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ABSTRACT

ine predictive capabilities of the steady state
fuel rod bHehavior program, FRAPCON-1, have
been indcpendently assessed. FRAPCON-1 code
predictions of ruel behavior aiz compared with
eapeioas i) Zaa wor test rods and with predic-
tions ‘rom the FRAP-S3 code for commercia!
Tr.  le-to-data comparisons are
uscd to assess the accuracy of fuel rod thermal,
pievsure, deformation, and corrosion models

design yode

under steady state operating conditions. The code-
to-code comparisons are used to identify the
effects of model differences between
FRAPCON-' and the previously assessed fuel
behavior code, FRAP-S3. On the basis of results
of these studies, conclusions are given rerarding
present model capabilities and future developmem
needs.
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SUMMARY

The steady state fuel rod aualysis program,
FRAPCON-I1, has been independently assessed
for the United States Nuclear Regulatery Com-
mission by the Code Assessment and Ap;..ications
Frogram of EG&G Idaho, Inc. The primary
objectives of this assessment were to demonstrate
where best estimate model capabilities exist and to
provide guidance for model development where
improvements seem warranted. FRAPCON-i is a
derivation of the FRAP-S3 code developed by
EG&G Idaho, Inc., and the GAPCON-Thermal-3
code developed by Battelle Pacific Northwesi
Laboratories. This new code is the first of a series
of FRAPCON codes intended to calculate the
effects of power and burnup on fuel behavior
under normal (as opposed to transient or
hypothesized accident-related) operating condi-
tions. The primary application of FRAPCON-1 is
to supply initial conditions to the FRAP-TS tran-
sient tuel rod analysis program,

Two general types of analyses were conducted
during the assessment of FRAPCON-1. First, an
analysis of fuel behavior for commercial rods was
used to evaluate general code performance
characteristics, Second, a comparative analysis
between FRAPCON-1 predictions and the
measured behavior of test rods was used to
evaluate model accuracy.

During the studies involving commercial rods,
oredictions of FRAPCON-1 and the previously
assessed FRAP-S3 code were compared for a core-
average rod. The rod was assumed to operate in
either a boiling or a pressurized water reactor
(BWR, PWR) from beginning-of- to end-of-life.
This comparison shows (a) the effect of model dif-
ferences between FRAPCON-1 and FRAP-S3,
and (b) the capability of FRAPCON-1 for model-
ing a fuil scale commercial iuel rod. General con-
clusions from this study are:

1. Modeling differences cause FRAPCON-1
to predict higher fuel temperatures than
FRAP-S3 for these low density 94%
theoretical density (TD) fuel rods.

2. Use of the new permanent tuel restructing
model decreases predicted fuel
temperatures during the rod lifetime.

v

3. FRAPCON-1 prediction of higher fuel
temperatures produced prediction of
higher internal pressures, increased fuel
swelling, and reduced cladding creep-
down.

During the studies in which FRAPCON-I
results were compared with experimental data
(in-pile measurements and postirradiation
examination data from about 700 test rods),
FRAPCON-1 exhibited better calculational
accuracy than FRAP-S3. Results from this study
are summarized as follows. The thermal model
results are discussed first, due to the governing
influence of rod temperature on the fission gas
release, internal pressure, and mechanical defor-
mation models. Then, the pressure, deformation
and corrosion model results are presented, respec-
tively.

1. Fuel centerline temperature is generally
overpredicted for rods with low density
(< 95% TD) fuel, and underpredicted for
rods with high density fuel (~95% TD).
Better agreement is noted for certain
situations, namely, (a) for unpressurized
rods rather than pressurized rods,
(b) pellet-cladding gap sizes l=ss than 2%
of the pellet diameter, and (c) power
levels greater than 45 kW/m. The stan-
dard deviation between centerline
temperature m -asurements and predic-
tions is 170 K for unpressurized rods and
294 K for pressurized rods.

2. The predicted radial temperature profile
15 t00 steep in the inner part of the fuel
pellet and too flat near the pellet surface.

3. FRAPCON-I accurately predicts gap con-
ductance during hard gap closure condi-
tions, but overpredicts the measured value
during soft gap closure. The standard
deviation is about 11 000 W/m2-K for
unpressurized rods and 21 000 W/m2-K
for pressurized rods.

4. Fission gas release fraction is generally
overpredicted when the measured fraction



is less than about 20%. The overall stan-
dard deviation is 16%. Although the gas
release model includes cumulative burnup
effects, a burnup enhancement factor is
required.

Rod internal pressure is genera.ly over-
predicted for prepressurized fuel rods,
especially when the rod power level is high
or the pellet-cladding gap is closed. The
standard deviation is 1.6 MPa.

The onset of thermal gap closure is
predicted to occur within the range of
measured values. Best agreement between
FRAPCON-1 and the data occurs for
power levels between 20 and 25 kW/m.
FRAPCON-1 overpredicts the amount of
relocation for large gap sizes (> 2%) and
underpredicts relocation for small gap
sizes * - 2%). The standard deviation is
11 kW/m.,

Predictions are in close agreement with
fuel axial thermal expansion
measurements and for strains less than
0.3% of the stack length, when the pellet-
cladding gap is usually open. For strains
above 0.3% when the pellet-cladding gap

10.

is closed, FRAPCON-1 overestimates the
measured expansion. The standard devia-
tion is 0.37% of the stack iength.

For open or soft gap closure conditions,
the extent of permanent fuel deformation
is underestimated, probably due to the
lack of a fuel compression model or of a
fuel stack slippage model, or bothi. The
standard deviation between the perma-
nent deformation measurements and the
predictions is 0.45% of the measurement,

FRAPCON-1 generally predicts negative
cladding strain trends well, but
overestimates the extent of creepdown,
even though fission gas release, internal
pressure, and fuel temperature are
generaily overestimated, which tends to
retard creepdown. The standard deviation
between measured and predicted cladding
strain is 0.5% in the radial direction and
0.2% in axial direction.

Cladding corrosion and hydrogen uptake
rates are slightly underpredicted. The
standard deviations for these models are
6um and 37 ppm, respeciively.



T T T R )

CONTENTS
REBTRALT ..o ivvioisraibrsrsss O i e i p e A &6 AR S B L T AR A P74 3 " d
ACENOWLEDGMENTS . . Ui e s D AL TR A B e PSSR EE NG e e i
.
SLAMARY s Bty Pateton diee SR o ui B0 L h e b a E ] ) B s ke ovied o vl
B TR I i i e b s e o 0 U kR AR (bl b0k a5 3 i sl Ptk 1
2. CODE DESCRIPTION . e ] i Ehian el e S o awly PR AJEd e ol
1. ASSESSMENT PROCEDURE AND RATIONALE o B b el
1.1 FUNCTIONAL PROCEDURE SR ot s el . I e 3
1.2 RATIONALE FOR USING LARGE SETS
OF DATASAMPLES .........convvin. . e . 3
33 INPUT CONVENTIONS . . : Y- e R 4
4. RUNIDENTIFICATION ‘ . Ve .3 . o .6
S, ASSESSMENT RESULTS . T " v : = : o I i
.1 COMMERCIAL ROD STUDIES . b . s 11
§.2 CODE TO-DATA COMPARISONS . : o s g 27
-
§.2.1 Thermal Models . .. v b N e . 27
© 2.2 Pressure Models : . : : , M
5.2.31 formaton Models | : S8 ‘ . i .y 10 ‘
§.2.4 Cladding Corrosion Models . . : _ ‘ : : : c e vain R
6 CONCLUSIONS e ; . R e e TR
7. USER RECOMMENDATIOCNS = e = . : .95
8. REFERENCES oy : s s 99
FIGURES
1. Idealized application of assessment functions o 5
2. Compan.. of FRAPCON-I and FRAP-SY ftuel centerline
temperature ramp for a 7 x 7 rod at beginmng-of-hte : . 12
1, Comparison of FRAPCON-1 and FRAP-S3 tuel centerline
temperatury ramp tara 15 x 15 rod at beginning-of-life " ; A 13
Ll
4 Comparison of FRAPCON-1 and FRAP-S3 stored energy
fora 7 x 7 rod at beginning-of -hife : 14
-

s Comparison of FRAPCON-1 and FRAP-S3 stored energy
fora 1S x 15 rod at beginmng-of-life : . . 15

vi



10.

12.

13.

14.

15.

16.

17.

19.

21.

23.

Comparison of FRAPCON-1 and FRAP-S3 rod internal pressure ramp
AT 0 I I T R 12y ok 0or ook e s sl S & ST SR oo W T3 e 0 AR o 16

Comparison of FRAPCON-1 and FRAP-S3 rod internal
pressure ramp fora 15 x 15Srod at beginning-of-life ........... ... ... . ciiiiiiiiiiiiiiinn. 17

Comparison of FRAPCON-1 and FRAP-S3 cladding 2100p
strain ramp fora 7 x 7 rod at beginning-of-life .............. . ... i ittt 19

Comparison of FRAPCON-1 and FRAP-53 cladding hoop strain

rampforalSx 1Srodatbeginning-of-life ...........cccviiiiiiiiierinsiiiarvarrnsoeions 20
Comparison of FRAPCON-1 and FRAP-S3 diametral gap size

SRS PRI O DRI OERES . - o\ .y i o s w5 e as v b BT 5w w SR B 21
Comparison of FRAPCON-1 and FRAP-S3 diametral gap size

foralSx ISrodatbeginning-of-hfe .........ccoviiiiiviiiiaiirinceiiisercnaasincsssnans 22
FRAPCON-1 and FRAP-S3 fuel centerline temperature history

BT A0 I« & 5= i 70y e v o B e e a2k o 5 L a5 et 5 o B el & 0 e 23
FRAPCON-1 and FRAP-S3 fuel centerline temperature history

BORE RS TR TRRIE s« i oo d I P S ks ik w0 e N 2 an o e & ) ol e e o B 5 e Rt o 24
FRAPCON-1 and FRAP-S3 stored energy historyfora7 x 7rod ....... ......ccovviunin... 25
FRAPCON-1 and FRAP-S3 stored energy history for a 15 x 1§

L e o e ey e B e R e e e e 26
FRAPCON-1 and FRAP-S3 rod internal pressure history for a

B O 8 555 ko f 3 R e 4 o 8 R Tue A 5 Ak e ATE AR ¥ B b R n S ot e o o et A 28
FRAPCON-1 and FRAP-S3 rod internal pressure history for a

A T el e T e L T ey e i 29
FRAPCON-1 and FRAP-S3 claddir.z .. op strain history for a

8 T e e e o S iy = L T e s P it L L R 30
FRAPCON-1 and FRAP-S3 cladding hoop strain history for a

U L, T e U N e S I Oy i i SIS B SRR e T P 31
FRAPCON-1 and FRAP-S3 diametral gap size history for a

TR TIE o o iharios on Ke o in A 64wk s o e B, e A = e S K W g h s e B R AR AT 2 32
FRAPCON-1 and FRAP-S3 diametral gap size history for a

L B e T e e e o A s e T ST ) (P per Sy s 33
Comparison of FRAPCON-1 and FRAP-S3 fuel centerline

temperaturcramp fora7 x Trodatend-of-life .............. ... ...l 34
Comparison of FRAPCON-1 and FRAP-S3 fuel centerline

temperature ramp fora 1S x 1Srodatend-of-life ......... ... ... ... ... i 35

vii



25.

27.

29.

3L

32

33

34

35.

6.

37

38.

19.

Comparison of FRAPCON-1 and FRAP-S3 rod internal
pressurcramp fora7 x Trodatend-of-life . ............cciuriiniieienissoneinesersnsses 36

Comparison of FRAPCON-1 and FRAP-S3 rod internal
pressureramp fora IS x 1Srodatend-of-life . .............cciviiiiiiiiiiii i 37

Comparison of FRAPCON-| and FRAP-S3 cladding hoop
MR TOE R 7 KT IOBBEORGOEIIR . .. ..o i e nicinesnssbnnornsisms dessn s ones ey 38

Comparison of FRAPCON-1 and FRAP-S3 cladding hoop
SIrRINTOra 1S X IS rod At end-Of-liIe . ........ i icimiinvimiesimrin s s rs e e 39

Comparison of FRAPCON-1 and FRAP-S3 diametral gap size
FOra7 x Trod at end-Of e . .........oviinnirnisn i imenssanesnesarsraasnnssesnnennans 40

Comparison of FRAPCON-1 and FRAP-S3 diametral gap size
foralS x ISrodatend-of dife . .. ... .. ... ... it 41

Comparison of FRAPCON-1 predicted and measured
temperature difference between fuel centerline
and a radially positioned thermocouple ... ... . ... .. L 42

Comparison of FRAPCON-1 predicted and measured
temperature difference between a radially
positioned thermocouple and thepellet surface .. .......... ... . ..ot iiiieinriiinunnns 44

Comparison of FRAPCON-1 predicted and measured
centerline temperatures for unpressurized rods .. ... L 45

Comparison of FRAPCON-1 predicted and measured
centerline temperatures for pressurizedrods .. ... ... ... AR Y PR M 46

Effect of fuel density on FRAPCON-I centerline
temperature error (Al TOdS) . . . 47

Effect of fuel density on FRAPCON-1 centerline
temMPEratUre error (PressuniZeATOlS) . .. .. vv vt irrtinnr e siaisosvaransonnsnnisseesns 48

Effect of fuel density on i'RAPCON-1 centerline
temperature error (UNPressuriZed OS] . ... .. ov vt i i iins e aiorr et aeson ettt 49

Effect of local burnup on FRAPCON-| centerline
DRI IR . 5l oo et s W e W OIS & o R 1w SRR e R 5 IR P S e AVE ) 50

Effect of gap size on FRAPCON-1 centerline temperature
s e LT T o A W b o S mIis AL L ORI R R B e UL v B

Effect of local heat rating on FRAPCON-1 centerline
T i R Sl NI o AV HE A AL T AN O DR SN 52

Comparison of FRAPCON-1 predicted and experimentally
inferred gap conductance—pressunized rods .. .. 54

vili



4].

42.

43,

45,

47,

49.

3l.

52.

53.

54.

56.

37,

8.

59.

Comparison of FRAPCON-1 predicted and experimentally
inferred gap conductance—unpressurized rods ... ....... ... s 55

Effect of gap size on FRAPCON-1 gap conductance error . . ............ «covinenuinaianas 56

Effect oy local heat rating on FRAPCON-1 gap conductance
A N e i W I U e e e R S T SRR JRTY el o P (R OeTog S e S o 57

Comparison of FRAPCON-1 predicted and measured
SN R SR IO o i+ 5o fa s s s ot o 6B hy 50 R mp o 38 5w e B e AR EAE & S IR 58

Effect of maximum fuel temperature on FRAPCON-1 fission gas
T R R O P ST AN S G P T ) I PR SRR T Sy G 59

Effect of maximum fuel temperature on FRAPCON-1 measured fission
R AT TIIENRY 5 5 < 5 5 0 18 o 2 e Wi el e 2 Bl bl B, o6 o 8 ol & 4 el P e Sl AT 61

Effect of maximum fuel temperature on FRAPCON-1 predicted
T Sl P I P, R e S T Ao 62

Effect of rod average burnup on FRAPCON-| predicted
ERORION R TEIBRBE ERMEEION ' & <ocainii son i s s it ans ok ad o sisiehad sy s et i dod i msts 6]

Effect of rod average burnup on FRAPCON-1 measured fission gas
T R Nt o et S ot M I, L 64

Effect of burnup on FRAPCON-1 fission gas release error ... ...........ooiiiiiinenninin. 65

Comparison of FRAP-S3 predicted and measured rod
BBETIARE DEORBEPE. ... v i bt binbint o o s s om s s oon s mn ns o5 o 8.0 sn re v e mla o Ak & Siare: oracl b # 66

Effect of average heat rating on FRAPCON-1 internal pressuie
I 0,101 o b e 808 i e om0 e o 6 e R B AT 3 € i o AT B S mcu 67

Effect of plenum void volume fraction on FRAPCON-1 internal

PUBERERERETEINT - o & 5 im0 o 06 0 08 % Ak ks 6 X 4 0 Bt 0 478305 | 4 ol n A w00 mebek] e 3 e 2 68
Comparison of FRAPCON-1 predicted and measured rod

internal pressure at high burnup conditions .. ... .. ... 69
Etfect of average heat rating on FRAPCON-1 internal pressure

error at high burnup conditions . .. ... .. . 71
Comparison of FRAPCON-1 predicted and measured gap

RORREIEE PREMIEE s o2 shc6n i avwe s dn Y W i s EaTs s s W e e L e s et e by e s 72
Effect of gap size vn FRAPCON-1 gap closure heat rating

P e R e e e R e I 73
Comparison of FRAPCON-1 predicted and measured fuel

axial expansion during MeatUD . ... ... e e 74
Effect of average fuel temperature on FRAPCON-1 fuel axial

DI B EOF SRR SIMIEARIE -0 o i o ws-as & 6 0 36 5t 05 Akl oo i e A b 5 Bt B 52 % e 3 76

X



63,

o

65.

70.

7

2,

73.

Effect of gap size on FRAPCON-1 fuel axial expansion error

e e i L it Tl kel DR S e ol o

Comparison of FRAPCON-1 predicted and measured permanent

fuel axial deformation . . . . e T BT L e oticr wilts

Effect of density on FRAPCON-1 permanent fuel axial
SRR IR & ooy i aal bi i A R AR I s b bk MR

Effect of burnup on FRAPCON-1 permanent fuel axial

T A R S A SR B TR

Comparison of FRAPCON-1 predicted and measured

permanent cladding hoop strain ... ...

Effect of gap size on FRAPCON-1 permaient cladding hoop

T e e R R SR LT el = A, Tl S

Comparison of FRAPCON-| predicted and measu;ed

S PIRNENt CINCRRIOE BMMRBETRIR . .o .o, v ccaih s e b b e s

Comparisor: of FRAPCON-1 predicted and measured rod
surfece corrosion buildup . ... ... ... ... A P R g

Effect of operating time on FRAPCON-1 error in rod
sucfacecorrosionbulldup . ..........0.cv000i0ns M SRR e T h s )

Etfect of system inlet temperature on FRAPCON-1 error in

rod surface corrosion buildup .. ... .. S e Srr 4 WA W

Comparison of FRAPCON-1 predicted and measured cladding

hydrogen CORCENIIALION . .

Effect of operating time on FRAPCON-1 cladding hydrogen
CONCEIITRAEOMBIPOR . o v b s i e ncsdirsbonsnraysesundisnsnin

Fifect of imtial fuel moisture concentration on FRAPCON-1
cladding hydrogen concentration error . ... ..

Comparison of onginal and revised power histories used when

eliminating nonconvergence problems during increasing power
ramp operation |

TABLES

Fuel Behavior Assessment Standard Procedures

FRAPCON-1 Model Assessment—Run Identification and Nominal
input

Matrix tor the Assessment of FRAPCON-|



FRAPCON-1 versus FRAP-S3 Model Assessment—Summary of Standard
Deviations Between Mecasurements and Predictions .. ... ... ... .. .. .. iiaiii e

FRAPCON-I Input Recommendations

FRAPCON-1 Trouble Shooter's Guide

xi



I""DEPENDENT ASSESSMENT OF THE STEADY
STATE FUEL ROD ANALYSIS CODE FRAPCON-1

1. INTRODUCTION

Before a computer code can be used with a
known degree of confidence for conducting reac-
tor safety analyses, the accuracy of its constituent
models must be demonstrated on basic physical
grounds. This report discusses the results of model
assessment stuaies addressing the steady state fuel
rod behavior code, FRAPCON-1.2 This code, the
first of a series of FRAPCON codes, is a deriva-
tion of the FRAP-S3! code developed by EG&G
Idaho, Inc., and the GAPCON-Thermal-32 code
aeveloped by Battelle Pacific Northwest
Laboratories. The assessment of FRAPCON-I1
was conducted by the Code Assessment and
Applications Program of EG&G ldahao, Inc., and
is part of the Safety Code Development Program
sponsored by the Office of Water Reactor Safety
Research of the United States Nuclear Regulatory
Commission.

FRAPCON-1 calculates the effects of power
and burnup on fuel rod behavior under steady
state operating conditions. The code treats the
coupled effects of fuel rod thermal and
mechanical changes. Burnup effects modeled by
FRAPCON-1 include fission gas release, fuei
swelling and densification, cladding collapse, and
cladding corrosion buildup. The primary applica-
tion of FRAPCON-1 is to supply the transient fuel
rod analysis program, FRAP-TS3, with initial
conditions which reflect operation prior to the
occurrence of hypothesized transients,

2. FRAPCON MOD 001, MATPRO Version 10A, Idaho
National Engineering Laboratory, EG&G Idaho, Inc., Code
Configuration Control Number HOO730IB.

The primary objectives ot the FRAPCON
assessment effort were to demonstrate where best
estimate model capabilities exist and to previde
guidance for model development where
improvements seem warranted. Model capabilities
to be assessed are chosen to correspond with fuel
behavior phenomena which are both amenable to
experimentation and are expected to impact reac-
tor safety analyses.

Model assessment studies consist of comparing
FRAPCON-1 predictions with « .serimental data
for test rods and with FRAP-S3 code predictions
for rods of commercial design. The code-to-data
comparisons are used to assess the accuracy of
fuel rod thermal, pressure, deformation, and cor-
rosion models under steady state operating condi-
tions. The code-to-code comparisons are used to
identify the effects of model differences between
FRAPCON-1 and the previously assessed code,
FRAP-S3. in all, some 700 runs were generated
for the independent assessment of FRAPCON-1.

This report briefly describes the FRAPCON-1
code, the procedures, and the general assessment
approach. The individual computer runs, experi-
ment data sources, rod design and operating con-
ditions, and the model parameters evaluation are
identified. The general requirements for
FRAPCON-1 analyses and interpretation of
results are explained. The results are discussed for
each assessment category and conclusions of these
assessments are presented. User recommendations
are given. General text references and source
material for data comparison runs are listed.



2. CODE DESCRIPTION

The FRAPCON-1 code calculates thermal and
mechanical fuel behavior responses occurring dur-
ing steady state operation. FRAPCON-1 has
models which account for temperature- and
burnup-dependent changes in fuel and cladding
properties, gap and surface heat transfer, rod
internal pressure, and fuel and cladding deforma-
tion. Fuel dimensions are influenced by thermal
expansion, relocation, swelling, and densification
models. Cladding deformation models account
for thermal expansion, hydrostatic pressure dif-
ferences, creep collapse, irradiation growth, and
gap closure. Fission gas production and release,
rod deformation, and temperature models impact
rod internal pressure. The buildup of cladding

corrosion layers affects surface heat tran fer
models. Unless sustained closed gap and hiyh
temperature conditions exist, running time and
convergence are usually not limiting considera-
tions. Detailed descriptions of the FRAPCON-I|
code and its materials properties package are pro-
vided in References 4 and §.

The main user-supplied input .or FRAPCON-I1
describes fuel design and fabrication history,
operating history, and axial nodalization. The
operating history includes system coclant condi-
tions, axial power distributions, and time-
dependent rod average power.



3. ASSESSMENT PROCEDURE AND RATIONALE

As background to the discussion of results, this
seci,on presents a general description of (a) the
procedure used to assess FRAPCON-1, (b) the
rationale pertaining to the data samyle, and
(c) the input conventions used for computer runs.

3.1 Functional Procedure

The procedure used to assess FRAPCON-1 is
summarized in Table 1. Basically, the procedure
involves acquiring fuel rod experimental data,
reviewing and cataloging the data, generating code
predictions, and comparing the code predictions
and experimental data to determine the code
predictive capabilities. A large experimental data
sample is used to provide a statistical base for
quantitative model evaluation. Many
measurements, model calculations, and results of

TABLE 1.

supporting analyses were independently generated
and then interrelated with other experiments and
the computer code on a consistent basis. Present
status of each activity in Table 1 is assigned a let-
ter designation, A or B, which indicates currently
implemented and planned activities, respectively.

3.2 Rationale for Using Large
Sets of Data Samples

Various incentives exist for maximizing the
sample sizes considered in code-to-data com-
parisons. These incentives all <tem from the
reliability desired for safety analysis codes. In
general, data requirements have not been com-
pletely met until the point is reached when either
(a) consideration of new data does not change

FUEL BEHAVIOR ASSESSMENT STANDARD PROCEDURES

__General Procedure Activities Status
Data Acquisition Fuel Research Programs Followed Al
Literature Reviewed A
Assessment Aspects identified A
Experiment Review Design Operating Conditions Identified A
Data Reduction, Physical Evaluation A
Data Presentation Formulated A
Measured Values Cataloged A
Generation of Results Input Deck Set Up A
FRAP Computer Run A
Debug Activity A
Predictions Cataloged A
Analysis of Results Comparative Presentation Formulated A
Physical Interpretation, Diagnosis A
Results Consolidated, Trends Established A
Best Estimate Comparison (g ., up) gb
r Uncertainty Comparison (ug ., UP) B

Model Capability Stated

a. = Currently used.

b. = Potentially used.




measurement distributions, or (b) current model
uncertainties are found to be acceptable on the
basis of sensitivity studies.

The probability exists that inherent model
design characteristics may either be physically
unrealistic or somehow provide compensation “or
unaiscovered model errors. Such a cendition may
be undetected by the code assessment process,
unless data other than that used for correlation, or
data which may reflect as yet unmodeled basic
principles are continually added to the sample.

For each category of code-to-data comparison,
identifying the mean, range, and distribution of
the fuel behavior measurements is dependent on
having many data points applicable to a given
design configuration and range of operating con-
ditions. This requirement arises because scatter in
the data suggests that the range reflecting
reproducibility of fuel rod measurements is quite
large. An additional reason for generating large
numbers of code-to-data compaiisons i1s based on
intended application of the code to commercial
power reactor conditions. Assessment conclusions
based on measurements from large numbers of
rods are considered most likely to be applicable to
the case of iypical fuel behavior variation in a
large power reactor core with 40 to 50 thousand
rods. That 1s, data scatter is thought to be
necessary for describing the wide range of core
conditions which will exist.

Measurement distributions characterized by
many data points can also indicate whether

integral calculations of the corresponding model
output uncertainty are physically val*d. Figure 1
shows an idealized schematic of how the relation-
ship between measured and predicted distributions
can be used to either characterize model
capabilities or inake development recommenda-
tions. Defining these distributions for fuel
behavior parameters requires large sets of data
samples.

3.3 Input Conventions

Certain input conventions were common to all
FRAPCON-I runs. Radial nodalization consisted
of 10 fuel intervals, one x2; interval, and two
cladding intervals. Central holes were specifiea for
test rods with fuel centerline thermocouples.
Axially, test rods were divided into three or five
intervals, commercial rods were divided into nine
intervals. A single-channel thermal-hydraulic
analysis was used with enthalpy rise calculated
internally based on inlet coolant conditions. When
not reported in detail, hydraulic parame:ers and
channel geometry were input to allow surplus
cooling conditions to exist. (Surface heat transfer
was usually not a limiting factor for the
experiments considered.) Radial power distribu-
tions were based on the FRAPCON-1 simplified
diffusion theory model for low enrichment com-
mercial design rods and most of the highly
enriched rods®, and on test predictions for rods
irradiated in the Power Burst Facility.” The Ross
and Stoute gap conductance model, coupled with
the Coleman fuel relocation and effective fuel
cenductivity models!, was selected.
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4. RUN IDENTIFICATION

Nominal input data and data sources for all
assessment runs are summarized in Table 2.
Presented herein are the computer run number
and experimental data source, reference numbers,
rod design and operating data, and relcvant out-
put parameters for all runs in each rod analysis
category. Best-estimate input values were assumed
whenever geometry, system condition, or fabrica-

tion input details were not given in the refe.ence
material.

The scope of the FRAPCON-1 assessment
effort is summarized in Table 3. Listed are the
various assessment categories, the experimental
data source, and the models which were evaluated
within each category.
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TABLE 2. FRAPCON~] MODEL ASSESSMENT RUN IDENTIFICATION AND MNOMINAL INPUT
Cladding
Nombar Inside Diametral Fuel Fill Gas
of Diameter?d Gap Density Enrichament Pressure
Run Source Rods {in.) (mils) 2 (2) (psia)
Commereial Kad Study
“h ) % 7 SAR 1 0.4990 12.0 9.0 1.2 15.0 |
&7 8 x 8 sak 1 0.4250 3.9 95.0 2.2 15.0 !
4“8 15 x 15 sAR 1 . 3740 7.5 9%.0 1.8 345.0
49 17 x |7 saRr 1 0.3290 6.5 95.0 2.6 300.0
Data Co-pa_g_yln Study
1=s Haldea® 6 0.4957-0.4961  2.0-6.7 95.2-97.8 5.0 15.0 !
29, w? 8 0.7349 4.3 97.6,95.8  1.4,1.6 15.0 "
i, N Haiden IFA-22% 2 0.4992 5.9 95%.0 5.9 15.0 o
33 - 3 Halden 1¥A-22610 4 0.3743-0.3746  7.9-9.9 91.6=95.9  7.3(tspu) 15.0 Y,
17 - 39 Halden 1PA-22610 3 G.3737-0.3741  3.6-7.8 95.5 7.3{usPu) 15.0 o
50 = 52 Halden 1¥A-22610 3 0.3743-0.3746  8.2-8.4 90.6-95,1 1.5 Uepu) 15.0 i.
& Halden!! 1 0.4922 5.9 95.0 5.8 15.0 1.
41, &2 Haldenil) 2 0.4924 7.8 95.7 5.8 15.0 0.
43 - 45 Halden !l 3 0.5535 8.4 96.9,91.3 6.0 15.0 0.
53 RISO i 0.6929(55) 3.9 95.7 1.38 15.0 0
54 Ris0 2 0.5043 7.1 9..0 1.45 15.0 i.
57, 59.60 Halden IFA-223 3 0.4988,0,.4992 5.9,6.1 95.7 6.0 15.0
58, 61 Halden 1PA-223 2 0.4992,0.4994  6.%,6.3 94.7 8.0 15.0 i,
82 ~ 64 Plum Broox!i2, 13 3 b 2765(88) %.5 95.0 0.6,0.8 15.0 o,
85 - 69 Ralden xn-nolm“' 5 0.3026-0.5035  5.9-12.3  90.C 9.6 6.0 15.0 i
0, T Halden [FA-13214 2 0.5512 9.9 94.7,94.9 10.0 15.0 9.
73 - §7 LRCES 16 0.370 4.0,8.0 93.% 3.0 15.0 1.
88 - 89 L 2 0. 1661 8.6 94,3 23,31 15.0,329.0 5.
90 - % Saxten [17 5 0.3435 6.5 95.0 $.1-7.3 15.0(.18) 0.
95A-107 Saxton 1118 13 0. 3444 7.1 94.0 5.9(Uspu) 15.0(.1%) 0.
108-121 Saxton 11119 1 0. 3444 7.1 9.0 5. 9(UsPu) 15.0(.1N) Ok
25-152 Haldend0 2 0.574~0.5745  5.1-9.5 95.9-97.0 1.0 15.0 i
205-213 NRx <) 8 0.7813 33,1 9.6 4.3 15.0¢air)f 0.
213-211 NRX < 5 0.8005-0.8044  &,0-8.0 93.1-95.0  [.8% 15.0(A¢) 0.
219-221 Haldeab 1 0.5025-0.493  6.0-5.7 96.0-96.3  15.0~6.0 15.0 0.
232-139 Nx 3 8 0.6497-0,6505  7,2-8§.0 935.0-97.9 2.4 15.0¢aur)f 0.
251-270 GETRIS 20 0.5003-0.5i03  4.3-8.9 94.8 1.5-3.8 15.0 2.1
173-27%, PRELS ] 0.374 8.0 93.0,94.0 20.0 550.0,375.0 2.0
217-278
276, 279-281  paplb 4 0.346 9.9 92.0 9.5 380.0CHe ,Ar) 3.0
286188 pRTR27 3 0.5078 12.0 94.5 1.2 15.0
189-294 prrud? 10 0.505,0.5078  12.0 94.5% 2.4,2.6 15.0 7.0
299304 Halden 6 0.7672 3.5,5.1 94.0 4.0 5.0 0.1
0%, 306 alden ? Q. 7441 6.3 4.0 4.0 i5.0 0.i
3072~309 Halden 3 0.4264 11.7 95.1 10.1 15.0 5.6
3L0-313 Halden 4 0.4264 5.8-11.8 95,1 10.1 15.0 5.4
M4, S Halden 8 by 0.4922 3.9,5.9 95.0 5.76 15.0f L&
He=318 Haldea (¥A-20829 3 0.4992 11.8 94.9 7.0 i5.0f 3.7
119, 0 Halden LFA-11630 2 0.5577,0.5506  8.6,8.7 9.9,91.3 6.0 5.7,11.6f 0. 5¢
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TABLE 2. (Continued)

GCiadding
Number {nside Diametral Fuel Fill Gas? Cold
of Dismeter® GCap Density Enrichment Pressure Plenum
. Run o Source Rods o fin,) (mils) () (%) (psia)} (in.)
321 -324 Halden 1FA-11731 4 0.5531-0.5539  8.0-8.8  96.9,91.3 6.0 1.4 1.06~1.41 1.1
325 Ralden 1 0.6309 8.5 95.9 9.65 15.0 5.5% 2.1f
326, 327 Walden 2 0.5034,0.5036  9.0,12.2  94.0 6.0 15.0 1.68 0.0
328 Halden i 0.3512 9.9 95.0 0.0 15.0 5.0 0.9
131 ~336 Halden IFA~17832 4 0.5188 1.9 93.8 6.0 15.0 1.77 0.0
315 -39 Halden 1PA-18133 5 0.49121 1.2 94.0 11,0 15.0 2.7,3.2 2.5
30 - 345 Halden 1¥FA-16234 6 0.5059 7.5-13.0 9.8 5.1 15.0 3.9 0.0,
6, 7 Halden IFA-15035 2 0.4264 £.9,11.8  95.1 10.1 15.0 5.6 1.8
8 Haldeo TFA-20829 1 0.4992 11.8 94.9 7.0 15.0 3.2 0.0
151 Halden 1FA-22439 | 0.,4992 11.8 90.1 1.0 15.0 3.2 3.7
332, 353 Halden 1FPA-23029 2 0.4992 9.8,13.8 94.9 6.0 15.0 3.2 0.0,
139 362 WPWR, Saxton West 36 4 0.374 7.5 92,0 2.8 345.0 6.8 1.5
163 - 366 BRA Baw ) 4 0.380 10.0-13.0  92.5-96.5 5.0f 15.0 2.0¢ 2.2
7 Halaen [FA-166 1 0.4922 5.9 95.0 5.8 15.0 1.42 0.0
30, Wi Halden 1FA-11630 2 0.5530,0.55:0  7.9,8.8  91.3,96.9 6.01 15.0f 1.06,2.06 1.1
312, 33 Halden IFA-14232 2 0. 7480 4.7 9.3 3.0 15.0f 0.12 2.0,
81 Halden 1FA-180%8 2 0.5531 9.2 87.3,91.3 11.0 15.0f 1.05 0.0
186 Halden TPA-18133 i 0.4921 11.2 94.0 11.0 15.0f 2.73 2.5
W7 -89 Wa'den 1PA-225 3 0.4992 11.8 95.0 5.9 15.0f 0.84 3.7
390 -401 daiden [FA-401 1139 1 0. 5000 2.8,13.8 86.8-94.5 7.0 15.0 1.4f 2.4
402 -404 Halden IFA-404 1 3 0.5000 1.4-3.9  94.8 7.0 15.0 2.8f 2.4
405, 406 Haiden IFA-414 1 0.3933 2.0-8.7  95.0 7.0 15.0f 1.0f 2.0t
407 Halden IFA-173 1 0.4921 10.6 91.6 6.1 15.0" 0.96 i.8f
408 410 Halden [FA-404 [1 3 0.4988 2.4 90.1-95.8 7.0 15.0f v.8t 2.4
&l -4l4 MR, 4L 4 0.2483-0.2498  0.3,1.0  95.7-97.4  43.0-49.9 15.0 0.04-0.06 10.2,
415 -423 Halden 1FA-42942 9 0.374 8.0 91.0-95.0 13.0 375.0 1.0 1.1
424 ~429 Halden I[PA-43)43-5 6 0.4291 1.9-14.9  92.0,95.0  10.0 15.0 0.59-0.94 0.0
430 PBF 1 0. 3460 5.9 92.0 9.5 386.0 3.04 143
431, 432 PBF 2 0.4252 7.9 95.0 10,0 15.0 2.17 0.0
433 ~43 PRF 4 0.3740 8.0 93.3 0.0 376.0,550.0 2.0 1.0
3] ~4h0 PBFY® 4 0.3740 8.0 93.3 20.0 376.0 2.0 1.0
441 -448 Halden IFA-418,419 5 0.3661 $.0 91.6-95.0 6.0 514.0,323.0 4.15 2.7
446 ~449 PRE 4 0.3740 7.9 93.3 20.0 376.0,550.0 2.0 1.0
450 ~45) PR 4 0D.4248 8.7,3.9 97.0,95.0 10.0 374 .0(Xe He Ar) 2.17 0.0
456 437 PBF 4 0.3643 3.7,13.6 94,0 12.5 363.0,390.0(Xe) 2.25 3
458 -459 PBF 2 0. Yabi 8.6 94.0 12.5 389.0,377.0(Xe) 2.0 1.6
460A-463A PRF “ 0.3443,0.3444  3.3-3.9 9.0 12.5 1204.0,377.0(Xe) 2.0 1.3
4844 paps’ 1 0.3445 8.7 92.0 12.5 175.0(Xe) 2.0 1.4
460 ~481 Saxton8 3 0.343% 1.5 92.0 12.5,9.5 314.0 3.0 1.3
463 -465 Saxtonb8 3 0.3435 1.5 92.0 2.5 12.9(air) 2.0 1.3
4bb, 467 Saxton’8 2 0.3435 7.5 92.0 9.5,12.5 185.0,314.0 3.0 L&
68 Saxtond 1 0.3435 7.3 92.0 12.5 12.%air) 2.0 1.41
469 -472 Saxton8 4 0.3435 7.5 92.0 12.5 314.0 3.0 1.41
4713 -47% Saxtond8 3 0.3435 7.3 92.0 12.5 12.9(air) 2.0 1.41
476 478 Saxtond 3 0.3435 1.5 92.0 12.5 314.0 3.0 1.4
479 ~48) Saxton’® 3 0.3435 7.5 92.0 12:3 12.9(air) 2.0 1.4
482 489 Saxton® ) 0. 3445 6.5 9.0 5.7 12.9(air) 1.8 1.42
490, 491 Saxton 2 0.3430,0.3435  9.0,9.5 9.0 12,5 185.0,430.0 3.0 1.4
492 499 Maine Yankee*? 8 0.3880 8.5 92.2-93.3 2.4 14.7 5.8 ¥k
500 -507 Maine Yankeed? 8 0. 3880 8.5 92.3-93. 2.4 1.7 5.8 1.37
508 ~51a Maine Yankee*? ? 0. 1880 8.5 91.7-93.8 2.01 16.7 5.8 1.3
515 -521 Maine Yankeo? 7 0.3880 8.5 92,7-94.0 2.9% 4.7 5.8 1.3
522 ~5a2 ¥, B. Robiason 08 2 0.373 6.5 92.0 3.1 275.0 5.83 L&
543 548 %ig Rock Point39,60 6 0.4825 1.5 92.0,95.0 1.92-2.29 14.7 5.68 %
549, 550 EL)® 2 0.5256 ~.5145 11.8,3.5  95.1 2.98 4.4 0,246 0.0
531, 552 wkibl 2 0. 5456 9.6 97.8 4.5 14, 7(Ar \He) 0.058 1.
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(Cont inued)

Source

553

55%
25.<589
46

587

588, 589
5904 ,5908
1
592-59%
595, 598,599
N6, 97
600-602
633605
606, 507
608-610
611

6i2, 613
6l4A-6158
6164,6168
5l78
618A,6188
6194,6198
520-628
629-632
613-639
640-644
645, 656
b4 7850
851-657
658-665
666569
870-87%
476-686
6B7-691
692, 693
694697
698, 499
700-202
703~ 104
705-706
707708
109710
i

Halden IPA-41801
r26!
M.brnun“
Haiden IFA-206
W o.den 1FA-208
Halden IPA-211
falden [FA-224
Halden IFA-220
Halden IFA-4I0
Halden IFA-4L1
Halden IFA-418
Halden IFA-409 11
Halden TFA-418
Halden (FA-419
Halden IFA-427
Halden IFA-207
Halden IFA-233
DR3

Haiden IFA-227 1|
Halden IFA-227 1I
Halden 1FA-227 111
Halden IFA-227 IV
Halden 1FA-10663
Halden [FA-10763
Halden IFA-138
Halden IFA-142
Halden 1FA-206
BRPO%

BRPO4

Halden IFA-118
Halden [FA-118
Halden IFA-118
Halden IFA-402
Halden IFA-215
Halden [FA-2i6
Halden 1FA-413
Halden [FA-410
Halden [FA-411
P8F GC2-2

PRF GC2-2

PBF GL2-3

FBF GC2-3

PEF GC1-3

a. Zircaloy unless othervise noted.

Helium unless

Core average

Standard design package (versus time):

othervise noted.

rod power.
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Cladding
Inside

Diameter?

(in.)

Diametral Fuel
Gap Density
(mils) (%)

Enrichment
(2)

Fill Gas?
Pressure
(psia)

8-~ ®s

1
i
2
2
1
3
3
2
3
3
2
3
1
2
4
2
i
N
2
2
.
7
5
2
4
7
8
4
6
1
3
2
“
2
3
2
2
i
4
i

Cladding surface temperature specified.

Assumed .

' (prime)
™

ey

Sax
GR
L 4

ng

0.3660
0.4205
0.3803-0.3808
0.5%1

0.4992

0.4992

0,4992

0.4992

0.48%0

2.4249

v. 3661

0.4252

0.3661

0.3661

0.3661

0.5941
0.4992,0,4988
0.6929

0.5520

0.5522

0.5520

0.5512

0.4252

0.4252

0.7480

0.7480

0.5941
0.4820-0,4824
0.4820
0.5522-0.5525
0.5522-0.5525
0.5521-0.5528
0.500

0.5512

0.5126

0.4988

0.489

0.4269

0.4268

0.4248

0.4248

0.6248

0.4248

centerline temperature,

denotes instrumented rod data
fuel centerline temperature
c¢ladding ¢ircumferential deformation
cladding sxial deformation

gas release fraction
rod internal pressure
gap conductance

12.0
8.3
65.3-6.8
il.4
11.8
19 A7)
11.8
9.8
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4.7
16.7
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14.7

514.0

323.0
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4.7
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Dish Fuel Loop Nane. #low Inlet
" Vo lume Length Preassure 6 2 rtqantun Peak Power  Peak Average Operating
(89 e (psia) (10 1b/he-ft") ¥) (kw/ft) (axial) hovrs L Out put

.17 .48 490.0 0.29 460.0 10.8 1.04-1.07 5936.0 ¥
.21 i.67 11860.0 3.4 491.0 16.37 1.22,1.23 1817.0 TF,CR
0.0 3.08 1017.0 1.2 528.0 4.53-7.45  1.10-1.48 28187.0-47350.0 ca,;,".zroz,.u,,am.vo.;u
2.8% 3.0% 490.0 0,% 460.0 14,51 i.22 6576.0 TF
0.0 “.92 490.0 0.33 460.0 18.7 1.22 2706.0 TF
1.06 4.9 490.0 0.3 460.0 i7.67 1.22 10285.0 TF,GR
0.0 .82 490.9 0.3 60,0 16.15 1.22 2556.0 hed
0.0 4.92 49%06.0 0,34 460.0 17.67 1.22 9596.0 ¥
0.0 %.92 4%0.0 0.34 460.0 13.4 1.22 3491.0-5496.0 TP, €egsbex
L.l 2.46 490.0 0.29 464.0 15.24,13.25 1.05 1686.0,2800.0 ¥
1.93 0.82 490.0 0.25 460.0 6.55% 1.07 4525.0 €y
1.47 1.4 490.0 0.29 460.0 10.06~15.56 1.05 6631.0 €y
1.47 2.46 490.0 0.2% 460.0 7.0l 1.05 5341.0 7
L.47 1.48 490.0 0.29 460.0 9.14 1.05 2001.0 L
.85 5,05 490.0 0.84 460.0 13.7 1.22 1785.0 TF
0.0,2.03 1.9 4%0.0 0.3 460.0,465.0 22.41,17.67 1.26,1.45 $925.0,10720.0 F
0.0 0.40 500.0 0.0 205.0-880.0 20.0 1.00 2870.0,16725.0,16705.0 TF, TFOC
0.0 .72 490,0 0.20 460.0 17.45 115 54.64 €'er
.33 1.72 490.0 0,20 460.0 19.5 L.15 45.6 e'er
26.0,00 1.72 490.0 0.20 460.0 13.62 1.5 38.8 er
0.45 1,61 490.0 0.20 460.0 i1.43 1.08 32.% t'ey
9.0 1,38 490.0 b2 464.0 9.02-14.32 1.31,1.15 9506 .0 TF P (OR, 5y, 210,65
0.0 2,38 490.0 1.2 464.0,460.0 9.46-15.26 1.35,1,08 3375.0 TF,P' ,GR,Zr0y
1.14 1.43 490.0 0.31 460.0,466.0 15.63-18.49 1.21,1.23 11960.0 GR
2.16,2.02 1.83 4%0.0 0.31 464.0,460.0 16.3-21.41 1.15,1.20 8900.0 GR
2.85,0,0 5.0% 490.0 0.84 460.0 12.26,13.12 1.22 6560.0 GR

B0 2.85,0,0 5.0 1350.0 1.2 540.0 6.90-9.23 1.28 27811.0 ConiCoprfox
0.0 5.84,5.70 13%0.0 1.2 540.0 8.96-11.55 1.37 21343.0 EfgrCorsten
0.0,0.712 1.04 490.0 0.28 465.0,460.0 15.7-19.4 1.35,1.20 1728.0 € ex

90 0.0-1,02 1.64 490.0 0.28 465.0,460.0 12.4-15.7 1.34,1.10 1344 0 elen

70 0.0,0.714 1.64 490.0 0.28 465.0,460.0 14.1-16.7 1.30,1.20 2736.0 £ex
2.38,2.07 .64 490.0 0.3 460.0 9.3-9.725 LA7,0.186 0.0 ex
0.711 164 490.0 0.32 465.0 10.06<14.66 1.30,i.20 78.0 €' ex
0.0 1.64 490.0 0,16 485.0,460.0 20.0,14.26 1.30,1.20 193.0,137.0 €'ex
0.0,2.38 1.64 490.0 0.3 460.0,465.0 8.23-10.42 L.i7,1.16 98.0 € ex
0.0 1.64 490.0 0.33 abi .0 12,19 Loi2 50.0 ex
0.0 4.9 490.0 0.34 450.0 12.19 1,22 50.0 ey Fox
0.0 1.0 140 .n 455 11.6,11.5 L34S 7.4 TF, TFOC
0.0 3.0 1040 L% ¢ ) 455 12.0,9.62 1,345 1.4 ¥, TFOC
0.0 1.0 1040 .17 455 11.7,12.8 1.345 5.8 TF, TFOC
0.0 1.0 1040 .1 455 11.5,12.1 (9 T 5.6,4.6 TF, TPOC
0.0 1o 1040 1.9 401 10,8 1.348 2.0 TF, TPOC

abundance, gap size, gas hellum fraction.
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TABLE 3. MATRIX FOR THE ASSESSMENT OF FRAPCON-1

Model Evaluation

Data Cladding
Assessment Analysis Fuel Gap Cas Internal Fuel Cladding Cladding Hydrogen
Category Effore Data Source Temperature Conductance Release Pressure Deformation Deformation Oxidation Uptake
Commercial - Not Applicadle x - - X X X - -
Rod
Thermal X Halden, RISO, Plum Brook, X X
Model PBF, RI, DR3
Pressure X Halden, Saxton, NRX, — - X ) § - -- - -
Model R2, VBWR, Dresden, LRC,

GETR, PBF, PRTR, MTR,
Maine Yankee, H. B.
Robinson, BRP, EL3

Deformation Halden, NRU, KWO, Saxton, - - —-— - X X
Model NRX, GETR, PBF, PRIR,
WPWR, BRR B&W, MTR,
Maine Yankee, H. B.
Robinson, BRP, WRI, VBWR,

Dresden

Corrosion Saxton, PBF, VBWR, - - - - v - X X
Model Dresden, Halden :
= i
.‘
f
!
i
.
:
s
i ' - » > . i
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Y B B - L n



5. ASSESSMENT RESULTS

The results of FRAPCON-1 assessment
activities are discussed in the following two sec-
tions. The first section establishes FRAPCON-|
performance for modeling typical commercial fuel
rod designs and operating conditions as compared
to the previously assessed FRAP-S3 code. The
second section presents the predictive capabilities
of FRAPCON-1 on the basis of comparisons
between FRAPCON-1 calculations and
experimental data.

5.1 Commercial Rod Studies

Commercial rod studies have been performed
with FRAPCON-1 us‘ng input representing fuel
rod design and operating conditions typical of
commercial power reactors. The main objectives
are (a) to establish FRAPCON-1 performance
characteristics for commercial sized rods, and
(b) to determine the integral effects of mode! and
correlation revisions which were used in the
development of FRAPCON-1.

FRAPCON-1 predictions for 7x 7 boiling
water reactor (BWR) and 15 x IS5 pressurized
water reactor (PWR) fuel types were examined to
identify the behavior of important variables
representing fuel rod thermal and mechanical pro-
perties as functions of burnup and power.
Previous results have shown that output trends for
the more recent 8 x 8 BWR and 17 x 17 PWR fuel
types are consistent with those identified for the
Tx7 and 15 x 15 types, with minor differences
due 1o the lower heat rating, fuel temperature, and
sensitivity t¢ burnup of the new fuel types.

Comparisons were made between FRAPCON-1
and FRAP-S3 results. The version of FRAP-S3
used in this study is identical to the previously
assessed version, except that an error in the fission
gas production model present in the assessed ver-
sion, was corrected in the version used for this
study. This allowed consistency between the
FRAP-S3 and FRAPCON-1 gas production
models, thus allowing any comparisons between
these two codes 1o indicate the effects of model
changes and updates, other than the code perfor-
mance changes resulting from the conection of
the gas production model.

The FRAPCON-1/FRAP-S3 code comparisons
represent steady state operation of core average
PWR and BWR rods. The power history consists
of a pcwer ramp at beginniig-of-life (BOL), a
long period of steady state operation at full reac-
tor power, concluded by a power ramp at end-of-
life (EOL). The rod average heat rating during the
long period of steady state operation is 23 and
24.3 kW/m for the PWR and BWR cases, respec-
tively. Rod average burnup is about
2.8 x 105 MWs/kg for EOL ramps. All local
results presented here, such as fuel temperatu e,
gap size, and cladding deformation, will corre-
spond to the axial peak power location, The axial
peaking factor is 1.4

Figures 2 and 3 compare FRAP-S53 and
FRAPCON-1 calculated fuel centerline
temperature as a function of power for 7 x 7 and
15 x 15 rods. These curves represent the startup
ramp for BOL fuel rods. FRAPCON-1 tempera-
tures are greater than the FRAP-S3 temperatures,
due principally to the effect of one model revision.
The Maxwell-Euken porosity correction-factor for
determining fuel thermal conductivity, was copied
from FRAP-S3 into FRAPCON-1, and then
changed. Model developers expected this change
to increase fuel temperatures for rods with low
fuel density (< 95% TD) and decrease
temperatures in high density fuel rods (> 95%
TD). As expected, the 94% TD fuel assumed for
the commercial rods, resclted in slightly higher
fuel temperatures, and higher stored energy as
shown ¢n Figures 4 and §.

The calculated internal pressure during BOL
startup as a function of power is shown on
Figures 6 and 7. The consistently higher pressures
predicted by FRAPCON-1 relative to FRAP-S3
resuit from (a) higher FRAPCON-1 fuel tempera-
tures, and (b) a modification to the pressure
model as incorporated into FRAPCON-1 to more
accurately model porosity and pellet-cladding gap
pressures. Most of the difference between the
FRAPCON-1 and FRAP-S3 values is attributed to
the pressure model modification, since the small
void volume being directly affected by the
temperature increase produces a very small
pressure increase.
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Figures 8 and 9 compare FRAP-S} and
FRAPCON: 1 pr. ‘cted cladding hoop sirain as a
function of powe: for 7 x 7 and 15 x 15 rods dur-
ing the BOL power ramp. For both fuel designs,
greater cladding sirains are calculated by
FRAPCON-1. Even though the percent increase in
internal pressure from *RAP-S3 to FRAPCON-1
was comparable for boin fuel types, the absclute
increase for PWR rods was more than an order of
magnitude greater than for the BWR rods.
Figures 8 and 9 reflect this difference.
Correspondingly, the increased cladding hoop
strain from FRAP-S3 to FRAPCON-1 for the
P'VR roas was about an order of magnitude
greater than the observed increase for BWR rods,

The combined influence upon diametral gap
size from higher fuel temperature and greater
cladding hoop strain is shown on Figures 10 and
ii. For both fuet types, FRAPCON-1 predicts
slightly smialler gap sizes. Since higher fuel
tempera:ures tend to close the gap and greater
cladding hoop strains reduce creepdown (that is,
keep the gap oper), higher fue! temperature is
apparently the dominant parameter affecting gap
size, during the BOL power ramp.

The predicted fuel centerline temperatuie
histories for 7x7 and 15 x 15 rods during
exiended steady state operation are shown oa
Figures 12 and 15, respectively, Three curves are
shown o# each figure—the FRAY-S3 prediction,
the i RAPCON: 1 prediction witix t02 permanest
fuel restructuring mode! not used, and the
FRAPCON-| prediction using the permanent fuel
restructuring model. Two FRAPCON-1 curves
(one with and one without fuel restructuring) are
given to enable better characterization of the per-
manent fuel restructuring moedel, which is the only
completely new model acded since FRAP-S3.
Also, presenting two curves allows a move direct
comparison of FRAP-S3 and FRAPCON-1 differ-
ences from model updates alone, without the addi-
tional infiuence of permanent fuel restructuring.

The permanent restructuring model assumes a
permanent increase in the fuel thcrmal
conductivicy, as a result ~f Juel restructuring
which oczurs at elevated temperatures. The fuel
probably recracks if the temperature subsequently
decreases; however, cracking, fol'i wing fuel
restructuring, is assumed to have negligible effect
upoa fuel conductivity.,

18

Comparison of the FRAP-S3 and FRAPCON-I
without the permanent restructuring model
(Curves | and 2) indicates that model updates
have produced an increased fuel centerline
temperature throughout fuel rod lifetime. Also,
the rate of temperature decrease noted for the
FRAPCON-1 curve is less. due principally to ther-
mal feedb.ck to the gas relezss and gap conduc-
tance modeis and to use of a nonburnup-
depenaent radial power profile model in
FRAPCON-1. The burnup-dependent modei used
in FRAP-S1 depressed the relative power factor at
fuel centerline as burnup increased. Thus, the
influence of this medel caused FRAP-S3
centerline temperatures to decrease as burnup
accumulated, a phenomenon not modeled in
FRAPCON-I1.

As fuel temperatures increased during the BOL
startup ramp, prior to the extended steady state
operation (Figures 2 and 3), fuel restructuring was
assumed to occur for thae portion of the fuel pellet
whose temperature exceeded 0% of the fuel
fabrication sintering temperature. Centerline
temperatures reached 2430 and 2350 K. for the
7 x 7 and 15 x 15 rods, respectively. Fuel fabrica-
uon sintering temperature was 1873 K for ooth
cases. Curves 2 and 3 on Figures 12 and 13 repre-
sent, respectively, the centerline temperature
histories when (a) the restructured fuel is allowed
to crack upon subsequent temperature reduction,
thus reducing the effe tive fuel conductivity, and
b) the restructursd fuel is considered permanently
restructured and the effective fuel conductivily is
no: allowed to decrease. As expected, when the
permanent fuel restructuring model is used,
centerline temperatures during steady state opera-
von are consistently lower than the case for which
this model is not used.

The FRAPCON-1 and FRAP-S3 stored energy
histories exhibit the same general trends as the
temperature histories. These trends are shown on
Figures 14 and 15 for BWR and PWR rods,
respectively. However. for both FRAPCON-I
cases, a slight increase is observed in the stored
energy with operating time, and the FRAP-S3
results show a decrease in stored energy with
operating time. This difference in stored energy
history is due primarily to the burnup dependent
radial power profile model which is available in
FRAP-S3 ana not available in “SRAPCON-1. The
s!ight increase in the FRAPCON-1 predictions are
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due to radial temperature profile changes as a
result of gap size, gap conductance, and efiective
fuel conductivity changes that occur during the
extended steady state operation.

As was previously seen, FRAPCON-1 predicts
higher interna! pressures than FRAP-S3 at BOL.
The same teadency is evident throughout rod
lifetime, as shown on Figures 16 and 17. The
increased pressure in the 7 x 7 rod is not of suffi-
cient magnitude to greatly alter the predicted clad-
ding creepdown behavior, shown on Figure 18,
However, the increased pressure inithe 15 x 15 rod
is of sufficient magnitude to affect the predicted
large cladding creepdown behavior, as shown in
Figure 19.

The cumulative effect of higher FRAPCON-1
fuel temperatures and pressures on diametral gap
size is shown on Figures 20 and 21. For the BWR
rod, higher FRAPCON-1 fuel temperatures dur-
ing steady state operation cause more fuel swelling
to occur, with no significant change in cladding
creepdown. For the PWR case (Figure 21),
FRAPCON-1 initially predicts a smaller gap size,
due to higher temperatures. During extended
operation, the greater fuel expansion resulting
from higher temperatures is slightly outweighed
by the reduced cladding creepdown rate, produc-
ing a larger FRAPCON-1 gap size during the latter
75% of the operating history,

The temperature, pressure, and strain trends
observed during the BOL ramp are essentially
identical for the EOL power ramp. The absolute
values have changed, resulting from prior burnup
effects. Figures 22 through 29 show the fuel rod
centerline temperature, internal pressure, cladding
hoop strain, and diametral gap size as a function
of power for the BWR and PWR cases during an
FOL power ramp. A noteworthy trend resulting
from prior steady state operation is shown on
Figures 28 and 29, which present diametral gap
size. For the BWR rod, higher FRAPCON-1 fuel
temperatures during prior steady state operation
caused more fuel swelling to occur, with no
significant change in cladding creepdown (strain).
As a result of more fuel swelling and higher EOL
fuel temperatures, FRAPCON-I closes the
diametral gap at a lower EOL power level. For the
PWR rod, both codes predicted about the same
amount of fuel swelling but much less cladding
creepdown (strain) was noticed from
FRAPCON-1 during prior steady state operation,
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thus tending to keep the diametral gap much
larger. As a resuit, FRAPCON-1 calculates
diametral gap closure at a higher power level.
Figure 29 shows that for FRAPCON-1, the
reduced amount of cladding creepdown was more
dominant than fuel swelling effects on diainetral
gap size during extended steady siate operation.
This trend is evident because the diametral ga,
size at the beginning of the EOL ramp for
FRAPCON-1 was larger than for FRAP-S3.

5.2 Code-to-Data Comparisons

The results of code-to-data comparisons are
discussed in this section. FRAPCON-1 calcula-
tions have been graphically compared with
experimental data to assess the accuracy of fuel
rod thermal, pressure, deformation, and corro-
sion models. Different graphical symbols have
been used to distinguish between test programs or
test series listed previously in Table 2. The data
base used to assess FRAPCON-1 is essentially the
same as was used to assess FRAP-S3, except that
new data were added to aid in the assessment of
the permanent fuei restructuring model.

5.2.1 Thermal Models. Results of the code-to-
data comparisons for the thermal models are
discussed first, due to the governing influence of
fuel rod temperature and temperature distribution
on the fission gas release, internal pressure, and
mechanical deformation models. The thermal
model variables considered are fuel temperature
and gap conductance.

5.2.1.1 Fuel Temperature Profile — Prior assessment
results! established the fact that a fuel relocation
model with associated pellet conductivity feed-
back, and the Ross and Stoute gap conductance
model provided *he most realistic or best estimate
option presently available for simulating the
current experimental data base. However, the
tendency of prior assessment results to overpredict
fuel centerline temperatures provided an incentive
to evaluate the effect on the effective fuel
conductivity of a permanent fuel restructuring
model. Also, the data base of fuel temperature
experiments having both centerline and radially
distributed fuel pellet thermocouples was recently
expanded, thus lending itself to such an analysis.
As shown on Figure 30, the predicted temperature
decrease from the fuel centerline to a radially posi-
tioned thermocouple is somewhat greater than the
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measured tempeiature decrsase In addition, 'he
measured temperature jecrezse fiem the radially
positioned thermocourle to the fue! petlet sirfae
is g cater than the predicte: Gairease, as shownon
Fisure 31. This conclusion asswiies hat the
predicted fuel surface temperature is equal 0 a
measured fuel surface temperature, because the
‘uel surface temperature was not measured,
However, when allowing for a + 20% uncertainty
in this assumption, the same trend is observed.

The trends observed in Figures 30 and 31 nonly
that the measured temperature profi'e in the inner
part of the fuel peilet is flat coiapared to the
predicted temperature profile 1ol idic measured
temperature profile near the pellet surface is steep
compared to the predicted temperaiure profile.
Apparently, this trend sccwis even (huugh the per-
manent fuel restruciuring model restores the
cracked fuel pellet conductivity to tue laboratory
valve in the iuner region  of the 1uel where the fuel
temperature cxcceds 0.4 tices the fuel sintering
temperature. The face that the measured
temperature profile near tne pellct surface ir sicep
compared to the pasdicted teinperature profile
;a2y be due to the foilowtag; (a) the effective fucl
cornductivity model assumes that the cracks are
uni;ormly distributed (the comparison indicates
that the cracks are not umformiy distiihuted but
urs concentrated more toward the rellet surface),
o (b)Y the multiplier of 0.9 on the sintering
tempera‘ure may be too high,

§212 Summery Of Fuel Temperature
Pssutts - Presented herein are the fuel centerline
temperature results for a data sample of 93 rods,
representinig over 740 FRAPCON-1 code-to-data,
and FRAP-53 code-to-FRAPCON-1 code, com-
parison points.  Figures 32 and 33 compare
measured and predicted (FRAPCON-1) centerline
temperatures for unpressurized and pressurized
rods, respectively., The standard deviation
between measured and predicted values is 170 K
for the unpressunized rods, and 294 K for the
pressurized rods. Results for the unpressurized
rods are more representative of different fabrica-
tion, design, and operating conditions than in the
case of the pressunized rods, due to the availability
ol a larger data sample for the unpressurized rods.
As a result, code-to-data comparisons are prob-
ably less affected by systematic data errors in the
casc of the unpressurized rods than in the case of
the pressurized rods. Consequently, the code-to-

data comparisons might be expected to result in
smalle: stardard deviations for the unpressurized
10d s than for the pressurized rods, as observed. In
voth cases, however, the general trend 1s that
FRAPCON-1 overpredicts the measured values.

Figurcs 34 through 39 relate fractional model
error for all centerline thermocouple data points
to the expected iirst order design and operating
eifect:; namely, fuel density, local burnup, gap
size, and 'ocal power. Underestimating gap con-
ductance, which would tend to increase predicted
fuel centerline temiperatures, is not considered a
significant source of systemmatic error, as
specified in the Gap Conductance section. Frac-
tional model error is defined as the difference
between t'ie prediction and the measurement,
divided by the measurement, For example, a frac-
tional errer of 0.2 means that the measurement
was overpredicted by 20%,

Figure 34 shows the fractional model error in
predicied fuel centerline temperature versus
density for all rods considered in this study. In this
case, the fractional error decreases with increasing
fuel density, probably due to a decrease in the
effect of pellet cracks on conductivity for the
higher density fuels. The data points shown on
Figure 34 were scparated into 2 groups represen-
ting results of the pressurized rods and the
unpressurized rods, shown on Figures 35 and 36,
respectively. Apparently, the trend to overpredict
centerline temperature with decreasing fuel
density is dominant for the pressurized rods. This
discrepancy is probably not attributable to a defi-
ciency in the gap conductance medel because soft
(thermal) gap cosure is attained at low power
levels for the pressurized rods. At higher power
levels, the gap conductance model becomes very
insensitive to changes in power. Therefore, this
overprediction trend is probably due to improper
treatmen: of crack gas behavior such as conduc-
tivity and temperature, by the effective fuel con-
ductivity model. This model does not account for
varying crack gas pressures, which may be impor-
tant when simulating small crack widths in the
Knudsen domain,

Even though relatively few fuel centerline
temperature measurements are available over
extended operating periods, the fractional model
error trend is to overpredict fuel centerline
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temperatures at low or moderate burnups, more
so than at high burnup conditions, as shown on
Figure 37. This same trend was previously
observed and is probably due to the higher burnup
data base being biased toward unpressurized rods.

The fractional model error in FRAPCON-I
predictions of fuel centerline temperature versus
cold gap size showed an increased tendency to
overpredict fuel centerline temperatures for radial
gaps greater than 2% of the cold pellet radius, as
shown on Figure 38. This trend indicates that
relocation effects may be limited for gaps greater
than 2%. The current model does not limit the
effects of relocation for these gap sizes.

Figure 39 relates fractional model error in
predicted fuel centerline temperature to local
linear heat rate. In this case the fractional model
error decreases as local linear power increases,
probably because nearly all of the fuel rods at
high power levels are unpressurized. The frac-
tional model error might be expected to decrease
as the local linear heat rate increases, as a result
of the fuel restructuring effect on the thermal
conductivity.

5213 Gep Conductance—-Gap conductance
values have been analytically derived for various
experiments on the basis of thermal model agree-
ment with measured fuel temperatures, or clad-
ding temperature phase lag during programmed
power oscillations. Relative agreement between
FRAPCON-1 results and derived experimental
values is strongly affected by material properties
and analytical assumptions. In this case, whether
or not the experimental method of determining
gap conductonce considers relocated pellet
geometry and effective conductivity feedbacks,
will determine the degree to which FRAPCON-1
results match the gap conductance data.

Figures 40 and 41 compare derived and
FRAPCON-1 calculated gap conductance for
pressurized and unpressurized rods, respectivel;
With the exception of a few data points repre-
senting rods initially filled with fission gas, the
calculated gap heat (ransfer level is ailways in
excess of 3700 W/m2 K. Most of the derived
values are overpredicted by the model similar to
previous assessment results. The reiocation model
allows high gap conductance to exist unde: soft
(open cracks) as well as hard (closed cracks), gap
closure conditions.

53

The effects of gap size (percentage of cold pellet
radius) and power on fractional model error are
shown on Figures 42 and 43 for all of the gap con-
ductance data considered. The trends in both cases
indicate more consistency between measured and
calculated value: for operating conditions pro-
moting hard gap closure, that is, small initial gap
sizes or high heat ratings. This observation is not
unexpected since the ¢fects of dilferences
between FRAPCON ! snd the ewperiinental
method of determiin; gap conduciance aie
minimized when FRA ¥4 ON-1 calculates hard gap
closure. Under open or soft gap closure condi-
tions, the inferred experimental values are over-
predicted by factors of 2 to 10. For code-to-data
consistency, it is worthwhile to use experimental
gap conductance data recuction techniques where
the gap closure assumptions and material proper-
ties are identical to those used in FRAPCON-1.
Experimental data reduction technigues would
then reflect realistic gap geometry conditions that
are consistent with assessed code models.

5.2.2 Pressure Models. Backfill pressure, fis-
sion gas release, void volumes, and temperatures
have a strong influence on operating pressure,
effective gap size and gap conductance, and fuel
thermal conditions. This sectici: discusses code-to-
data comparisons for fission gas release fraction
and fuel rod internal pressure.

5221 Fission Gas Relesse Fraction Analysis of
the fission gas release model is based on approx-
imately 150 code-to-data comparisons. The
experimental data reflect a wide range of design,
operating, and burnup conditions. This section
discusses the code-to-data comparison for the fis-
sion gas release model, which is primarily
temperature dependent. Figure 44 compares the
measured and calculated fission gas release
fracticn for a data sample of approximately
159 unpressurized rods. In general, FRAPCON-1
overpredicts the fission gas release fraction waen
the measured fraction is less than 20%, and is as
likely to overpredict as underpredict when the
mensured fission gas release fraction is greater
than 20%. When all the measured data are con-
sidered, the standard deviation between the
measured and calculated fission gas release fra.-
tion is 16%.

Figure 45 shows the fission gas release frac-
tional model error as a function of fuel
temperature. The fuel temperatures are the max-
imum volume averaged fuel rod temperatures chat
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were predicied to occur during the irradiation. In
this case, a general trend of decreasing model
error is observed as the maximum temperature
increases. A similar trend was observed when the
model error was plotted versus the calculated
volume-averaged fuel rod temperature at the time-
integrated average power level during the irradia-
tion.

The temperature effect on fission gas release
corresponds to fission gas bubble mobility, due to
the rapid influence of fuel temperature on fuel
structure. Figures 46 and 47 show the measured
and predicted fission gas release fractions might
be expected to saturate, or approach a limiting
value as the temperature increases. As a result, the
fractional model error would decrease or
approach a constant value with increasing gas
release fraction, as indicated by the results shown
in Figure 44.

Many burnup-dependent mechanisms affect gas
release, some of which are influenced by gas
bubble location, gradual development of intercon-
nected porosity, and buildup of fission product
concentrarion. To investigate the effect of fuel
burnup on fission gas release fraction, the frac-
tional model error in fission gas release fraction
was plotted versus fuel rod average burnup, as a
function of various temperature intervals.
Figures 48, 49, and 50 show the predicted,
measured, and fractional model error increases
with burnup. Also, at high temperatures
( 1300 K), where the teraperature effect on fis-
sion gas release has begun to saturate, the results
shown on Figures 47 and 48 indicate that the gas
release fraction increases with burnup. That is, at
high temperatures the fission gas release fraction
is dominated by changes in the amount of burnup,
while at low fuel temperatures, the fission gas
release fraction is dominated by changes in
temperature.

5222 Rod Internal Pressure—-The ability of
FRAPCON-1 to predict internal pressure is depen-
dent upon model capabilities to predict, for exam-
ple, fission gas release, plenum volume changes,
fuel stack changes resulting from mechanical
deformation, and gas absorption by the fuel. In
order to separate some of these effects, two sets of
comparisons were made. First, code-to-data com-
parisons at low burnup conditions we.e performed
to reflect the fuel heatup effect on void volumes
and gas temperature, and establish an initial

operating pressure. Second, code-to-data com-
parisons at higher burnup conditions were used to
assess the performance of the fission gas release
and mechanical deformation models.

Figure 51 compares measured and calculated
internal pressure for both pressurized and
unpressurized rods for low burnup conditions.
The standard deviation for the pressurized and
unpressurized rods is 1.93 and 1.38 MPa,
respectively. Experimental data in excess of
3.4 MPa generally correspond to startup opera-
tion for pressurized rods backfilled to either 2.41
or 3.79 MPa. The group of underpredictions at
measured pressures between 7.6 and 11.7 MPa
corresponds to startup measurements for two
tods, which exhibited significant pressure
transducer drift. In general, the predicted pressure
for the pressurized rods exceeds the measured
pressure. For the unpressurized rods, the
measured pressure is as likely to be overpredicted
as ui derpredicted.

Figure 52 compares the fractional model error
versus the fuel rod average linear heat rating for
low burnup conditions. An overall trend of
increasing error with increasing local linear heat
rating is seen. Experimental results®5  have
indicated a reduction in gas communication to the
plenum with increasing fuel rod power or cladding
collapse onto the fuel stack. Consequently, the
measurements essentially saturate as power
increases, whereas the calculated values do not
reflect this trend. As a result, the predictions
would tend to exceed the measurements. A similar
trend was noted when the relative model error was
plotted versus fuel rod average temperature.

The fractional model error for the code-te-data
comparisons for both pressurized and
unpressurized rods at low burnup conditions is
shown on Figure 53 <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>