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ABSTRACT-

The FRAP-T6 comput'er code is assessed for applicability and accuracy
.; by comparing calculations of the code with the data of well characterized

steady state and transient fuel rod tests. The comparisons show that the
code is capable of analyzing fuel rod performance during operational tran-.,

sients and hypothetical reactor accidents. The code overpredicts fuel rod
temperatures by 0 to 5% prior to the time of DNB and by 0 to 20% after the
time of_ DIG. . The code accurately ' calculates the extent.of cladding balloon-
ing and the time of cladding rupture. The FRAP-T6 computer code is capable

-of calculating transient fission gas release over a wide range of fuel
temperatures. The code is improved over its predecessor, FRAP-T5, both in

._

modeling capabilities and in operational efficiency.
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DEVELOPMENTdL NSSESSMENT OF FRAP-T6~

Q,
. 1. : INTRODUCTION-

-

The ability to' accurately. predict the: performance of light water'

% reactors'(LWRs)_ during various _ operational transients rand hypothetical

. accidents is ~'a major Lobjective 'of the Reactor Safety Research Program
~

~

;being conducted.by the'U. .S. Nsclear Regulatory' Commission (NRC). The.=

:NRC,is' sponsoring experiments- such as those performed in the LOFT and-
1PBF ' facilities to Llearn firsthand the performance of a LWR and its fuel-

' rods during' operational transients and- hypothetical accidents. In
~-addition, the!NRC is- sponsoring tO development of computer codes to -

predict the performance'~of different LL'R oesigns for a broad range of
transients. The computer codes are assessed for applicability and -
accuracy with benchmark data provided by the experiments. The computer
-codes under development include reactor system analysis codes to-
calculate transient reactor power and coolant conditions and fuel rod

. analysis codes to calculate fuel rod performance.*

The computer code developed for the calculation of the performance
'of. LWR fuel rods during operational transients and hypottetical-

accidents 'is the Fuel Rod Analysis Program--Transient (FRAP-T6) code,2

which .is the sixth and final in a series of code versions. The FRAP-T6
code has the capability of modeling all of the phenomena which influence
the' performance of a fuel rod. The code has a heat conduction model t2
calculate the stc ed energy in the fuel and the transfer of heat from the-
fuel to the cladding. The code has a cooling model to calculate the
transfer of heat from the cladding to the coolant. Mechanical response
models are included to calculate the deformation of the fuel and
cladding. A fission gas release model is include to calculate the
migration of the noble fission gases from the fuel to the fuel-cladding
gap.

"
The assessment of the FRAP-T6 code is divided into a developmental

assessment task and an independent assessment task. In the developmental
;e . assessment task, the code calculations are compared in-depth with the
[ ' experimental data from a few well-characterized fuel rod tests A

~

.

I ~ phenomenological analysis of_the code calculations is performed. In the
!.

1
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Lindependent. assessment task, the code calculations are compared with

-the experimental- data of a large number of fuel rod tests. A.

| - statisticalianalysis of the calculations is performed. This report ,

.. describes the' development assessment of the FRAP-T6- code.

The developmental assessment of FRAP-T6 achieves four objectives: -

L '1. .The code is checked for applicability and accuracy by comparing

| the code calculations with reliable experimental data.

;2. The reasons for discrepanciesL between the code calculations and
the experimental data are determined.

i-

| 3. The code calculations are compared with-the calculations of its
~

predecessor, FRAP-TS,3 to_ quantify improvements.

-4. The code is exercised over a broad range of fuel rod transients
to test' the analysis capability.for all types of hypothetical
accidents.

,

''The dev'elopmental assessment of FRAP-T6 focuses on the assessment of
| the' temperature, cladding ballooning and fission gas release models. The .

'temperature model is assessed by comparing calculated fuel centerline '

|
temperatures with the temperatures measured during steady state and

' transient ~ tests. In addition, the calculated fuel stored energy is
| assessed by comparing calculated and measured temperatures at locations

| between the fuel centerline and fuel surface. The critical heat flux
and heat transfer correlations are assessed by comparing calculated and
measured cladding surface temperature for fuel rod tests in which film
boiling occurred. The cladding ballooning models are assessed by comparing -

calculated and measured internal gas pressure for tests in which cladding
ballooning occurred. The cladding ballooning models are also assessed by

a comparison of calculated and measured post-test cladding diameters.
The fission gas release model is assessed by comparing calculated and

'

measured fission gas release. Correct modeling of circumferential1y
varying coolant conditions is demonstrated by showing the results of

'
an example analysis.

+

2
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" ~ 'The developmental assessment repcrt _is divided into eight . |.i on s . --

:The , temperature model is assessed in Section 2. The' critical heat flux !

and heat transfer correlations are assessed in Section 3. The assess . f
' * ~ _ ment' of the cladding ballooning models is described in Section'4. The

'

~

;-
- assessment of the fission gas release model is described in Section.5. -

: ( ;Cor ect.modeling of circumferentially _ varying coolant conditions is i

. de.nonstrated in Section 6. The assessment of several-additional f
.modeling features is discussed-in Section 7. Section 8 presents the [
conclusions of the FRAP-T6 developmental assessment. A list of the
differtaces between FRAP-T5 and FRAP-T6 is given in Appendix A. A i

~

Llist of the fuel _. rod tests and hypothetical accidents analyzed with _ -)
FRAP-T6[is-given in' Appendix B. [

-

. . ,

!

2. ASSESSMENT GF TEMPERATURE MODEL !
'

Tre tes.cperature model is the most important model in I RAP-T6.
; The temperature model applies the laws of thermodynamics and heat
1

|* conduction to calculate the temperature throughout a fuel rod. Most
,

t
of the other models are strongly influenced by-the calcuiated tempera- !

; tu res. Therefore,- the temperature model must first be examined to I
-

verify that it is_ not distorting the calculations of the other models. E
i

A comparison of fuel deformation models is included in the !

assessment of the temperature model. The fuel defomation ~models
calculate the size of the fuel-cladding gap and the size of circum-. '

tfe ential cracks in the fuel. The temperature model is influenced
i

j by the values of these variables. Three fuel deformation models are "

available in FRAP-T6. The code user selects which one of the three '

models is to be used. The three models cre: (a) the FRACAS-I model;

with a nonuniform fuel-cladding gap (b) the FRACAS-I model with !
;

fuel relocation and circumferential cracking of the_ fuel, and (c) the j
FRACAS-II model with fuel relocation and circumferential cracking of
the fuel. The temperature model is assessed using both the. FRACAS-I !

*

i model.with a nonuniform fuel-cladding gap and the FRACAS-I model with i

; :* - fuel _ relocation. 'The calculated temperatures are compared with !

measured temperatures to determine which of the two mechanical
!~ response models.results in the best calculation of temperature.

Since the temperatures calculated using either the FRACAS-1 model
!
1,

;.
rI

''' I

L 3 |
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with relocation or the FRACAS-II model are almost identical, the

latter mechanical response model is not considered.

The first part of the assessment of the temperature model consists ,

of comparisons of calculated and measured temperatures when steady state .
conditions exist. Given constant fuel rod power and cooling, a transtat

,

temperature model should calculate the measured temperature distribution.
Close. agreement between calculated and measured temperatures indicates
that the transient temperature model is correctly modeling-heat transfer
across the fuel-cladding gap and heat conduction in tha fuel.

The second part of the assessment of the temperature model consists |

of cs::1parisons of calculated and measured temperatures when transient

conditions exist. In addition to assessing the modeling of heat trans er
across the fuel-cladding _ gap and heat conduction in the fuel, these -
transient temperature comparisons also assess the modeling of the heat |

capacity of the fuel and cladding.

2.1 Steady State Fuel Temperature Coinparisons ,

The steady state fuel temperature assessment is divided into four
,

sections. In Section 2.1.1, the calculated and measured fuel centerline
temperatures for 15 by 15 PWR fuel rods are compared. In Section 2.1.2,

the calculated and measured fuel centerline temperatures for 8 by 8 BWR
fuel rods are compared. In Section 2.1.3, the calculated and measured .

|
fuel centerline temperatures for fuel rods containing xenon and argon '

fill gas are compared. In Section 2.1.4, the calculated and measured j

fuel off-center temperatures are compared. |

2.1.1 PWR Fuel Rod Comparisons (15 by 15). The experimental data of
three tests are used to assess the temperature calculations for 15

4by 15 PWR fuel rods. The three tests are: (a) the 1.0C-1;C test
5performed in the Power Burst Facility (PBF), (b) the IFA-508 test .

performed in the Halden Boiling Water Reactor (HBWR), and (c) the
6IFA-430 test performed in HBWR. The design characteristics of the ,

test fuel rods are shown in Tables 1, 2 and 3, respectively.
The calculated and measured fuel centerline temperatures for the

i three tests are compared in F'qures 1, 2 and 3, respectively. The

i

.
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TABLE 1. CHARACTERISTICS OF R00 3 0F PBF TEST LOC-11C
.

i.

C_ha racteristic Value

Fuel Enrichment (Wt % U ) 10.0a

Fuel Density (% Theoretical Density) 94.4
Radial Fuel-cladding gap (mm) 0.105

Cladding Thickness (m) 0.606

Cladding Outside Diameter (mm) 10.72

Fuel Pellet Outside Diameter (mm) 9.29
Fill Gas composition Helium

Fill Gas Pressure (MPa) 2.22
Burnup(FNs/kg) 0

Active Fuel Stack Length '(m) 0.915

Plenum Volume (mra ) 3720

Axial Power Peaking Factor 1.40
* Cladding Cold Work (%) 20

Diameter of Hole for Thermocouple 1.88
-

at Center of Fuel (mm)

.

N

O
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TABLE 2. CHARACTERISTICS OF R0D 13 0F HBWR TEST IFA-508

.

Characteristic Value

Fuel Enrichment (wt % U 35) 10.5
'

Fuel Density (% Theoretical Density) 95

Radial Fuel-cladding gap (mm) 0.11

Cladding Thickness (mm) 0.34

Cladding Outside Diameter (mm) 12.20

Fuel Pellet Outside Diameter (mm) 11.30

Fill Gas Composition Helium

Fill Gas Pressure (MPa) 0.103

iurnup (tfWs/kg) 0

Active Fuel Stack Length (m) 0.39

Plenum Volume (am ) 6240

Axial Power Peaking Factor 1.1
,

Cladding Cold Work (%) 10

Diameter of F: ole for Thermocouple 1.80
~

at Center of Fuel (an)

_

%

.

4

.
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TABLE 3. CHARACTERISTICS OF R00 2 0F IFA-430 TEST

. -

Characteristic Value

Fuel Enrichment (wt t U235) 10.0

Fuel Density (% Theoretical Censity) 94.6
Radial Fuel-cladding gap (m) 0.115
Cladding Thickness (m) 0.94
Cladding Outisde Diameter (m) 12.79

Fuel Pellet Outside Diameter (m) 10.68
Fill Gas Composition 100% He or 90% He, 10% Xe

Fill Gas Pressure (MPa) 5.1
Burnup (Kis/kg) 0

Active Fuel Stack Length (m) 1.28

Plenum Volume (m ) 10

Axial Power Peaking Factor 1.26.

Cladding Cold Work (%; 10

_ Diameter of Hole for Thermocouple 1.88

at Center of Fuel (m)

D

GL
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temperatures are calculated using boch the FRACAS-I model with a '

nonuniform fuel-cladding gap model and the FRACAS-I model with fuel
relocation. For the LOC-11C and IFA-508 tests, the nonuniform gap

*

model calculates fuel centerline temperatures that are greater than
the measured values by 0 to 1% in the 0 to 50 kW/m range of power.
The relocation model calculates fuel centerline temperatures that '

are less than measured values by 3 to 5% in the 0 to 50 kW/m range
of power. For the IFA-430 test, the nonuniform gap model calculates
fuel centerline temperatures that are 3 to 5% greater than the
measured temperatures, and the relocation model calculates fuel
centerline temperatures that are 3 to 5% less than the measured
temperatures. For a fuel red power greater than 55 kW/m, the center-
line temperature comparisons of Figure 1 show that both models
calculate fuel temperatures which are less than the measured values.
At a fuel rod power of 60 kW/m, the nonuniform gap model calculates
a fuel centerline temperature which is less than measured value by
4%, and the relocation model calculates fuel centerline temperature

*

which is less than measured value by 8%.
In Figure 1, the calculations of FRAP-T6 are also compared with

those of FRAP-T5. The calculations of FRAP-T6 with the nonuniform gap
~

model are in closer agreement with the measurements than the FRAP-T5
calculations. At a fuel rod power of 30 kW/m, FRAP-T6 calculates a
centerline temperature which is greater than measured value by 40 K,
while FRAP-T5 calculates temperatures which are less than the ineasured
values by 80 K. At a fuel rod power of 60 kW/m, FRAP-T6 calculates
a centerline temperature 80 K less than the measured temperature,
while FRAP-T5 calculates a centerline temperature 150 K less than
the measured temperature.

2.1.2 BWR Fuel Rod Comparisons (8 by 8). The experimental data of

Rod 1 of PBF Test PR-17 are used to assess temperature calculations
.

for 8 by 8 BWR fuel rods. The design characteristics of the test
fuel rod are shown in Table 4.

'

The calculated and measured fuel centerline temperatures are

10
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TABLE 4. CHARACTERISTICS OF RODS 1 AND 4 0F PBF TEST PR-1

.

,

Characteristic Value
*

Fuel Enrichment (wt " U ) 10

95 RFuel Density (% Theoretical Density)
9 p

Radial Fuel-cladding gap (m) 0.11

Cladding Thickness (m) 0.855

Cladding Outside Diameter (m) 12.50

Fuel Pellet Outside Diameter (m) 10.57
"* '
r [R jFill Gas Composition

Fill Gas Pressure (FPa) 2.59

Burnup (MWs/kg) 0

Active Fuel Stack Length (m) 0.913
'

Plenum Volume (m ) 27400

Axial Power Peaking Factor 1.33.

Cladding Cold Work (%) 10%

Diameter of Hole for Thermocouple 1.78
,

at Center of Fuel (mm)

.

I

11
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compared in Figure 4. The temperatures are calculated using both the
FRACAS-I model with a nonuniform fuel-cladding gap model and the FRACAS-I

model with fuel relocation. The temperatures calculated using the
,

nonuniform gap model are 2% less than the measured temperatures. The
temperatures calculated using the fuel relocation model are 6 to 9%

,

less than the measured temperatures.

2.1.3 Xenon and Argon Filled Fuel Rod Comparisons. A more complete
assessment of the models for fuel-cladding sap heat transfer and fuel
relocation is available from the results of tests performed on xenon
and argen filled fuel rods. The more complete assessment is possible
because the temperature drop across the fuel-cladding gap of xenon
and argon filled fuel rods is much larger than that for helium filled
fuel rods. At a fuel rod power of 30 kW/m, for example, the temperature
drop across the fuel-cladding gap is about 200 K for a helium filled
rod and 750 K for a xenon filled rod. As a result, the temperature

drop across the fuel-cladding gap is reflected more in the fuel center- .

line temperature measurements of xenon and argon filled fuel rods than
of helium filled fuel rods. .

The experimental data of three test fuel rods are used to assess
fuel centerline temperature calculations for fuel rods filled with

Dxenon and argon. The three rods are Rod 2 of the IFA-430 test performed ,

7in the HBWR, Rod 4 of the PR-1 test performed in .>BF, and Rod 501 of the
0GC 2-1 test performed in PBF. For the IFA-430 test, the fuel rod fill ;

gas was a mixture of 90% h'elium and 10% xenon. The other characteristics

of the fuel rod are shown in Table 4. For the GC 2-1 test, the fill gas

was xenon. The other characteristics of the fuel rod are sMwn in Table 5.
The calculated and measured fuel centerline temperatures are

compared in Figures 5, 6 and 7. The temperatures are calculated using
both the FRACAS-I model with a nonuniform fuel-cladding gap model and

the FRACAS-I model with fuel relocation. For the IFA-430 test (90% He, .

10% Xe), the fuel centerline temperatures calculated using the nonuniform
gap model are 6 to 7% greater than the measured temperatures. For Rod 4 ,

of the PR-1 test, the fuel centerline temperatures calculated using the
nonuniform gap model are greater than the measured fuel centerline
temperatures by 4% at 20 kW/m and by 5% at 40 kW/m. For the same test, f

12



TABLE 5. CHARACTERISTICS OF RODS 501 AND 503 0F'PBF TEST GC 2-1 l

t

14

Characteristic - Value

Fuel Enrichment (wt'% U ') 10.0
~

*

. Fuel Density (% Theoretical Density) 97(Rod 501)
95 (Rod 503) i

Radial Fuel-Cladding Gap (mm) - 0.11 |
Cladding Thickness (mm) 0.855

Cladding Outside Diameter (mm) 12.50

Fuel Pellet Outside Diameter (mm) 10.57_ l
Fill. Gas Composition Xe (Rod 501) l

He (Rod 503)
Fill Gas Pressure (MPa) 2.59
Burnup (MWs/kg) 0

Active Fuel Stack Length (m) 0.913'
3

. Plenum Volume (mm ). 27400

' Axial Power Peaking Factor 1.33
~

*-

Cladding Cold Work (%) 10

Diameter of Hole for Themocouple 1.78.

at Center of Fuel (mm)

_
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the fuel centerline temperatures calculated using the relocation model
~

are less than the measured temperatures by 22% at 10 kW/m and by 18% j
_

at 40 kW/m. For rod 501 of.the GC-2-1 test, the temperatures calculated s

using the nonunifonn gap model.are less than the measured fuel centerline .
;

temperatures for fuel rod powers less than 12 kW/m. The calculated |
temperatures are 5% less than the measured values at 10 kW/m and 10% ,

. greater.than the measured values at 20 to 30 kW/m. For the same_ test,
t

the fuel centerline temperatures calculated using the relocation model ;

are less than the measured values over the compete range of power. The [
calculated temperr.ture is 33% less than the measured value at 10 kW/m
and 18%.less than the measured value at 26 kW/m. Since thermocouple i

shunting is speculated to have occurred during this test, the actual
fuel centerline temperature was probably greater than the measured .

temperature for a fuel rod power greater than 25 kW/m.

; 2.1.4 Stored Energy. The amount of thermal energy stored in the fuel
,

at the start of a reactor transient can play an important role in the
response of the fuel rod during the transient. The amount of stored -

energy is not only a function of the temperature at the fuel center, but -

is also a function of the temperature gradient from the fuel center to |.

the fuel surface. A steep temperature gradient can result in 15% less |

stored energy than a shallow gradient. In order to measure the fuel [
temperature gradient, a series of tests were performed in PBF with !

Ithermocouples placed at points between the fuel center and the fuel
' surface. This series of tests included PBF tests GC 2-1,8 GC 2-2,8 . i

and PR-1.3 The experimental data from these tests are used to assess

the temperature gradient and stored energy calculated by the FRAP-T6 [
'

code.

Focr thermocouples were placed in the fuel of the test rods for '

PBF tests GC 2-1, GC 2-2, and PR-1. The thermocouples were positioned *

as shown in Figure 8. One thermocouple was placed at the center of
the fuel, ind three thermocouples were offset from the center. The -

, ,

distance from the fuel center to the center of each of the offset
thermocouples was equal to 75% of the fuel pellet radius. The offset , ,

i

4-
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thermocouples' were azimuthally spaced .120 degrees apart.
~

Except for fuel density and fill gas, the test fuel rods were
typical of 8 by 8 BWR fuel rods. The design characteristics of the

,

- test fuel rods are shown in Tables 4, 5 and 6.
The fuel temperature distribution is calculated using both the

'

FRACAS-I.model with a nonuniform fuel-cladding gap and the FRACAS-I

model with fuel relocation. For the nonuniform gap model, the
temperature is calculated using both the one-dimensional (radial) and

the two-dimensional (radial-azimuthal) heat conduction models. The
relocation model assumes fuel relocaticn to be azimuthally uniform.
Therefore, the temperature distribution using this fuel deformation
medel is axisymmetric and the two-dimensional heat conduction calcu-
lation is not necessary.

The calculated and measured fuel temperatures for a small gap
(0.05 mm) helium filled rod (Rod 521-3 of PBF test GC 2-2) are compared

in Table 7. Those for a typical gap (0.11 mm) helium filled rod
(Rod 503 of PBF test GC 2-1 and Rod 1 of PBF test pr-1) are compared '

,

in Tables 8 and 9, respectively. The fuel temperatures calculated
with the one-dimensional nonuniform gap model are in good agreement

,

with the measured fuel temperatures. For all three tests, the fuel

temperature calculated at the radius of the offset thermocouples is
within the range of fuel temperatures measured by the offset thermo-
couples. The temperatures calculated with the relocation model are ,

10 to 15% less than the measured values. The temperatures are )

underpredicted at both the fuel center and the radius of the offset I

thermocouple. The c'a'icu' lated temperature gradient, however, is in good
~

-

,

agreement with the measured temperature gradient.
Except for Rod 1 of' the PR-1 test, the temperatures calculated

with the two-dimensional heat conduction modal at the locations of
the offset thermocouples are in good agree:nent with the temperatures
measured by the offset thermocouples. For Rod 1 of the PR-1 test,

~

the calculated temperatures bracket the measured temperatures, but
have a much greater azimuthal temperature variation than the measured
temperatures. The small azimuthal temperature variation measured for *

Rod 1 of the PR-1 test is inconsistent with the measureu azimuthal
temperature variation of the other tests and is considered an anomaly.

18
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TABLE 6. CHARACTERI., TICS OF ROD-522-3 0F PBF TEST GC 2-2

t . s

Characteristic Value- 'I

Fuel Enrichment (wt % U ) 10.0 |,

' Fuel Density (% Theoretical Density) 95

Ra' dial Fuel-cladding Gap - (an) 0.05

fCladding Thickness (mm) 0.855

Cladding Outside Diameter - (mm) 12.5 1

Fuel Pellet Outside Diameter (mm) 10.69 I

Fill . Gas Composition Helium !

Fill. Gas Pressure (MPa) '2.59- |
Burnup(MWs/kg) 0 !

Active Fuel Stack, Length (m) r,913- i
~

.

Plenum Volume (mm'). 274J0 ,

Axial Power Peaking Factor 1.33 !
t

* - Cladding Cold Work (%) 10 !

Diameter of Hole for Thermocouple 1.78- !
- at Center of Fuel >.

[
;

r

i
I

!,

!

!

!.

;- .

t

*

!
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COMPARIS0N OF MEASUPED AND CALCULATED TEMPERATLHE DISTRIBUTION FOR R00 522-3 0F P8F TEST GC 2-2TABLE 7.
-

.

- Local Power = 31.4 kW/m
.

flonuniform
2-D gap ^ Relocation ,

Measured Calculated Calculated Calculated
Temperature Temperature. Temperature Temperature

a
]. Position (K) (K)- (K) (K)

Centerline 1360 1223 1267 -1208

Offset 1 1010 995 970 908-

1 Offset 2 955 -- -- --

b --Offset 3 X 963 --

$$

a. The offset thermocouple with the highest temperature reading was arbitrarily
assigned position 1, the thermocouple with the lowest reading was assigned
pos i ti on . 3.

b. The symbol "X" indicates that no measurement was obtained due to|

thermocouple failure.
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TABLE 8
COMPARIS0NOFMEASUREDANDCALCULATEDTEMRATUREDISTRIBUTIONFORROD6030FPBFTEST[GC2-1 'r

.

-

Local Power = 20.6. kW/m
.

Nonuniform
2-0 gapL RelocationMeasured Calculated Calculated CalculatedTemperature Temperature . Tempera ture Temperatu re.Posi tion" (K) (K) (K) (K)

Centerline 1200 1111 1134. 1042
' Offset 1 970 1066 944 816
Offset'2 900 973 -- --

; Offset 3 840 850 -- --

i

U

.

a. The offset thermocouple with the highest temperatare reading was arbitrarily-,

assigned position 1, and the thermocouple with the lowest reading was assigned
position 3.

'

i

i

. . - . . - - . . . . _ , . . _ , _ . , , . . - . - _ , . , . - + - , _ . _ , _ . - . - , , - . . _ , , - . - , _ . _ - - . - , - _ , , . - . . , - - _ . . . . , - . - , , _ . . - . , _ , . - , _ . - - , . _ _



TABLE 9. COMPARISON OF MEASURED AND CALCULATED TEMPERATURE DISTRIBUTION FOR ROD 1.0F PBF TEST PR-1 L;
.

. .,

.

Local Power = 27 kW/m

flonuniform
2-D. gap._ Relocation ~

Measured Calculated . Caculated Calculated'
Temperature Temperature Temperature- ' Tempera tureaPosition (K)

~

(K) (K) (g)
Center 1ine 1320 1291 1313 1215',

Offset 1 1045 - 1294 1043 900
Offset 2 1020 __ -__ .__

Offset 3 1010 941 __ __

M

a. The offset thermocouple with the highest temperature reading was arbitrarily
assigned position 1, the thermocouple with the lowest reading was assigned
position 3.

- ,

e
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The calculated and measured fuel temperatures for a-xenon filled

4 fuel rod (Rod _501 of _ PBF' test GC 2-1) at a local = power of 20.6 kW/m are-

compared in Tablel10. Th'e temperatures.measu' red by the offset thermo-
couples ranged from'1480 to 1670-K (average of 1575 K). The temperatures'

. calculated with the one-dimensional nonu'niform gap'model are 160 K [

greater than' both the measured fuel centerline temperatures and the - e* '

average measured offset temperatures.- The fuel famperatures calcu- I
;lated with the relocation model are 340 K less than the measured '

- values at'both the fuel centerline and the locations of the offset f
thermocouples. The same temperature gradient is calculated with {

both the nonuniform gap model-and the relocation model, but a 500 K

higher temperature drop across the fuel-cladding gap is calculated e

.

with the nonuniform gap model. The temperatures calculated with the ;'

. two-dimensional nonuniform gap model are 200 K greater than the
, ~

temperatures measured by the offset thermocouples. The calculated
azimuthal- temperature variation, however, is in good agreement with f

'

the measured azimuthal temperature variation.;
'

+

2.2 Transi ent Temperature , Compari sons j~

t..

: The assessment of the transient temperature calculations is ;
.

-

divided into two sections. In Section 2.2.1, the assessment focuses i

on the modeling of the heat capacity of the fuel and cladding. In i

Section 2.2.2, the assessment focuses on the modeling of heat removal |
:|

from the fuel.. -|.

|

2.2.1. Assessment of the Modeling of Heat Capacity. The modeling of, ;

the fuel and cladding heat capacity is a:;sessed by comparison of the ;

calculated and measured temperatures for fuel rod tests performed

under nearly adiabatic heatup conditions. Two fuel rod tests are
selected for comparisons. The first rod is Rod 12 of TREAT FRF-2 ;

L
!test,9 during which the test fuel rod was subjected to a power pulse

with an average amplitude of 20 kW/m and a duration of 30 s. The |

|_
test fuel. rod was cooled by superheated steam, which resulted in

;
,

, -t

|
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TABLE 10. COMPARISON OF MEASURED AND CALCULATED TEMPERATURE DISTRIBUTION FOR R0D 5010F PBF TEST GC 2-1

Local Power = 20.6 kW/m
Nonuniform

2-D gap Relocation
Measured Calculated Calculated Calculated

Temperature Temperature Tempera ture TemperatureaPosi tion (K) (K) (K) (K)
Centerline 1850 1982 2013 1512

Offset 1 1670 1863 1729 1239
b

__Offset 2 X _ __

Offset 3 1480 1654 -- --

%

a. The offset thennocouple with the highest temperature reading was arbitrarily assigned
position 1 and the thermocouple with the lowest reading was assigned position 3.

,

b. The symbol "X" indicates that no measurement was obtained due to thermocouple failure.

. . . . . .
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little heat removal from the fuel rod. The design characteristics
of the test fuel rod are shown in Table 11. The second rod is Rod 3 of
the PBF RIA 1-1 test,9 during which the test fuel rud was subjected

'

to burst of power with t. peak amplitude of 15,000 kW/m and a duration
of 0.1 s. The test fuel rod was subjected to coolant conditions
typical of those occurring during normal reactor operation. The de-a

sign characteristics of the test fuel rod are shown in Table 12.

The calculated and measured cladding surface temperatures for
Rod 12 of the TREAT FRF-2 test are compared in Figure 9. The comparison

is for an elevation of 0.28 m above the bottom of the fuel stack. The
entire fuel rod is initially at the temperature of the steam cooling
the fuel rod. The fuel rod is then subjected to a power of approxi-
mately 20 kW/m for 30 s and is cooled by low flow superheated steam
to simulate heat transfer during the reflood period of a loss of
coolant accident (LOCA). Nearly adiabatic heatup of the fuel rod occurs
because of the low coolant flow. The calculated and measured temperatures
agree closely over most of the time interval of the transient. For the

'

time interval of 25 to 35 s, the calculated cladding temperature is
greater than the measured temperature. The maximum difference between

* the calculated and measured temperature is 50 K. The discrepancy is
due to bypassing of the cladding oxidation model. The low calculation
of temperature begins at about the time that some cladding heatup due
to cladding oxidation occurs. The cladding oxidation is not modeled,
however, because cladding oxidation is restricted by the small amount
of oxygen available in the low steam flow. Oxygen limited cladding
oxidation cannot be modeled by FRAP-T6. After a time of 40 s, the
cladding temperature is calculated to increase showly with time, but
the measured temperature remains constant with time. This difference is
due to the neglecting of radiation heat transfer to the flow shroud in
the calculation of temperature.

The calculated and measured fuel centerline temperatures for Rod 3
.

of the PBF RIA 1-1 test are compared in Figure 10. In this test, the

test rod fuel at the elevation of the fuel temperature measurement was
*

heated to an enthalpy of 165 cal /g in 0.1 s by a high intensity short

25



TABLE 11. CHARACTERISTICS OF ROD 12 0F TREAT TEST FRF-2

_.

Cha'racteris tic
~

-

_
Value

'Fuel Density (% Theoretical Density) 95

Radial Fuel-ClaJding Gap (mm) 0.061
Cladding Thickness (mm) 0.813
Cladding Outside Diameter (mm) 14.31

Fuel Pellet Outside Diameter (mm) 12.56

Fill Gas Composition He

Fill Gas Pressure (MPa) 0.517
Burnup (MWs/kg) 0

Active Fuel Stack Length (m) 0.635
3

Plenum Volume (mm ) 9000

Axial Power Peaking Factor 1.1

Cladding Cold Work (%) 10
,

.

6

6

26



TABLE 12. CHARACTERISTICS OF ROD 3 0F PBF TEST RIA 1-1

..

Characteristic*

Value

fuel Enrichment (wt % U235) 12.5
Fuel Density (% Theoretical Density) 94.5.

Radial Fuel-Claddi'ng Gap (mm) 0.167
Cladding Thickness (mm) 0.533

'

Cladding Outside Diameter (mm) 9.93

Fuel Pellet Outside Diameter (mm) 8.53
Fill Gas Composition He

Fill Gas Pressure (MPa) 0.105
Burnup (MWs/kg) 0

Active Fuel Stack Length (m) 0.914
3

Pienum Volume (mm )
4650

Axial Power Peaking Factor
1.36

Cladding Cold Work (%)
10 <*

Diameter of Hole for Thermocouple
1.8

of Fuel Center (mm)
.

.

%
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duration power burst. The measured centerline temperature rises'suo
-slower than the. calculated temperature due to the : slow response time; i

of .the measuring instrumentation. The calculated and measured peak i
A fuel centerline" temperatures are 2400 and 2125 K, respectively. Since !

. the'. slow response time of the measuring instrument' resul.ts in an !

underestimation of temperature, the calculated and measured temperatures f
.>

- are considered to be in agreement. The fuel temperature decreased
after the power burst due to fuel rod cooling. The FRAP-T6 calculated
temperature decrease is in good agreement with the measured, temperature :

decrease. The FRAP-T6 calculated temperatures are significantly improved4

,

over the FRAP-T5 calculated temperatures.-

A FRAP-T6 computer analysis provides the values of all the
variables necessary for a check of energy balance. The code output-4

,

allows ~each user to check the modeling of fuel and cladding. heat capacity.- F

The variables output by the code include: (a) energy stored in fuel,
.

[

(b) energy stored in cladding, (c) energy input to fuel rod by fission- I

ing and radioactive decay. during a transient, and (d) energy output :
-

'

from fuel ' rod by cooling during a transient. The change in stored>

e

energy during a transient should equal the difference between the
.

[
energy input and output. The developmental assessment computer analyses !

-,

have shown that the error in energy balance is less than 1%. ;
>

i

-

; 2.2.2 Assessment of the Modeling of Heat Removal. A significant
f

fraction of the energy stored in a fuel rod at the start of a large [1

break LOCA is removed from the fuel rod during the blowdown period ~
Typically, over 50% of the stored energy is removed. A larger amount I
of energy removal results in lower cladding temperatures 'during the [
reflood period, and conversely, a smaller amount results in higher }
cladding temperatures during the reflood period. The experimental i

data of three PBF test rods are used to assess the modeling of energy
removal during the blowdown period of a LOCA. The three test rods are :

Rod 15 of the.PCM-4 test,11 Rod 3 of the LOC-3 test,12 and Rod 3 of the !
'

LOC-11C test. 4 The- test fuel rods are typical of 15 by 15 PWR fuel rods.
i

The-design characteristics of the test fuel rods are shown in Tables 13, I.

14 and 1. . . respectively. !

-.

; ,
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TABLE 13. CHARACTERISTICS OF R00 15 0F PBF TEST PCM-4

_ Characteristic Value

Fuel Enrichment (wt %_U235) 20.0

Fuel Density (% Theoretical Density) 93.7
,

Radial Fuel-Cladding Gap (m) 0.099

Cladding Thickness (m) 0.63 j

Cladding Outside Diameter (m) 10.76 !

Fuel Pellet Outside Diameter (mm) 9.30

/ill Gas Composition Helium

- Fill Gas Pressure (MPa) 2.59 i

Burnup (MWs/kg) 0

Active Fuel Stack Length (m) 0.913
3

P 2num Volume (m ) 5872 j

sxial Power Peaking Factor 1.36 I

Cladding Cold Work (%) 10 |
\

Diameter of Hole for Themocouple 1.86 - |

at Fuel Center

|.

l

|

|

!
,

|

|

'

i

I

|

!
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TABLE 14. CHARACTERISTICS OF R00 3 0F P8F TEST LOC-3

.

Characteristic Value

Fuel Enrichment (wt % U ) 12.5,,

Fuel Density (% Theoretical Density) 94.5
Radial Fuel-Cladding Gap (mm) 0.108
Cladding Thickness (m) 0.59
Cladding Outside Diameter (mm) 9.93

Fuel Pellet Outside Diameter (m) 8.53
Fill Gas Composition He

Fill Gas Pressure (MPa) 4.83
Burnup (MWs/kg) 0

Active Fuel Stack Length (m) 0.879

Plenum Volume (m ) 4700

Axial Power Peaking Factor 1.23
Cladding Cold Work (%) 0.

Diameter of Hole for Thermocouple 1.88

at Fuel Center (m),

.

.
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The calculated and measured fuel centerline temperatures for the
PCM-4 test are compared in Figure 11. The local fuel rod power at the
start of the transient was 51.4 kW/m. The temperature is calculated
with both the nonunif'rm gap and the relocation models for fuel -

deformation. The temperature is also calculated with the FRAP-T5
code. At the start of the transient, the temperature calculated using .

the relocation model agrees closely with the measured temperature.
After a time of 5 s, however, the calculated temperature is less than
the measered temperature. This indicates that the initial stored energy

is underpredicted. At the start of the transient, the fuel centerline
~

tencerature calculated using the nonuniform gap model is 100 K greater
than the measured fuel centerline temperature. Af ter 3 s, the calculated

fut? centerline temperature slightly exceeds the measured temperature.
At the start of the transient, the temperature calculated by FRAP-T5
is 200 K above the measured temperature. After 5 s, the calculated
fuel cente-line temperatures agree closely with the measured temperatures.

The calculated and measured fuel centerline temperatures for Rod 3
of the LOC-11C test are compared in Figure 12. The local fuel power at -

the start of the test was 67.7 kW/m. The fuel centerline temperature

is calculated with both the nonuniform gap and the relocation models for -

fuel defornation. The fuel centerline temperature is also calculated
with the FRAP-T5 code. At the start of t!;e transient, the fuel centerline

temperatures calculated with both the nonuniform gap model and the
relocation model are approximately 120 K less than the measured temperature.
At a time of 10 s, the temperature calculated with the relocation model is

90 K less than the measured temperature, while the temperature calculated
with the nonuniform gap model agrees closely with the measured temperature.
These differences in calculatc' temperature are due to differences in
calculated fuel stored energy. At the start of the transient, a stored

energy of 314 kW.s/m is calculated with the relocation model, while a
stored energy of 337 kW.s/m is calculated with the nonuniform gap model.
At the end of the blowdown period, a stored energy of 186 kW s/m is *

*

calculated with the relocation model, while a stored energy of 193 kW s/m
is calculated with the nonuniform gap model. -
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The calculated.and measured ' fuel centerline temperatures 'for th'e
LOC-3 test.are compared in Figure 13. The 1ocal . fuel rod power at the

fstart of the test is assumed to be 44.3~ kW/m, although the experiment
_

,

' analysis. indicates the power to be 55.3 kW/m.a The, temperature is
calculated ~ with both the nonuniform gap and the relocation models for

.
- fuel deformation. At the start of-the transient, the-fuel centerline

temperature calculated with the nonuniform gap model is 25 K greater
- than the measured temperature, while th' e fuel centerline temperature '

. calculated with the relocation model is 120 K less than the measured-
~

temperature. These temoerature differe'nces ara consistent with the-
~

temperature differences observed in Section 2.1.1. A fuel stored
, . _ . ,- .

.

a.s . A considerable amount of uncertainty is involved in the experimental -

data used to calculate the fuel rod power. If the local fuel rod
power is assumed to be 44.3 kW/m, the difference between the calcu- !

' lated and measured fue, centerline temperature at the start of the
test is consistent with the differences observed in Section 2.1.1
for fuel rods similar in design to the LOC-3 test fuel ~ rods.

.
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energy of 214 kW s/m is calculated with the nonuniform gap model,
while a stored energy of 182 kW s/m is calculated with the re. location
model. After the coolant blowdown begins and the reactor is scrammed,

'

the fuel temperatures calculated with both fuel deformation models
decrease in accordance with the measured temperatures. After 5 s,
however, the calculated temperatures begin to exceed the measured>

temperatures. The temperatures calculated with the nonuniform gap
model are 200 K greater than the measured temperatures, while the
temperatures calculated with the relocation model are 120 K greater
than the measured temperatures.

The overestimation of fuel temperature for the last part of the
transient is due to an underprediction of fuel rod cooling. As dis-
cussed in Section 3, the cooling is underpredicted because the calculated
time (0.5 s) for departure from nucleate boiling (DNB) is 1.5 s earlier
than the observed time (2.0 s). Because of the error in calculating the
time of DNB, the calculated fuel stored energy at the observed time of
DNB is about 25% greater than the actual stored energy. The overprediction

^

of stored energy results in a 100 to 200 K overprediction of the fuel
temperature.

The effect, of the time of DNB upon stored energy is obtained from
*

the calculations for the PCM-4 test. At the start of this test, the

i reactor was scrammed and complete cooling of the test fuel rod was
maintained. DNB did not occur during the transient. The calculated
removal of stored energy in the fuel as a function of time is shown
in Table 15. The local fuel rod power at the start of the transient
is 59 kW/m and the local net fuel s'cred energy is 200 kW s/m. During.

the time interval of 0.5 to 2.0 s, about 25% of the initial stored
energy is removed.

The calculations for the LOC-3 test are repeated with the
calculated time of DNB forced to equal the observed time of DNB.
The calculations are performed with the nonuniform gap model. The

.

calculated and measured fuel centerline temperatures are compared in
Figure 14. At a time of 30 s, the calculated temperaturc is 100 K

*

greater than the measured temperature. This discrepancy is 100 K
less than the discrepancy calculated with an uncorrected time of DNB.
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. TABLE 15. RATE OF ret 40 VAL 0F STORED' ENERGY >
-

'

-Time After - Net Stored Energy - Ratio of Removed Stored '

Reactor Scram in Fuel Energy to Initial Net' Stored Energy:a
-

.

(s) (kW.s/m)' (%)

_

0 200 0

. 1. 0 164 18

240 135 33

111
,45

3.0
91 55

-4.0
74 63

5.0

$
I
! Net stored energy is equal the total stored energy minus the stored energy.at zero power and

ambiant coolant conditions (54 kW.s at coolant temperature of 586 K).| a.

1

I'
!

. .

|
'
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2.3 Summary and Conclusions

The temperature calculations have been examined by comparisons
,

The comparisons
between calculated and measured fuel temperature.
have been made for fuel rods typical of comercial reactor fuel rods

'

The calculations were made using both thewith low fuel burnup.
nonuniform fuel-cladding gap and the relocation models for fuel

The steady state comparisons are presented in Section
deformation. The
2.1 and the transient comparisons are presented in Section 2.2.
results of the comparisons are sumarized as follows.

The thermal conductivity and heat capacity of the fuel and
1.

cladding are accurately modeled. Any errors in the modeling
of thermal conductivity and heat capacity contribute to less
than a 1% error in the calculation of temperature.

For a fuel rod at a power less than 50 kW/m, the fuel-cladding2.
gap conductance is undercalculated by 10 to 20% with the

~

This leads to a 2%nonuniform fuel-cladding gap model.
overprediction of fuel temperature for a helium filled fuel *

rod and a 5 to 10% overprediction of fuel temperature for

a xenon filled fuel rod.

In a fuel rod at a power less than 50 kW/m, the fuel-cladding3.
gap conductance is overpredicted by a factor of two with the

*

This leads to a 5% underprediction of fuelrelocation model.
temperature for a helium filled fuel rod and a 15 to 25%
underprediction of fuel temperature for a xenon filled fuel

rod.

For a helium filled fuel rod at a power less than 50 kW/m,4.
the stored energy in the fuel is overpredicted by 0 to 5%
with the nonuniform gap model and is underpredicted by

5 to 10% with the relocation model.
-

__
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L ' 5. .For a . fuel rod power greater than 60 kW/m, the fuel-c'ladding .

-

gap conductance 'is 'underpredicted with bothethe nonuniform
-gap model and the relocation model. The discrepancy causes

the fuel centerline' temperature- to be underpredicted by'4%.
The discrepancy may-be due to the simplified modeling!of

.

ifuel-cladding-gap closure. If the fuel-cladding gap'is
'" closed" and'the interfacial pressure-is greater than zero,
both mechanical response models assume a circumferential1y
uniform' gap conductance. In reality, fuel-cladding gaps
occur at scattered circumferential locations, which lower
the.overall' fuel-cladding gap conductance.

6. 'The temperature calculations of the FRAP-T6 code are improved.
over those of the FRAP-T5 code. For a helium filled fuel rod
at a power of 30 kW/m, FRAP-T6 and FRAP-T5 overpredict the

fuel- centerline temperature by 2% and 5%, respectively.

The-following conclusions are drawn from the results of the
~.

comparisons' between calculated and measured fuel temperature.

. - . , 1. For the developmental assessment cases, the nonuniform gap
model.give. better agreement with the cxperimental data than
the relocation model. However, both models are applicable to
calculating the steady state and transient temperature and
stored energy of BWR and PWR fuel rods. For helium filled fuel
rods, the fuel temperature ar.d stored energy calcelated with
the nonuniform gap model exceed measured values by 0 to 5%.

' For fuel rods filled with a tixture of helium and xenon, the
fuel temperature and stored energy are overpredicted by 5 to
10% using the nonuniform gap model.

2.-
Using the nonuniform gap model, the temperature calculations of
FRAP-T6 are improved over those of FRAP-T5

1

3.
Using the relocation model for fuel deformation, the temperature
and stored energy of BWR and PWR fuel rods are underpredicted-

by.5 to 10%.
To improve the calculation of temperature and

39
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stored energy, the modeling of the fuel-cladding gap conductance
should be modified. Currently, the closed gap conductance model
is used without regard for the fuel-cladding gap size. Until

.

hard pellet-cladding mechanical interaction occurs, this model
should be replaced by the open gap conductance model given a

'

zero fuel-cladding gap size. The fuel-cladding gap conductance
calculated by tre open gap model given a zero fuel-cladding gap
size is 50% of that calculated by the closed gap conductance
model given a zero fuel-cladding interfacial pressure. This
change in fuel-cladding gap conductance would increase the
calculated fuel temperatures and lead to good agreement between
calculated and measured temperatures.

3. ASSESSMENT OF CRITICAL HEAT FLUX AND HEAT TRANSFER CORRELATIONS

FRAP-T6 uses heat transfer and critical heat flux correlations
to calculate the amount of heat transfer from the surface of a fuel rod .

to the surrounding coolant. If DNB results, these correlations have a

strong influence on the calculated temperature of the fuel rod. The
'

heat transfer correlations relate the cladding surface heat flux to
the cladding temperature and the coolant mass flux, quality and pressure.
The pre-DNB relatio of surface heat flux to cladding temperature is much
different than the post-DN8 relation, so a different heat transfer

correlation is used after DNB than before DNB. The critical heat flux
correlations relate the cladding surface heat flux at which DNB occurs
to the ecolant mass flux, quality and pressure. The critical heat flux
correlation determines whether the pre-DNB or post-DNB heat transfer

correlation is used.
Several different heat transfer correlations and critical heat flux

correlations can be selected by the code user. The assessment of all the
correlations exceeds the scope of the developmental assessment effort. .

The assessment is confined to the correlations that are in FRAP-T6 but
not in FRAP-TS. The assa. ed correlations are the combined Tong-Young

"

and Condie-Bengston het.t transfer correlation for high flow film boiling
and the combined W-3 and Hsu-Beckner critical heat f,ux correlation.

40
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The correlations are assessed by comparing the calculated and measured

cladding surface temperature for fuel rod tests in which film boiling
occurred. The cladding surface temperature is also calculated using
the Groeneveld heat transfer correlation and the B&W-2 critical heat-

flux correlation. These correlations are the standard correlations
in FRAP-T5 and are also in FRAP-T6.,

A generalized version of the FLECHT correlation is in FRAP-T6
but not in FRAP-T5. The FLECHT correlation calculates the amount of
heat transfer from fuel rods to coolant during the reflood period of
a LOCA. The correlation has been previously compared with experimental
data, so a quantitative assessment is not made in this report. However,
the capability of the correlation is demonstrated by a presentation of
the calculated cladding surface temperature history for a hypothetical
PUR LOCA.

The results of two PBF LOCA tests and two P8F Reactivity Initiated

Accident (RIA) tests are used to assess the heat transfer and critical
flux correlations. The test rods are Rod 3 of the LOC-11C test, Rod 3
of the LOC-3 test, Rod 3 of the RIA 1-1 test and Rod 2 of the RIA 1-2

-

13

test. The design characteristics of the test rod of the RIA 1-2 test
are shown in Table 16. The design characteristics of the other fuel.

rods are shown in Section 2.

The calculations for each test are performed with two different

combinations of critical heat flux and heat transfer correlations.
The first combination is the 11-3 critical heat flux correlation and
the combined Tong-Young and Condie-Bengston heat transfer correlation.

The second combination is the B&W-2 critical heat flux correlation and
the Groeneveld heat transfer correlation.

3.1
PBF Test LOC-11C Cladding Surface Temperature Comparisons

The calculated and measured cladding surface temperatures for
-

Rod 3 of the LOC-11C test are compared in Figure 15 DNB is indicated
by a sudden increase in the cladding temperature. The observed time ofD?lB is 1.5 s.-

The calculated time for DNB is 1.5 s with the W-3 critical
neat flux correlation ant' O.05 s with the B&W-2 critical heat fluxcorrelatirn.

After DNB has occurred, the calculations with the combined

41
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: TABLE 16. _-CHARACTERISTICS _OF R00.2 0F. PBF_ TEST RIA 1-2:
-

-

- . . . . - . . .

Characteristic . - .Value" -
.

Fuel Enrichment .(wt % -U235). 12.5
Fuel 1 Density (% Theoretical. Density) 94 -.

Radial. Fuel-cladding Gap (m) 0.082

Cladding Thickness (m) - 0.62-

~ Cladding Outside' Diameter - (m) _ .
9.99

'

~

- Fuel Pellet Outside Diameter (m) 8.59

Fil1 Gas Composition 77.7% He, 22.3%'Ar
_

Fill Gas Pressure (MPa)' 2.41
6

Burnup.(MWs/kg). 0.44 x 10
.

- Active Fuel . Stack L'ength (m)- 0.914-

Plenum Volume '(m ) 6455

1.36-
!~ . Axial Power Peaking Factor

10
f. -Cladding Cold Work-(%)

.

|

!
'

i

!

'
.

'

;

i
.

k
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Figure 15. Comparison of measured and calculated cladding surface
temperature versus time for Rod 3 of PBF test LOC-11C.

i
.

Tong-Young and Condie-Bengston heat transfer correlation overpredict
'

the fuei rod cooling, and cladding rewet is calculated to occur 1.4 s
after DNB. After DNB has occurred, the cladding temperature calculated

- with the Groeneveld correlation is 120 K greater than the measured*

temperature. This overprediction is due to the discrepancy between the
calculated and observed time of DNB. After DNB has occurred and stable
film boiling is established, the calculated cladding temperature continues
to increase, while the observed cladding temperature remains almost

E

constant. This difference between calculated and measured cladding
temperature is because the calculat1ons neglect the radiation heat
transfer to the flow shroud.

3.2 PBF Test LOC-3 Cladding Surface Temperature Comparisons

The calculated and measured cladding surface temperatures for
*

Rod 3 of the LOC-3 test are compared at elevations of 0.625 m and 0.675 m.
The temperature comparisons are shown in Figures 16 and 17, respectively.

The W-3 and B&W-2 correlations both calculate DNB to cccur at about the
'*

'sane time. At the 0.625 m elevation, the calculated time of DNB is 0.5 s,
,

while the observed time is 2.0 s. At the 0.675 m elevation, the calculated
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t4 g timeiof DNBLis:0.'4$s,wh'ile-the'ob' served' time'is3.1's.:The| post-DNB ',7

?
/ calculated cladd'ing1 temperature is about the same using either the' Tong-
xYoung .or. the Groeneveld correlations.-

- The calculated post-DNBJcladding ' temperature is greater than the
-

i. - .
.

.
_ 1

. measured -temperature'be'cause of the; discrepancy between the calcula.ted
|

3

,

and obserEed-time of DNB. LAt;the 0.625 m: elevation, where the calculated
_

E,
~

.timelof DNB is'1.5 s earlier than the ' observed time of DNB, .the calculated . j

temperature is 200 K greater than the measured temperature. 'At the 0.675 m'
~

,

:elevation, where the. calculated time of DNB is 2.7 s earlier than the
L observed; time, the calculated: temperature:is 300 K greater than the
measured temperature,-

E
The calculations for the LOC-3' test are repeated with tne calculated -

j - time of DNB forced to equal. the' observed' time of DNB.8 The calculations
j are perfomed with' the nonuniform' gap model and the Groeneveld heat

, transfer- correlation. The calculated.and. measured cladding temperature
at the 0.625 m. elevation are compared in Figure 18. After DNB has

; occurred, the calculated cladding temperature is about 60 K greater
than the measured temperature. The cladding temperature calculated I

with an uncorrected time of DNB is 200 K greater than the measured
-

;. temperature. The_ calculateo and measured cladding temperatures at the
0.675 m elevation are compared in Figure --19.- The calculated and.

measured cladding temperatures _ are within 20 K of each other. The

cladding temperatures calculated'with an uncorrected time of DNB
'

are 300 K greater than the measured temperatures.

|

3.3 PBF Test RIA 1-2 Ciadding surface Temperature Comparisons
L

The calculated and measured cladding surface temperatures for
Rod' 2 of the RIA 1-2 test are compared at elevations of 0.454 m
(power Peak) and 0.74 m. The temperature comparisons are shown in
Figures 20 and 21, respectively. Both the calculations and the
measurements show that DN8 occurs immediately after the power bur.

*
i

I

f :a. 'The "SPECIFIED FBZ" suboption of the " COOLANT CONDITION" option is''

used, which allows the code user to prescribe the time of. film boiling.
!

4
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. At the 0.454 m elcvation, the peak measured cladding temp:rature
f

is 1300 K. A peak temperature of 1230 K is calculated using the Tong-'

! Young correlation, and a peak temperature of 1400 K is calculated using
>

the Groeneveld correlation. The observed time of cladding rewet is
18 s. A rewet time of 2.5 s is calculated using the Tong-Young *

i correlation and a rewet time of 14 s is calculated using the Groeneveld
correlation. .

f At the 0.79 m elevation, the cladding temperature calculated using
i the Groeneveld correlation agrees closely with the measured temperature.

Both the peak cladding temperature and the time of cladding rewet are
correctly calculated. With the Tong-Young correlation, however, cladding
rewet is calculated to occur shortly after DNB has occurred.

3.4 PBF Test RIA 1-1 Cladding Surface Temperature Comparisons

The calculated and ceasured cladding surface temperatures for
Rod 3 of the RIA 1-1 test are compared in Figure 22. The temperature
is calculated using both the FRAP-T5 and FRAP-T6 codes. For the
FRAP-T5 calculation, the Groeneveld heat transfer correlation is used. -

The FRAP-T6 calculation is performed using both the Tong-Young and

Groeneveld correlations. The calculations and measurements show that -

DNB occurs immediately after the power burst. A considerable variance
is shown between the calculated peak cladding temperature and
measured peak cladding temperature. The measured peak cladding

temperature is 1430 X, while the calculated peak cladding temperatures
are 1640 K (FRAP-TS),1600 K (FRAP-T6 with Groeneveld correlation)
and 830 K (FRAP-T6 with Tong-Young correlation). A considerable

variance is also shown between the calculated and ceasured time
of cladding rewet. The observed time of cladding rewet is 15 s,

_ _ - - . - - . . - -

while the calculated times of cladding rewet are 22 s (FRAP-TS),
16 s (FRAP-T6 with Groeneveld correlation), and 3 s (FRAP-T6 with
Tong-Young correlation). Overall, the comparisons show that the
cladding temperature is best calculated by FRAP-T6 using the Groeneveld *

heat transfer correlation.
.

:
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3.5 Cladding Temperature During a PWR LOCA

The cladding temperature history during a hypothetical large
break LOCA in a PWR with 15 by 15 fuel rod bundles is calculated to

,

demonstrate the capability of the generalized FLECHT correlation. An
assessment cf the correlation with respect to experimental data has

.

been previously made. The hypothetical LOCA is assumed to be caused
by a 200% break in the cold leg of the primary coolant loop. Reflooding

of the reactor core is assumed to begin 40 s after the initiation of
the LOCA. The flooding rate varies from 289 mm/s at the beginning of
reflooding to 25 mm/s at the completion of reflooding. The response
is calculated of a beginning-of-life fuel rod at an average linear
power of 36 kW/m. The fuel rod cooling during the blowdown period ,

is calculated using both the Tong-Young (case 1) and Groeneveld
(case 4) heat transfer correlations. The calculated cladding
temperature histories at several axial nodes are shown in Figure 23.
The elevation of each axial node is given in Table 17. The peak
cladding temperature occurs at an elevation of 2.32 m. The peak

.

cladding temperature is 990 K when using the Tong-Young correlation
and 1160 K when using the Groeneveld correlation.

.

3.6 Summary and Conclusions

The critical heat flux and heat transfer correlations have been
examined by comparison of calculated and measured cladding temperatures

during fuel rod tests in which film boiling occurred. The comparisons
are presented in Sections 3.1 through 3.5. The results of the comparisons

are summarized as follows.

1. For a LOCA and RIA, the film boiling heat transfer coefficient
is underpredicted by 0 to 10% with the Groeneveld correlation.

2. For a LOCA, the film boiling heat transfer coefficient is
'

overpredicted by 0 to 20% with the combined Tong-Young and
Condie-Bengston correlation.

.

3. The combined Tong-Young and Condie-Bengston correlation is

not applicable to a RIA.
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.

TABLE 17. ELEVATION OF AXIAL N0 DES FOR PWR LOCA PROBLEM

Elevation Above Bottom
of Fuel StackAxial Hode

-(m)

7 ?.58
8 1.83
9 2.07

10 2.32
o

e

e

4
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1

4 For a larg; br rk LOCA t:st in PBF, th3 time of DNB is
calculated to occur earlier than the observed time. The

time of DNB calculated with the B&W-2 critical heat flux
correlation is 1 to 3 s earlier than the observed time.
The time of DNB calculated with the combined W-3 and Hsu-

*

Beckner correlation is 0 to 3 s earlier than the observed
time. The best agreement between calculation and obser-

vation is obtained with the combined W-3 and Hsu-Beckner
-

correlation.

5. For a large break LOCA, the time at which DNB occurs has
a strong influence on the post-DNB cladding temperature.
A difference of 1.5 s in the time of DNS leads to a 100
to 150 K difference in the post-DNB cladding temperature.

The following conclusions are drawn from the results presented

in Section 3.

1. The FRAP-T6 code is applicable to calculating the transient
temperature of fuel rods during a LOCA or a RIA.

2. The Groeneveld correlation provides the best estimate of the ,

high flow film boiling heat transfer coefficient. The combined

W-3 and Hsu-Beckner correlation provides the best estimate
,

of the critical heat flux. Using the Groeneveld and combined

W-3 and Hsu-Beckner correlations, FRAP-T6 calculates post-DNB

fuel rod temperatures that are 0 to 20% greater than measured

values.

3. For large break LOCA tests in PSF, FRAP-T6 calculates ONB to
occur 1 to 3 s earlier than observed. An error of just 1.5 s
in the calculation of time of DNB leads to a 10% error in the
calculation of the post-DNB fuel rod temperatures. Further

investigation should be performed to determine the reason for
the disagreement between calculated and observed tir.e of DNB.

One possible reason is that the critical heat flux correlations
in FRAP-T6 were developed from tests on rod bundles, while =

the test fuel rods of PBF are surrounded with fluted flow
shrouds. .

.
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4;0 ASSESSMENT OF CLADDING BALLOONING MODELS '

T' .

* '

The cladding ballooning models. calculate the amount of cladding
'

~ ballooning a fuel' rod may experience during a hypothetical LOCA. The. ]
r
:--

_ 'mo'dels also calculate whether or not the cladding has ruptured due to .

ballooning.
-

Cladding ballooning results from a combination of cladding tempera- |
~

,-

ture: increase and cladding differential pressure increase. The former
.;

event' weaken.s the cladding and the latter eventlincreases the load on !

,the cladding. The cladding hoop strain is a measure of the amou'nt of j
cladding ballooning.

<

The experimental data of two fuel rod tests are used to assess ' t

the cladding ballooning models. The tests are the TREAT FRF-2 test
and the PBF LOC-3 test. Cladding ballooning to failure occurred during :

the two_, tests. The design characteristics of the' test fuel rods have [-

f been previously shown in Tables 11 and 14, respectively. '{"
The cladding ballooning models are assessed by comparing !

calculated and measured fuel rod gas pressures. Since the gas-pressure [
Land' gas volume are reciprocally related, a correct calculation of the

"

,

gas pressure. indicates a correct calculation of the gas volume and the I
*

amount of cladding ballooning. This comparison allows an assessment of !

.;. . _

both the timing and amount of calculated ballooning. The cladding
ballooning models are also assessed by. comparing the calculated and i

measured post-test diameters of the test fuel rod. This comparison
allows an assessmerit of the final shape and magnitude of calculated
ballooning. $

Cladding ballooning can ~be calculated using two different models.
.

The code user selects the model to be used. In the first model, the t

' default ~ option, the cladding temperature and ballooning are calculated '

with BALON2. - A 1% circumferential. temperature variation is assumed,
,

taking into account the temperature variation of the fuel surface. In .i

the second model, the "N0 BALLOON" option, the cladding temperature is !
' '' ~ assumed .to.be circumferentially uniform. The cladding ballooning is

~

calculated by FRACAS-I. '

!-

,

k-
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_

4.1 TREAT Test FRF-2 Comparison

Calculated and measured cladding ballooning are compared for

Rod 12 of the TREAT FRF-2 test. Rod 12 had no fuel burnup, but was
*

pressurized to 0.5 MPa to simulate an end-of-life BWR fuel rod with
no initial pressurization. The test rod instrumentation included a
pressure transducer and a t'hermocouple on the cladding surface. The .

. test fuel rod was subjected to conditions typical of those immediately
following the blowdown period of a LOCA. The test rod ballooned and
ruptured.

The transient performance of the test rod is calculated using the
nonuniform gap model for fuel deformation and bypassing the cladding

'

oxidation model. The calculated and measured cladding temperatures are

in good agreement, as shown in Figure 9.
The calculated and measured fuel rod internal gas pressures are

compared in Figure 24. From 0 to 25 s, the measured gas pressure
increases from 0.77 to 1.0 MPa because of the increase in temperature

of the gas. From 0 to 14 s, the calculated gas pressure is in good
~'

agreement with the measured gas pressure. From 14 to 15 s, the calcu-
lated gas pressure decreases, which indicates that plastic deformation
of the cladding is calculated to begin. The cladding temperature is -

about 750 K at beginning of calculated plastic deformation. At 25 s,
the gas pressure begins to decrease in response to the beginning of
cladding ballooning. The calculated and observed times for the beginning
of cladding ballooning are in good agreement. At 32 s, the measured gas

pressure decreases abruptly to the value of the coolant pressure, which
indicates that cladding rupture occurred. At the time and elevation
of cladding rupture, the cladding is in the beta phase (temperature
of 1450 K). A rupture time of 32 s is calculated using the BALON2 i

model (nonuniform ballooning) and a rupture time of 36 s is calculated i

using the FRACAS-I model (uniform ballooning). The calculated prob- ;

ability of cladding failure is 0.40 at 32 s (observed time of failure) |
1

'

and 0.52 at 33 s. Between the time cladding b,allooning begins (25 s)
and the time of cladding rupture (32 s), the calculated and measured

gas pressuresare in good agreement, which indicates that the rate -

of cladding ballooning is accurately calculated.
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The calculated and measured post-test perm:nent hoop strains of the
cladding are compared in Figure 25. The measured permanent hoop strain

varies from less than 1% at the ends of the fucl rod to 60% in the center
region where the cladding ruptured. A rupture strain of 43% is calculated
using the BALON2 model (nonuniform ballooning) and a rupture strain of 26% .

is calculated using the FRACAS-I model (uniform ballooning). At the ends
of the fuel rod, the calculated permanent hoop strains are greater than ,

the measured permanent hoop strains.

4.2 PBF Test LOC-3 Comparison

The calculated and measured cladding ballooning are compared for
Rod 3 of the PBF LOC-3 test. Rod 3 had no fuel burnup, but was highly

pressurized (4.83 MPa) to simulate an end-of-life PWR fuel rod. The
test rod instrumentation included a pressure transducer, a thermocouple
at the fuel center, and thermocouples on the cladding surface at two
el evations. The test rod was subjected to power and coolant conditions
typical of a large break LOCA. The test rod ballooned and ruptured
during the blowdown period of the test. -

The transient perfonnance of the test rod is calculated using
the models that result in the best calculation of cladding temperature -- -

the nonuniform gap model and the Groeneveld heat transfer correlation.
The time of DUB is corrected to match the observed time of D*lB. As

previously shown in Figures 18 and'19, these models and corrections
produce a calculated cladding temperature that is in approximate agreement
with the measured cladding temperature. A good agreement between
calculated and measured cladding temperature allows an unbiased assess-
ment of the cladding ballooning calculations.

The calculated and measured fuel rod internal gas pressures are
compared in Figure 26. From 0 to 2 s, the measured gas pressure decreases

from 15 to 14 MPa because of cooling of the fuel rod. The calculated and

measured pressure are in good agreement. At 2 s, DNB occurs, and the
cladding temperature increases sharply. Between 2 and 3 s, the measured .

.
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i
*

:

gas pressure decreases slightly, which indicates the beginning of plastic '''

!= ' deformation of the cladding. During the same interval of time, the
~

calculated pressure also decreases, but the calculated pressure decrease is,

;
,

L greater-than the measured pressure decrease. Evidently, plastic deform-
ation is calculated to begin at the same time-as observed, but the amount .
of plastic deformation is overcalculated. From 4 to 10 s, the measured

; gas pressure decreases because of ballooning of the cladding. Beginning
at 4 s, the calculated gas pressure also decreases because of cladding i

ballooning. At 10 s, the measured gas pressure drops sharply to the j
value of- the coolant pressure, which indicates that cladding rupture ;

p occurred. At the time and elevation of rupture, the cladding is cal- ]
culated to be in the alpha to beta transition phase -(temperature of |
1110-K). A rupture time of 7 s is calculated using the BALON2 model |

*

(nonuniform ballooning) and a rupture time of 16 s is calculated using
the FRACAS-I model .(uniform ballooning). At the time of observed ,

cladding rupture (10 s), the cladding failure probability is calculated
to be 0.53 for the calculations using the FRACAS-I model. |

t

I

,
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Th* alculat:d and measur::d post-tsst permanent hoop strain of the
cladding are compared in Figure 27. The measured permanent hoop strain

varies from 0% at the ends of the fuel rod to 23% at the elevation

0.9 i i i , i
.
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of cladding rupture,which is 0.25 m. Using the BALON2 model (nonuniform
ballooning), the calculated peak permanent hoop strain is 13% cnd the

i

calculated elevation of cladding rupture is 0.30 m. The calculated
permanent hoop strains are about 50% of the measured permanent hoop

.strains because cladding rupture is calculated to occur 3 s sooner than

observed. Using the FRACAS-I model, the calculated peak permanent hoop
strain is 26% and the calculated elevation of cladding rupture is 0.50 m. *

Except at the observed elevation of cladding rupture, the calculated
permanent hoop strains are about 300% greater than the measured permanent
hoop strains. The calculated cladding permanent hoop strains are greater
than the measured permanent hoop strains because cladding rupture is

calculated to occur 6 s later than observed. At the observed time of
cladding rupture, however, the calculated permanent hoop strains are in
approxirate agreement ~ with the measured permanent hoop strains.

The undercalculation of the cladding permanent hoop strains using
'

the BALON2 model is considered to be due to a slight overcalculation of
the cladding temperature. During the period of cladding ballooning,
the calculated cladding temperatures are about 50 K greater than the

.

measured temperatures, as shown in Figure 18. The cladding is calculated
to be in the alpha to beta transition phase. If the calculated cladding

.

temperatures are about 50 K lower, the cladding is calculated to be in
the alpha phase. This resalts in a later time of rupture and larger
final cladding permanent hoop strains.

4.3 Summary and Conclusions

The cladding ballooning models have been assessed by comparisons

with experimental data of fuel rod tests in which cladding rupture
occurred. The cladding ruptures occurred while the cladding was in
either the alpha to beta transition phase (at a temperature between
1090 K and 1250 K) or the beta phase (temperature greater than 1250 K).

,

Cladding ballooning is calculated using bota the BALOH2 model (nonuniform
ballooning) and the FRACAS-I model (uniform ballooning). The calculated
and measured fuel rod internal gas pressures are compared and the final

.

calculated and measured cladding permanent hcop strains are compared.
The results of the comparisons are summarized as follows.

60



. _ .. - _ . . _ . . __
,

u
,

1. LUsing th2 BALON2 modal, the time of cladding rupture is accur-
,

-ately calculated for cladding in the beta phase and is ap . !

.

proximately calculated for cladding in the alpha to beta
transition phase. The calculated cladding rupture strain, *

is about 75% of the measured rupture strain,
f

..

2. ' Using the FRACAS-I'and cladding failure probability models (FRAIL),
. the time of cladding ~ rupture' is accura'tely calculated. The #t

calculated peak cladding permanent hoop strain is about 40% of
the measured rupture strain, Away from the 60 mm long region
of cladding rupture, the cladding permanent hoop strains are j
accurately calculated.

3. At the onset of cladding plastic deformation, plastic deformationy.

"
is calculated to occur faster than observed. !

'

The following conclusions are drawn from the results of'the-
comparisons between calculated and observed cladding ballooning. ;2

1. The cladding ballooning calculations are in approximate y,

{ agreement with the measurements of fuel rod tests. Calcu- !

lations' using the BALON2 model can be expected to provide f
*

<

| the most accurate prediction of cladding permanent hoop strains, j
<. . t

2. The yield stress of the cladding is accurately calculated,. but [
the stress-strain relation in the vicinity of the yield point - !

underpredicts the dependence of stress on strain. I

3. Cladding ballooning is strongly influenced by cladding tei,gera- [

ture. A thorough quantitative assessment of cladding ballooning j

models cannot- be performed until results of in-pile fuel rods j

tests Eith complete measurement of the cladding temperatures [.

are available. i

!

:

?1

!
'

. ;

i

.

f

.

;
'
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.5. ASSESSMENT:0F THE FISSION GAS RELEASE MODEL''

The fission gas release model, FASTGRASS, calculates the production
and release of the noble fission gases. The calculations of the model
are important because released fission gases decrease.the fuel-cladding - -

- gap conductance and increase the fuel rod !nternal gas pressure. A
decreased-fuel-cladding gap conductance leads to an increased fuel ,

i i-temperature, which in turn leads to a greater release.of f ss on_ gases.

. 5.1 .PBF Test IE-3 Comparisons'

.

I
The experimental data of Rod 17 of the PDF IE-3 test are used to

'

assess the FRAP-T6 fission gas release model. The design characteristics
of the test; fuel rod are shown in Table 18. The test fuel rod was irrad-

6iated in the Saxton reactor to a fuel burnup of 1.28 x 10 MW s/kg at a
rod average power.of 30 kW/m. The' test fuel rod was then fitted with a

,

pressure transdtete to measure the internal gas pressure and placed in a
PBF test-assembly. SJring the preconditioning phase of the PBF testing,
the tast fuel rod was subjected to four power cycles. The. duration of -

the p0wer cycles ranged from two to five hours. The average rod power

ranged from 20 to 35 kW/m.- The test fuel rod was then subjected to high .

power steady state operation for one hour. The average fuel rod power
was 55 kW/m. The fuel' centerline temperature in the region of peak

power (76 kW/m) approached the melting temperature, resulting in a signi-
ficant release of fission gases. The internal pressure increased about
8% due to the release of the fission gases, which indicated that 0.5x10-3

moles of fission gas were released during the high power operation.
The performance of the test fuel rod during the Saxton irradiation

and the'PBF testing is calculated by the FRAP-T6 code using the FASTGRASS
model. The code calculates that 0.011 moles of fission gas are produced
and 0.0017 moles are released during the Saxton irradiation. The code
calculctes that 0.0016 moles of fission gas are released during the high:

power steady state operation of the PBF testing. Most of the fission gas -

release ~was calculated to occur during the first 100 s of high power operatior,.
The calculated amount of fission gas ralease is a factor of three larger .

.

i
f

3
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TABLE 18 CHARACTERISTICS OF ROD 17 0F P8F TEST IE-3- I

''
.

. . - _

,

Characteristic Value I,

' Fuel Enrichment-(wt % U235)
*-

12.5 ,

Fuel Density (% Theoretical Density) 44.4 '
,,

Radial Fuel-Cladding gap (m) 0.071.
*.

Cladding Thickness (m)- 0.587 i

- Cladding Outside Diameter (m) 9.85 :

Fuel Pellet Outside Diameter (m) 8.53 .

f[
Fill Gas Composition Helium

Fill Gas Pressure (MFa) 2.68
6Burnup (MWs/kg) 0-1.28 x 10 |

,

Active Fuel Stack Length (m) 0.904

Plenum Volume (m ) 4638

Axial Power reaking Factor 1.40 i

Cladding Cold Work (%) 10 !
i

-

4

r
.

; '*
I

!
I !

.

>

b

!

!2

f
'

I
;.

,

:

i

:
:
$>

i
.
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than th2 measured amount of release.

Two assumptions in the calculations contribute to the overprediction
of the fission gas release. The first assumption is that no fission gases
are released from the fuel durug the preparation of the test fuel rod for
PBF testing. During the ;.eparation, all of the released fission gases *

were evacuated and replaced with a gas mixture of 77.7% helium and 22.3%

argon. The second assumption is that no fission gases are released during -

the preconditioning phase of the PBF testing. If some fission gases were
released from the fuel during fuel rod preparacion or the preconditioning
phase of the testing, lower fission gas release would occur during the high
power operation.

An evaluation was made of the computer cost of modelirg fission gas
production and release. The performance of the test fuel rod during
Saxton irradiation and PBF testing was calculated both using and bypassing
the fission gas production and release model. For the calculations using
the fission gas release model, the computer running time is 60 s. For

the calculations bypassing the fission gas release model, the computer
running time is 24 s.

.

5.2 Summary and Conclusions
'

.

The fission gas release model (FASTGRASS) has been examined by a
comparison of the calculated and measured fission gas release in Rod 17

.

of the PBF test IE-3. On the basis of this comparison, the following!

conclusions result.

1. The FASTGRASS model is applicable to the calculation of fission
gas release over a broad range of fuel temperatures. The
applicable temperature range varies from room temperature to
the fuel melting temperature.

2. During high power operatiory (>60 kW/m) the FASTGetASS model

calculates 200% to 300% more fission gas release than measured.

3. The fission gas release model should only be used when necessary, '

i.e., when the amount of fission gas release is expected to be

greater than 10% of the amount of fill gas. Use of the model should '

be restricted because the cost of a computer analysis is about a
factor of three higher when using the fission gas release model than
when bypassing the model .
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6. ASSESSMEliT OF CIRCUMFERENTIALLY VARYING COOLANT CONDITION MODELING

The capability of prescribing circumferentially vt.ying coolant
conditions is a feature of FRAP-T6 that is not in FRAP-TS. The capability
is demonstrated by calculating the response of a fuel rod to a localized*

flow blockage. Depending upon the fuel rod pwer, film boiling is calcu-
lated to azimuthal.ly propagate from the portion of the cladding bordering. . ,

the region of reduced flow to the portion bordering normal flow.
The coolant conditions before the flow blockage-are typical of

the normal operation coolant conditions of a PWR. The flow blockage
is assumed to occur at a time of 0.0 s. The flow in the coolant channel.

bounded by the azimuthal coordinates of 45 degrees and 135 degrees (see
| Figure 28) instantly decreases by a factor of two and then remains

constant. The coolant conditions in the other channels are assumed not -
to change. The spatial distribution of the coolant conditions is shown
in Figure 28

The fuel rod is typical of a PWR fuel rod, except for a small gap I

size and a short length. The characteristics of the fuel rod are described
,

in Table 19. The peak fuel rod power is assumed to be 50 kW/m (case 1)
-

and 60 kW/m (case 2).
,

The calculated cladding surface temperature azimuthal variation for.

the 50 kW/m case is shown in Figure 29. At the start time of 0.0 s,
-

steady state conditions exist and nucleate boiling occurs at all azimuthal
positions on the cladding' surface. The DNB ratio (critical heat flux /
surface heat flux) at all positions is 1.36. Film boiling, as indicated,

i
by the incrcase in cladding surface temperature, begins less than I s
after the localized flow reduction. Film boiling is confined to the f
portion of the cladding bordering the channel with reduced flow. The,

other portions of the cladding surface remain in the nucleate boiling !

node of heat transfer.
i,

The cladding surface temperature history for the 60 kW/m case is
shown in Figure 30 At the start time, steady state nucleate boiling f
occurs on all portions of the cladding surface. The DNB ratio is 1.16. [

,

Film boiling begins less than I s after-the localized flow reduction. i

For 2.5 s, film boiling is confined to the portion of the cladding surface !.,

!
!
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Figure 28. Spatial distribution of coolant conditiens for a typical *
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PWt rod.
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.

TABLE 19. CHARACTERISTICS FOR FLOW BLOCKAGE ANALYSIS
.

;

Chacteristic Value

Fuel Pellet Radius (m) 4.267
Radial Fuel-Cladding Gap (m) 0.071
Cladding.Inside Radius (mm) 4.338
Cladding Outside Radius (m) 4.925 !

Fuel Density (% Theoretical Density) 94.5
Fuel Stack Length (m) 0.904
Burnup (MW.s/kg) 0

'

1

Fill ' Gas Helium
Fill Gas Pressure-(MPa) 2.68 '

i

!

*

^'
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. bordering the channel with reduced flow. Then film boiling quickly
propagates to all other circumferential locations. Steady state

conditions again occur by the time of 30 s, and the entire cladding
L *. surface is near a temperature of 1140 K. .

The surface heat flux history for the 60 kW/m ca:e is shown in
IFigure 31. The cladding has a uniform heat flux prior a the flow '

reduction. - After the localized flow reduction, the surface heat flux
immediately decreases.on the portion of the cladding bordering the

,

channel with the flow reduction. The surface heat flux then increases
,t

t-in thi.; region as the cladding surface temperature increases. The { ,

increasing cladding temperature causes a significant azimuthal tempera- r

ture gradient in the cladding and a significant amount of heat flow |
'

toward the portion of the cladding still in nucleate boiling. The
surface heat flux in the portion of the claddir.g in nucleate boiling
increases and at a time of 2.5 s exceeds the critical heat flux at
azimuthal positions of 30 degrees and 150 degrees, so that film boiling -[
occurs. The film boiling quickly propagates in the azimuthal direction |

~

and occurs at all azimuthal positions. ,

i
I7. ASSESSMENT 0; ADDITIONAL FEATURES

i

The developmental assessment of FRAP-T6 tested the capabilities
~

fof several models in addition to those for which calculational results
are presented in Sections 2 through 6. These models were exercised in [

one or more computer analyses, but the model calculations are not '

i

presented. The specific models and their cases of application are i

listed below.

1. The high temperature pellet-cladding mechanical interaction
model is used in the computer analyses of PBF tests RIA 1-1

[
and RIA 1-2. For the RIA 1-1 test, the mechanical response
calculations with FRAP-T5 would not continue beyond the time i

c' +he power burst. The mechanical response calculations i

'

i
!i
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-with FRAP-T6 are perfomed without difficulty from the beginning
to the end of.the transient.

2. The FRACAS-II model was used in a computer analysis of the
, ,

.HBWR IFA-508 test. The' fuel rod thermal performance calculated.

- with the FRACAS-II model is almost identical with that calculated
..

using the FRACAS-I model with fuel relocation. However, the
' computer costs for the analysis with FRACAS-II is about a factor !

l

-of three higher than the analysis with FRACAS-I. Use of the
FRACAS-II model should be restricted to analyses fwusing on-

the failure probability of the cladding during pellet-cladding
mechanical interaction. Also, use of the FRACAS-II model is |

restricted to analysis of fuel rods with a cladding temperature |
!less than 900 K because FRACAS-II~does not model strain-rate

effects which are dominant at cladding temperatures above 900 K.

3. The model for transient coolant enthalpy is used in the comptter
analysis of the TREAT FRF-2 test. The calculated cladding
temperature is in good agreement with the measured cladding *

;.

temperature. This good agreement indicates a correct calcu-
;

lation of the coolant enthalpy. +

4. The cladding failure probability model in FRAP-T6 is used in
all of the computer analyses performed for the developmental-

' assessment of FRAP-T6. The calculations of the model are
reasonable.' Because the model is statistical in nature, a

large number of computer analyses would be required for a
quantitative assessment of the model. Therefore, the lumber
of computer analyses performed for the developmental assessment
are insufficient for a quantitative assessment.

"

5. The Chen correlation for nucleate boiling heat transfer is
;

used in most of the computer analyses presented in this report.
' Prior to DNB, the calculated cladding temperature is in good .

agreement with the measured temperature. This good agreement,,

indicates correct calculation of nucleate boiling heat transfer.<
,

!

'

,
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8. . CONCLUSIONS

i

:The developmental assessment of the FRAP-T6 code has achieved

several objectives. The FRAP-T6 code has been checked for applicability I

and accuracy by comparing the code calculations 'with reliable experimentaly_
|

data. Reasons for discrepancies between the code calculations and the !
experimental data have been determined. The FRAP-T6 code calculations,

have been' compared with calculations of its predecessor, FRAP-T5, to
quantify modeling improvements. Also, the FRAP-T6 code has been exercised i

over a broad range of fuel rod transients to test the analysis capabilities
for hypothetical reactor acciderits.

Several conclusions have been drawn from the results of the FRAP-T6
developmental assessment.

i

1. The FRAP-T6 code is capable of analyzing fuel rod performance !

during operational transients and hypothetical reactor accidents. |

The capabilities of the code have been demonstrated by comparing

code-calculations with the results of several LOCA and RIA
1

fuel rod tests. The proven capabilities of the code include the !
modeling of fuel stored energy, fuel rod cooling, cladding '

.
1

ballooning and high temperature pellet-cladding mechanical
interaction..

- |

2. The FRAP-T6 code can be expected to overpredict fuel rod i

temeratures by 0 to 5% prior to the time of DNS and by 0
- to 20% after the time of DNB. The comparison of duplicate j

models has shown that the nonuniform gap model and the

Groeneveld correlation for film boiling heat transfer give
the best agreement with the experimental temperature data.

|
. _ _

For a large break LOCA, the code calculates DNB to oc' cur I
~ ~~~

O to 3 s earlier than observed. This discrepancy is the main
reason for the overprediction of post-DNB fuel rod temperatures.

3. When using the FASTGRASS fission gas release model option,
o FRAP-T6 calculates transient fission gas release over a wide

range of fuel temperatures. However, for high fuel rod powers,
(>60 kW/m) the FASTGRASS model can be expected to overpredict,

71
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- fissicn gas ~roleash by 200% to 300%. B:cause of the significant '

increase.incomputercost(factorof3)when.usingtheFASTGRASS
model, use of the model should be restricted to cases where the

'

fission gas. release is exp'ected to be at least 10% of the initial
.

: fill gas. .

4. Using the BALON2 cladding ballooning model, the FRAP-T6 code

. accurately calculates cladding ballooning including extent of
~

''

;

ballooning' and- time of cladding rupture. - The accurate calcu-;

lation is attributed to modeling of local cladding thinning
and' including the effects of fuel rod heating and pressurization j

' rates. An accurate calculation of the final ballooning strain
'

is important when considering the extent of flow area blockage.,

FRAP-T5 can also provide an upper bound on the amount of clad-
ding ballooning through use of the FRACAS-I model. !

|

5. The FRA?-T6 code is- improved over the FRAP-T5 because of ;

improved modeling and increased modeling features. The~ improved t

modeling of the fuel-cladding gap conductance gives a more i

accurate calculation of fuel rod temperature and stored energy.
i,

The improvements in the mechanical response models give a more ;

accurate calculation of cladding ballooning and high temperature
pellet-cladding mechanical interaction. The cladding failure

,

1 probability model is extended to take into account the effects ''

of cladding fatigue, stress correcion cracking and nonuniform |

cladding ballooning. Additional models in the FRAP-T6 code allow
,

the modcling of circumferentially varying coolant conditicns and
transient coolant enthalpy rise. Finally the addition of a

Idynamic storage procedure and an improved initialization procedure
git e a computer running time that is 10 to 30% smaller than that '

of FRAP-TS. i
.

,

i 6.. The developmental assessment of FRAP-T6 has shown three areas

in which improvements could be made to the code. First, for a
large break LOCA, the calculation of post-DNB cladding temperatures *

could be significantly . improved by a more accurate calculation
of the time of DNB. Next, the calculation of fuel stored energy -.

.

P
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using the relocation model for fuel deformation could be

!
significantly improved by calculating the fuel-cladding gap
conductance with the open gap model instead of the closed
gap model. Finally, the calculation of cladding ballooning
could be improved by a " stiffening" of the relation of stress+

to strain in the neighborhood of cladding yielding.
..

%

*
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APPENDIX A

i . ,

~ DIFFERENCES BETWEEN FRAP-T5 AND FRAP-T6 !

1

# A.1The FRAP-T5 code 1s tihe predecessor of the FRAP-T6 code .2-
,

A

'~

-and is the basis o.f FRAP-T6 development. FRAP-T6 is improved over FRAP-T5-

'

in 'the areas 'of t'emperature modeling, mechanical response modeling and*
.

tfission gas -release' modeling. The overall efficiency of FRAP-T6 is
t

improved over FRAP-T5 by the addition of a dynamic ' storage procedure
: 'and streamlined programming. FRAP-T6 has a new input data processing j

-

package, which allows a clear identification of the data in the input !

|r deck and performs an expanded diagnosis of input errors.
,

In the area of temperature modeling,-the differences between !

| FRAP-T5 and FRAP-T6'are as follows. '

i
1. The FRAP-T5 code uses the gap conductance model.of the |

A
GAPCON-THERMAL-1 code .3 and the FRAP-T6 codeluses.a modi- |
fication of the gap conductance model of the GAPCON-THERMAL-2 :

;-
'

code.A.4 The gap conductance model of the GAPCON-THERMAL-2 i
*

-

code is modified to account for a nonuniform fuel-cladding j
!

'
gap. The model is also modified to force continuity of the
' calculated gap conductance as the fuel-cladding gap closes |i

! and "hard" pellet-cladding mechanical interaction begins. j
!

! 2. The FRAP-T5 code uses the Thom' correlation for nucleate !

boiling heat transfer while the FRAP-TS code uses the Chen [
correlation. I

3. The FRAP-T5 code uses the modified Bromley correlation for !
tpool film boiling heat' transfer, while FRAP-T6 uses the combined ~g

! modified Hsu and Bromley-Pomeranz correlation.
!

;
'

4. The Tong-Young and Condie-Bengston high flow film boiling

correlations in FRAP-T6 are a modification of those in FRAP-TS. ;; .> '

5. The FRAP-T6 code includes the Hsu-Beckner correlation for !

critical - heat ~ flux. This correlation is not in FRAP-TS. f
:

!

|
t
t

!

77 |
t

.- _~ , ..-_ - ,_ _ _ - _ . .,. . . _ _ . . _ - _. ._-



6. The FRAP-T6 code uses the generalized FLECHT correlation for

calculating reflood heat transfer, which is applicable for
flooding rates in the range of 10 to 254 mm/s. The version of
the FLECHT correlation in FRAP-T5 is applicable for flooding
rates in the range of 25 to 254 mm/s. '

7. The FRAP-T6 code has a transient coolant enthalpy rise model.
'

The coolant enthalpy rise model in FRAP T5 assumes steady-

state conditions.

8. The FRAP-T6 code models the thermal co iductivity of partially
melted fuel, while the FRAP-T6 code does not.

9. The cladding stored energy during the alpha to beta phase
transition is more accurately calculated in FRAP-T6 than FRAP-TS.

In the area of mechanical response modeling, the differences between
FRAP-T5 and FRAP-T6 are as follows.

1. The cladding ballooning model (BAL0f42) for FRAP-T6 calculates

the cladding stress taking into account the local thinning of
the cladding, while the model in FRAP-T5 (BAL0f41) does not. In .

addition, the effects of heating and pressurization rates are
,

included in BALON2 but not in BAL0fil.
.

2. High temoerature (>900 K) pellet-cladding mechanical interaction
is mooeled in FRSP-T6 but not in FRAP-T5.

3. The f ailure probability model of FRAP-T6 accounts for the
effects of stress corrosion cracking, fatigue and nonuniform
cladding ballooning. These effects are not taken into account
wi th FRAP-T5.

4. The fuel relocation model in FRAP-T6 is applicable to precon-
ditioned fuel rods, while the model in FRAP-T5 is applicable
to fuel rods with no preconditioning.

5. In FRAP-T6, the FRACAS-I model with fuel 1,'ocation is similar
'to the FRACAS-II model neglecting stress induced deformation

of the fuel. The similarities allow the code user to link
FRAP-T6 calculations using FRACAS-I with FRAPC0fi-2 5 calcu-A a

lations using FRACAS-II. In FRAP-T5, the FRACAS-I and FRACAS-II
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1

models are distinctly different. i

-

- The other differences b'etween FRAP-T5 and FRAP-T6 are summarized
-as follows.

1. For' initialization of burnup -dependent'_ variable, FRAP-T6 is.
linked with FRAPCON-2 5, while FRAP-T5 is linked with FRAPCON-1.A.6A

2. The material property package in FRAP-T6 is MATPRO 11, Rev. 1,A.7-,_
~

:while MATPRO-11~isiin FRAP-T5.A.8
,

A3. The FASTGRASS model .9 for fission gas release is in FRAP-T6,
'

Awhile the GRASS model .10 is in FRAP-T5.
:

,

'

o
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APPENDIX B

COMPUTER ANALYSIS CASES

The applicability and accuracy of the FRAP-T6 code are determined<

by comparisons of code calculations with the results of well characterized
3 fuel rod tests. The capabilities of the code are tcsted by computer

analyses of fuel rod performance during hypothetical reactor accidents. A
total of 16 fuel rod tests and hypothetical accidents are analyzed with
FRAP-T6. The computer analysis cases are listed below.

1. PSF LOC-11C test (Rod 3)B.1

2. HBWR IFA-508 test (Rod 13)B.2

3. HBWR IFA-430 test (Rod 2)B.3

4. PBF PR-1 test (Rods I and 4)B.4

5. PBF GC 2-1 test (Rods 501 and 503)B.5

6. PBF GC 2-2 test (Rod 522-3) .5

7. TREAT FRF-2 test (Rod 12)B.6g

8. PBF RIA 1-1 test (Rod 3)B.7

9. PBF PCM-4 test *

10. PBF LOC-3 test .9B

B11. PBF RIA 1-2 test .10

12. PBF IE-test (Rod 17)B.11

13. Hypothetical 200% Cold Leg Break in a PWR

14. Hypothetical Flow Blockage in a PWR

Microfiche copies of the printout of the computer analyses are
available upon request. The printout gives a detailed description of

~

each fuel rod test. For example, the axial power profile of each
analyzed fuel rod is given. The microfiche copies are available from

''
the Program Library at the Idaho National Engineering Laboratory.
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