densifying fuel,
Halden IFA-513 1 well qualified in-reactor thermal performance data.
Halden IFA-513 2 Rod 1 is standard design for NRC/PNL test series.
Halden IFA-513 4 Rod 2 has increased initial helium. Rods 4 and 6
Halden IFA-513 6 have known initial degradation to initial fill gas
thermal conductivity: 75 and 50% of pure helium,
respectively.
Halden IFA-527 1 Matches NRC/PNL standard rod, but with minimum fill
gas thermal conductivity.
Halden IFA-517 RI Well qualified in-reactor thermal data for BWR design
slightly different than NRC/PNL test series. EOL
fission gas release.
Halden IFA-11 HBA Well documented beginning-of-1ife temperatures
HBC

Riso -- PA/29-4 EOL fission gas release, detailed power history
M2-2

BR-3 - 11115 EOL fission gas release, detailed power history,
3618 length increase

lorita -- 386 EOL fission gas release, detailed power history,

diametral creepdown
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3.3 BENCHMARKING RESULTS

3.3.1 [IFA-432

The irradiation of IFA-432 had peak linear heat generation rates of near
50 kW/m at beginn1ng-of-lif1 yith some rods being irradiated to a rod average
burnup of over 35 Hud/kgﬂ.( 4 By both thermocouple and pressure data it was
observed that the rods of I[FA-432 experienced thermal feedback by a burnup of
approximately 10 MuWd/kgM,

Comparison of the as-measured centerline temperatures to the calculated
temperatures from ihe three GT2R? cases may be found in Figures 7-12., PIE has
been performed on Rods 1 and 6(15) and the measured fission gas release is com-
pared to the calculated fission gas release in Table 3. In general, Case 1
(original fuel relocation and modified ANS-5.4 fission gas release) provides
the best comparison to the as-measured temperature data.

‘

For the upper thermocouple of Rod 1 (Figure 7), Case ! predicts tempera-
tures that are initially less than the data. At end-of-life the Case 1 and
Case 2 temperatures are in fairly close agreement while the Case 3 predicted
temperatures are considerably less. For the lower thermocouple (Figure 8), the
Case 1 temperatures are generilly closest to the data until a burnup of approx-
imately 25 MWd/kgM at which point the Case 3 temperatures become closest. The
Case 2 temperatures are considerably greater than the data for the entire
irradiation.

For the upper thermocouple of Rod 5 (Figure 9), Case 3 provides the best
comparison to the limited as-measured temperature data. For the lower thermo-
couple though (Figure 10), Case 2 provides the best temperature comparison
until a burnup of approximately 7 MWd/kgM. Beyond this burnup, Case 1 provides
the best comparison to the data, though cverpredicting the data. The Case 3
temperatures are generally 50 C higher than the Case 1 temperatures.

TABLE 3, Measured and Calculated Fission Gas Release for IFA-432

Calculated FGR, %

Rod Measured FGR, ¥ Case 1 Tase 2 Tase 3
1 18-2% 23.0 3.1 6.4
5 6-10(a) 17.7 30,0 3.5
6 23-29 70.3 84,1 46.1

(a) Estimated from vod internal gas pressure data.
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The Rod 6 comparisons (Figures 11 and 12) are considerably different. A
three calculated cases greatly overpredicted the temperatures for this rod with
densifying fuel. This is also seen in the high calculations of fission gas
release. It is believed that even though this rod had high fuel densification,
the fuel-cladding gap was still sufficiently closed as to keep fuel tempera-
tures down. This is not reflected in the calculations.

3.3-2 xFA“sla

In general, the irradiation of IFA-513 was fairly mild with peak linear
heat genfragion rates of approximately 40 kW/m over the majority of the irra-
diation.(16 This is reflected in the irradiation data by as-measured fuel
centerline temperatures that remained fairly constant, with orly very slight
increases, during the i{radiation. Moderate gas pressure increases were
recorded with estimated fission gas release for all rods being 1-2%. This
corresponds with the steady temperatures resulting from the absence of thermal
feedback, 1.e., no significant fission gas release contaminating the helium and
raising fuel temperatures.

Calculations were performed for the IFA-513 rods using all three cases.
The measured and calculated temperatures are compared in Figures 13-20. In
general, there is a difference in the comparison for the upper and lower ther-
mocouples. A comparison of fission gas release estimated from pressure data
and the calculated fission gas release is presented in Table 4.

For the upper thermocouples (rod peak LHGR), Case 1 resulted in an initial
overprediction of temperatures followed by temperatures quickly dropping to
slightly less than the data for burnups less than 7 MWd’kgM. The Case ] pre-
dicted temepratures are considerably less than the data (100-200°C) for burnups
greater than 7 MWd/kgM. Case 2 (same gas fission gas release model, different

TABLF 4, Measured and Calculated Fission Gas Release for IFA-513
FGR Estimated

from Pressure (a) FGR Calculated %

Rod  Data, % (AP, MPa) " CTase 1 Case 2 Case 3
1 0.0 (0.0) 2.0 7.4 0.9
2 2.2 (0,069) 1.1 2.0 0.6
4 1.4 (0.043) 1.9 8.0 1.0
6 2.0 (0,063) 4.1 12.9 2.4

(a) Measured pressure increases do not greatly exceed assumed
repeatability of the measurements therefore leading to a
1arge uncertainty in the estimated fission gas release.
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fuel relocation) calculated temperatures greater than the data throughout the
burnup range. The difference in temperature exceeds 200C at some time steps.
Case 3 (different fission gas release model) illustrates the importance of fis-
sfon gas release upon these calculations. Temperatures are similar to those of
Case 1, while using the fuel relocation of Case 2. Case 3 may be concluded to
generally give the best results for this data comparison with Case 1 also pro-
viding generally good results.

For the lower thermocouples (approximately 70% of peak LHGR) Case 1 pro-
vided better results than was observed for the upper thermscouples. Conversely,
the new relocation model (Case 2) generally overcalculated the temperature data
by a greater degree than was seen for the upper thermocouple. Case 3 provided
temperature calculations between Cases 1 and 2, while generally overpredicting
the data. Again the calculated fission gas release affects the temperature
calculations,

The difference in calculated temperatures between the two relocation
models when using the same fission gas release model is reflected in the calcu~
lated fissfon gas release as shown in Table 4. This table also reflects the
difference obtained by using a different fission gas release model with the
same fuel relocation model. Case 3 (new relocation model with Beyer-Hann fis-
sfon gas release model) generally gives the best agreement with the fission gas
release deduced from pressure measurements (1-2%). Case 1 also provides a
reasonably good prediction of fission gas release with the exception of Rod 6
which is a little high,

3.3.3 1FA-527

Beginning-of-11fe centerline temperatures as a function of linear heat
generation rate are of interest for this case. Because of the xenon fill gas,
maximum temperatures are present for the rod design (same design as the IFA-432
fuel rods). Fuel centerline temperatures were obtained for rods operating in
both the unfailed and failed (steam as fill gas) condition.( Fuel reloca-
tion .as been found to have the most impact on calculated temperatures for this
rod,

Because calculated fission gas release has no effect on the calculated
temperatures for this rod, only GT2R2 Cases 1 and 2 were run for the bench-
marking, Case 3 temperatures will be fdentical to Case 2 temperatures because
relocation models are the same. The calculated temperatures are compared to
the measured centerline temperatures for Rod 1 of [FA-527 in Figures 21 and 22,
Note that using the orfiginal relocation fuel model (Case 1) results in tempera-
tures considerably greater than were measured. The new fuel relocation model
(Case 2) provides a much better agreement. This indicates that the new fuel
relocation model 1s more appropriate for rods that have been operated at low
power as the IFA-527 rods were.
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3.3.4 [IFA-517, Rod Rl

Centef‘&?e temperatures for Rod Rl were obtained through a burnup of
7 MWd/kgM. ! The thermocouple data presented here have been corrected (bad
data removed, thermocouple decalibration applied to the data). No significant
fission gas release, as deduced from internal gas pressure measurements, was
found for this irradiation.

A comparison of the corrected thermocouple data and calculated tempera-
tures using GT2R2 Cases 1 and 2 may be found in Figure 23, Of major importance
here is that the calculated temperatures, from either fuel relocation model,
are less than the data. The new fuel relocation model (Case 2) does provide
the closest agreement to the data, and matches the data by the end of the
irradiation. One possible reason for underpredicting the data at beginning-
of-1ife may be fuel densification, The measured resintering densification was
low, and this was used in the calculations, If the in-reactor densification
was greater, this could help account for the difference between the data and
the calculations.

3.3.5 Rods HBA and HBC, IFA-11

Rods HBA and HBC were one of the e?[;% fuel centerline temperature mea-
surement experiments performed at Halden. These rods have since been used
extensively in code benchmarking exercises. Fuel centerline temperature data
obtained at beginning-of-life as a function of linear heat generation rate (no
effect of fission gas release) are of importance here.

GT2R2 Cases 1 and 2 were used for the benchmarking exercises. Comparisons
of measured and calculated centerline temperature as a function of LHGR are
presented in Figures 24 and 25, The data and calculated temperatures for Rod
HBA are in very good agreement, with the calculated temperatures slightly
higher than the data at linear heat rates in excess of 350 W/cm. The choice of
fuel relocation model for the calculated temperatures makes no difference as
fuel-cladding contact is calculated immediately and thus removes any differ-
ences due to fuel relocation. For Rod HBC, the old fuel relocation mode!
(Case 1) provides the best comparison of calculated temperature to the data.
Note though, that the difference between the data and the new fuel relocation
model is decreasing for LHGR greater than 400 W/cm,

3.3.6 Riso
Rods M2-2C and PA/29-4 were irradiated at Riso(zo) to a peak burnup of

44 MWd/kgM and to fairly high temperatures, Destructive post-irradiation
examination on the rods measured fission gas releases of 35.6% and 48,1%,
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respectively., Columnar grains were observed to 43% and 47% of the fuel radius
for M2-2C and PA/29-4, respectively. The corresponding estimating peak center-
line temperatures are 1827 and 1927 C.

Benchmarking calculations using all three GT2R2 cases were performed for
these rods. The results of the calculations are compared to the measurements
in Tables 5 and 6, For both rods , the calculated fission gas release exceeds
the measured when using the modified ANS-5.4 fission gas release model, while
the Beyer-Hann fission gas release model without the NRC high burnup correction
(Case 3) underpredicts the data. The general agreement in centerline tempera-
ture for all three calculations indicates that fuel relocation and fission gas
release models have little impact on the calculated temperatures for these high
burnup rods. Therefore the calculated fission gas release is nearly exclu-
sively dependent upon the selected fission gas release model.

TABLE 5. Measured and Calculated Results for Riso Rod M2-2C

Calculated
Parameter Measured Case 1 "Case 2 Case 3
Fission Gas Release 35.6% 49.8% 49.8% 18.1%
Peak Centerline Temperature  1827°c(@)  2341°%¢  2341°c  2300°C
Columnar Grain Growth Radius 43y N/A N/A N/A
Cladding Diametral Creepdown N/A T 0,005 inch =-=vee- >
Cladding Axial Growth N/A T T— 0,05 inch ==cecee= >

(a) Fstimated from microstructure,

TABLE 6. Measured and Calculated Results for Riso Rod PA/29-4

Calculated
Parameter Measured “Case I Case 7  Case 3
Fission Gas Kelease 48.1? 57.9% 57.9% 22.8%
Peak Centerline Temperature 1927¢°¢ (@) 2299°C 2299°C 2266°C
Columnar Grain Growth Radius 47% N/A N/A N/A
Cladding Diametral Creepdown N/A e 0.004 inch ~-eve- >
Cladding Axfal Growth N/A e 0.05 inch «eeeeeaa >

(a) Estimated from microstructure.
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3.3.7 8“'3

Rods 11115 and ?6{? were irradiated as part of a Westinghouse-DOE program
in the BR-3 reactor. 2 Rod 11115 had a measured fission gas release of 14.4%
and a measured clad elongation of 0.194 inch at an end-of-life peak burnup of
58 MWd/kgM. Rod 3618 had a measured fission gas release of 33.87 and a mea-
sured clad elongation of 0,263 inch at an end-of-1ife peak burnup of
72 MWd/kgM,

The benchmark calculations were performed using the three different cases.
A comparison between the measured data and the calculational results may be
found in Tables 7 and 8, As with the Riso rods, it appears that fuel reloca-
tion and fission gas release have a low impact on the calculated temperatures.
However, the choice of fission gas release model does have a large effect on
the calculated fission gas release.

From these comparisons it appears that the MATPRO-11 cladding irradiation
axial growth model is doing a reasonable job. Because the model is fast neu-
tron fluence dependent, changing the factor that relates fast neutron flux to
power (FFLUX) can affect the comparison in either direction.

3.3.8 Zorita, Rod 386

Fuel rods in four special assemblies were irradiated in the Jose Cabrera
(Zorita) reactor in Spain. Interim non-destructive examipations and a detailed
destructive post-irradiation examination were performed, 22 Fuel rod 386 was
selected for this benchmarking exercise. Measured fission gas release was
22.6% and cladding diametral creepdown of 0,001 inch was measured at a peak
burnup of 57 MWd/kgM.

TABLE 7. Measured and Calculated Results for BR-3 Rod 11115

Calculated
Parameter Measured Case 1 Case 2 Case 3
Fission Gas Release 14,41 14.1? 14.1? 4,41
Peak Centerline Temperature N/A 2249°C a)  2249°¢(2) 2249°C(b)
Cladding Axial Growth 0.194 inch <ececc-e- 0.212 inch c=ceees >
Cladding Diametral Creepdown N/A Cennocans 0.0025 inch «==ee- >

(a) 2249°C was calculated for the first time step, 2065°C was the peak
temperature at a burnup of 14 MiWd/kgM,

(b) 2249°C was calculated for the first time step, 2014°C was the peak
temperature at a burnup of 14 MWd/kgM,
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TABLE €. Measured and Calculated Results for BR-3 Rod 3618

Calculated
Parameter Measured  Case 1 Case 7 Case 3
Fission Gas Release 33.8% 81.5% 81.5% 4,9%
Peak Centerline Temperature N/A 1912°C 1963°C 1953°C
Cladding Axial Growth 0.236 inch <eeee- 0.312 inch «eee-- >
Cladding Diameteral Creepdown N/A e 0.0024 inch ----- >

A1l three calculational cases were made for this rod. The predicted
results are compared to the measured values in Table 9. It is quickly noted
that the calculated fission gas release is much less than the measured., This
is most probably a result of the low calculated fuel temperatures. The low
temperatures are a result of high gap conductance values due to small fuel-
cladding gaps and calculated fuel-cladding contact during the peak power seg-
ment of the power history. As with the previous high burnup fuel rods (Riso
and BR-3) there is little difference in calculated temperatures between the
three cases. Also, because of the low calculated temperatures, both fission
gas release models predicted relatively low fission gas release,

Calculated cladding creepdown is approximately twice that of the measured
creepdown,

3.3.9 Conclusfons From Benchmarking Exercise

It 1s concluded that Case 1 (old fuel relocation and modified ANS-5.4
fission gas release) and Case 3 (new fuel relocation and Beyer-Hann fission gas
release) options provide the best predictions of the experimental data set,
Case 3 1s judged to provide better thermal predictions because of better
predictions of the IFA-517 and IFA-527 temperatures. However, it should be

TABLE 9. Measured and Calculated Results for Zorita Rod 386
Calculated

Parameter Measured Case I Case 2 TCase 7

Fissfon Gas Release 22.6% 5.1% 5.1% 2.5%

Peak Centerline N/A 1369°C 1370°C 1370°c
Temperature

Cladding Axfal Growth N/A e 0.68 inCh ccccccancccana >

Cladding Diametral Creepdown 0.001 1n, <eecoceee 0.0022 1nch «cccccccacen >
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noted that because of their xenon fill gas the IFA-527 fuel rods are atypical
of commercial fuei rods. Because Case 1 provided better fission gas release
cilculations than Case 3 2long with reasonably good thermal predictions, it is
concluded that Case 1 provides the best overall thermal and fission gas release
predictions of the data set.

If the NRC burnup correction factor nad been used with the Beyer-Hann
fiscion gas release moc:1 in Case 5, the fission gas release predictions for
this case would have been substantially righer and thus closer to the high
burnup data. For example, based on pas’ gredictions vsing this fission gas
release option, it can be estimated that Case 3 fission cas release predictions
would have been similac *o the Case 1 predictions for {FA-432 Rods 1 and 5 and
the two Riso rods. Tne two BR-3 rods and Zorita Rod 38b would have been
significantly overpredi.ted, however.

From comparisons to the data it is concluded t¥.c the cladding irradiation
axial growth model is providing reasonable results, however keep in mind that
the calcaleted growth is dependent upon the flux the cladding is exposed to.
The calculated cladding diametral creepdown appears to ve consistently greater
than that measured: but does match that c .iculated independently by BUCKLE.
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Bird, Stewart and Lightfoot Gas Thermal Conductivities
Compared to Experimental Data
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