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FOREWORD

The main purpose of the Thermal Fuels Behavior Program is to
understand the behavior of light water reactor fuel during postulated
accidents and operational transients. The FRAP-T zode is designed to
calculate thermal, mechanical, and chemical interaction response of the
fuel rod during such events. This report presents an assessment of
FRAP-T5, by comparing data from recent tests with pasttest code
calculations, and by qualitatively evaluating the code from an
“experimer er's" point of view.

The planning of each test depends on the FRAP-T pretest calculations.
Improvement of individual models in the code necessa“ily has its basis in
the measured data and the observed physical phenomena resulting from the
tests. However, elapsed time from the test planning stage until qualified
test data and postirradiation examination results are available may be
significant. As a consequence, an assessment of the "code simulation
capability" by comparison of pretest calculations with data loses
significance. Such an evaluation becomes particularly difficult when the
intended test conditions are somewhat different than the test rod
environment actually accomplished during the test. Therefore, a posttest
comparison calculation is essential in order to make &n assessment of the
sapability of the code to simulate fuel behavior.

Discrepancies between the fuel behavior parameters calculated by the
FRAP-TS code and selected experimental data are reviewed. The comparisons
available for review are limited. Descriptions of physical phenomena from
tests important to determining fuel behavior under transient conditions
have alsc been assembled. As more test results are qualified and newer
versions of FRAP-T are published, evaluation of the transient calculational
capability of the code on the basis of test observations, will continue.
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ABSTRACT

A review of the ability of the Fuel Rod Aralysis Program-Transient
(FRAP-T) computer code to predict fuel rod behavior is presented. Fuel rod
behavior calculations were compared with data from long term irradiation
tests on instrumented fuel assemblies conducted in the Halden, Norway,
Hsavy Boiling Water Reactor to study the effacts of fuel rod internal
pressure and gas composition on thermal gap conductance. Fuel rod thermal
and mechanical behavior calculations were compared with data from a
hypothetical reactivity initiated accident transient test performed in the
Power Burst Facility reactor to determine fuel rod failure data.



SUMMARY

The ability of the Fuel Rod Analysis Program-Transient (FRAP-T)
computer code to calculate the thermal and mechanical behavior of test fuel
rods is discussed, The purpose of this report is to examine the
performance of FRAP-TS5, Emphasis is placed on a qualitative review of the
code performance by comparison of in-pile data and postirradiation
examination measurements with computer code calculations,

Fuel behavior studies performed in the Halden, Norway, Heavy Boiling
Water Reactor, provided information about che effect of fill gas pressure
and composition of fuel thermal performance under steady state conditions.
A review of the fuel rod thermal models used in FRAP-T5 showed that the
code in general predicts the thermal response of the fuel to changes in gas
composition ranging from 0 to 10% Xe in He and in rod internal pressure
from 0.1 to 5.0 MPa, One exception was noted for a rod with large
fuel-cladding gas gap, where above about 2,0 MPa and >10% Xe
concentration, the measured fuel thermal behavior exhibited an unexpected
trend.

An analysis and interpretation of results from the reactivity
initiated accident test (RIA), Test RIA 1-1, conducted in the Power Burst
Facility Reator to determine the extent of fuel rod damage and modes of
fuel rod failure are prosented. The test fuel rod behavior was assessed
using comparisons of FRAP-T5 calculated behavior with instrumentation
response data and from posttest metallurqical observations,

The FRAP-T5 calculated rod temperature histories emphasized that the
mode of fuel rod failure for rods tested at 785 cal/q during an RIA event
at BWR hot start-up conditions was strongly affacted by the peak fuel
enthalpy., Peak fuel centerline temperatures calculated by FRAP-TS were in
general agreement with the measured values, although the amount of fuel
melting was overpredicted, Calculated cladding surface temperatures were
overpredicted, indicating that effects, such as the coolinag fin effect, not
currently modeled in FRAP-TS, were significant.
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Pellet-cladding mechanical interaction induced failure due to high
strain rate deformation was correctly indicated by the FRAP-T5 calculated
thermal-mechanical history. Some variations in the calculated deformation
and elongation behavior suggest that the code has some modeling deficiences
in describing the very rapid changes in fuel rod behavior induced by an RIA.
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1. INTRODUCTION

The safe operation of light water reactors (LWRs) requires an ability
to accurately predict the performance of nuclear fucls in order to assure
the integrity of reactor core components under normal operation and
hypothesized accident conditions. To achieve this capability, the U.S.
Nuclear Regulatory Commission (NRC) has sponsored an extensive program of
analytical code development and assessment. The computer code being
developed for the prediction of transient fuel rod response under
hypothetical accident conditions is the Fuel Rod Analysis Program-Transient
(FRAP-T) code.l Information obtained from in-pile fuel behavior studies
performed at the Idaho National Engineering Laboratory in the Power Burst
Facility (PBF) reactor and at the Halden Heavy Boiling Water Reactor, in
Norway, provides an experimental data base for assessment of NRC reactor
licensing criteria and comparison with calculated fuel rod behavior. The
tests are being condurted as part of the Thermal Fuels Behavior Program of
EGRG Idaho, Inc., and sponsored by the Nuclear Regulatory Commission's
Water Reactor Safety Fuel Behavior Research Progrwm.2v3

The purpose of this report is to examine the performance of FRAP-T5 in
simulating fuel rod behavior. Emphasis is placed on a qualitative review
of the code performance by comparison of in-pile data and postirradiation
examination measurements with the code calculations. This is the second in
a continuing series of FRAP-T review documents.? A brief description of
the computer code is presented in Section 2. Section 3 contains
discussions of measured fuel rod behavior and comparisons with performance
code calculations under steady state conditions; in Section 4, the
transient fuel and cladding behavior is discussed. Conclusions concerning
the results of this study are summarized in Section 5.



2. CODE DESCRIPTION

The FRAP-T computer code was developed to describe the transient
behavior of nuclear fuel rods during hypothesized accident conditions
ranging from mild operational transients to design basis accidents such as
the loss-of-coolant accidents (LOCAs), power-cooling-mismatch accidents
(PCMs), and reactivity initiated accidents (RIAs). The code described in
this report is the fifth of a series of fuel rod behavior codes /FRAP-T
MODO05; Version FL1130) developed from succeeding versions incorporating
advances made in fuel rod modeling and response. Whenever the designation
FRAP-T appears, FRAP-T5 is implied, unless otherwise identified,

FRAP-T is a modular code utilizing separate mode's (or subroutines)
for each user-specific type of computation and ariiysis. The code is
restricted to analysis of zircaloy-clad uranium dioxide fuel rods linked to
the materials properties subcode MATPRO. 5 FRAP-T iteratively calculates
the variation with time of all significant interrelated fuel rod effects,
including fuel centerline temperature, cladding temperature, fuel and
cladding deformation, fission gas release via the GRASS codeb and
increase in internal gas pressure, thermal expansion of the fuel and
cladding, and cladding oxidation,

Coolant boundary conditions required as input by FRAP-T are coolant
pressure, inlet temperature, flow and r...halpy histories. These variables
may be obtained from the results of a thermal-hydraulic code such as
RELAP.” No restrictions are placed on the power or coolant boundary
conditions of the fuel rods analyzed.

The initial conditions of an unirradiated fuel rod prior to a
transient can be determined by FRAP-T. However, for previously irradiated
rods, a steady state analysis is required to determine the burnup dependent
fuel rod status prior to the initiation of a transient calculation. The
FRAPCON-1 computer code has been developed to calculate the steady state
operating parameters of irradiated fuel rods requ red as initial conditions



to FRAP-T.8 The basis of FRAPCON-1 is the FRAP-S3 code, incorporating

the fuel temperature subcode from the GAPCON-THERMAL computer code.9,10
FRAPCON calculates burnup dependent variables, such as fission gas
inventory, fuel densification and swelling, cladding deformation, and
fuel-cladding interface pressures and gaps, which are transferred to FRAP-T
by restart tape.

The calculational procedure is illustrated in Figure 1, and begins by
input data processing. The fuel rod condition at the beginning of the
transient is determined through a self initializing (steady state)
calculation. Tae time is advanced according to an input-specified time
step, and the fvel rod status at the new time is determined, providing the
initial conditions for the next time step. The length of the rod is
divided into user-specified axial segments (nodes), each assumed to oper.te
for a single set of conditions over its length for the time step
iteration. The fuel rod power history i: approximated by incrementing the
power levels with instantaneous jumps from one power level to another.
Fuel and cladding temperatures, fuel thermal expansion, cladding thermal
expansion, and cladding deformation for each axial node are calculated
separately. The fuel-cladding deformation is integrated over the length of
the fuel rod and added to previous values to obtain the rod internal
pressure. The pressure is fed back into the fuel and cladding elastic and
plastic deformation calculations during subsequent iterations to evaluate
thermal expansion and gas gap width within each axial node. The
calculations are cycled until convergence occurs for the time step in the
user-specified transient. After the initializing time step, fic~%on gas
release is determined after the calculations have converged, and is
determined only once per time step. Complete descriptions of the code
structure and computational schemes outlined are contained in the
references.
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Fig. 1. Simplified FRAP-TS flow chart of ‘he calculational procedure,



The next version of the FRAP-T code is FRAP-T6, currently under
development.? The developmental version used in the calculations
presented here differs from FRAP-TS by incorporation of an updated model of
gap conductance, instead of the modified Ross and Stoute model, and a
nonuniform gas gap instead of a uniform annular gap, and is a preliminary
version of the FRAP-T6 performance code expected to be issued at a later
date.

a. FRAP-TH (MOD6) version 7/9/80 Configuration Control Number H-0024838B.

b. Pacific Northwest Laboratories GAPCON-II gap conductance model.11



3. FUEL TEMPERATURE UNDER STEADY STATE OPERATION

The gas gap conductance between the fuel and cladding is a major
factor in determining the fuel temperature under all operating and
transient conditions. Heat transfer from the fuel primarily determines the
amount of stored energy in the fuel. Stored energy in the fuel is a
controlling factor in the nuclear fuel rod behavior during accident
.ituations.

As part of the U.S. Nuclear Regulatory Commission's Water Reactor
Safety Research Fuel Behavior Program, EG&G Idaho, Inc. is conducting fuel
rod behavior studies in the Heavy Boiling Water Reactor in Halden, Norway
to measure the effects of fuel rod internal pressure and composition on
fuel teapoature. 12 The Instrumented Fuel Assembly-430 (IFA-430),
operated in tue Halden Reactor, is a multipurpose assembly designed to
provide information about the effect of fill gas pressure and composition
on fuel thermal performance, the axial gas flow characteristics of fuel
rods, cracking and relocation of the fuel pellets, and the release of
fission gases.

This section reviews the fuel rod gap conductance models used in
FRAP-T52 and a developmental version of FRAP-T6, and compares steady
state fuel temperature resulting from changes in the rod internal gas
pressure and composition as calculated by FRAP-T5 and FRAP-T6 with data
from IFA-430. The IFA-430 data are unique in that the fuel rod fill gas
composition and pressure were varied during actual nuclear operation which
removes the uncertainty in rod-to-rod variation present in typical tests of
tnis tvpe, and permits a wide variation of pressures and fill gas

inventories.

The FRAP-T calculations were carried out using the default deformation
model option of the code. The FRACAS-I deformation model (MODFD=2) was

a. FRAP-T5 (MOD5) VERSION 7/26/79 Configuration Control Number H-000583B



v-ed which assumes no stress deformation of the fue!l (free thermal
expansion) and no fuel relocation, one of severed models available in the
FRAP-T code. Another model, specifically, the FRACAS-T with cracked fuel
thermal conductivity and fuel relocatinn options (MIDFD=3), was used in a
preliminary analysis and resulted in calculated fuel centerline tempertures
which were less representative of the measured temperatures. Thus,
although the physical processes are more appropriately considered in the
MODFD= option, this option was not used in the present analysis. Based on
general experience, the MODFD=3 option is expected to give better
calculated temperatures at higner linear heat ratings (30 to 20 kW/m) than
for the low values (<25 kW/m) used in this ana]ysis.]3 The FRAP-T

general input data used in the calculation are listed in the Appendix. A
single fuel rod calculation was performed using one coolant flow channel
and five axial nodes. The gas flow model was not used, and thus instant
internal rod pressure equilibrium was assumed. A central void was
specified for the problem to account for the fuel centerline thermocouple.
Ten radial mesh nodes were used to describe the fuel (7 nodes), gas gap

(? nodes), and cladding (3 nodes) behavior at each axial node.

2.1 Gap Conductance Model

Changes in the pressure and composition of the fuel rod fill gas as a
function of burnup affect the gap conductance and fuel tem-erature. The
models used to calculate gap conductance include the effects of increasing
pressure and contamination of the helium fill gas with xenon fission qas.
The model for the gan conductance used in FRAP-TS is basically a

modification of the formulation due to Rgcss and StouteM

which, for

noncontact (fuel-cladding) conditions, assumes the qap between fuel and
cladding is axisymmetric and that heat is transferred across the gap by
conduction through the gas and by radiation. Thus, in FRAP-TS, the gap

conductance, hg' is given by



» . e + 1
"o Tt T e vy e o
where
I
| hg = aap conductance, [H/(mz-K)]
|
' kg = conductivity of gas in gas gap, [W/(me*K)]
: tq = qan thickness, (im)
|
a9 = temperature jump distance at cladding inside surface, (mm)
; 9, = temperature jump distance at fuel outside surface, (mm)
hr = radiant heat transfer conductance, [N/(m?-K)].

The radiant heat transfer coefficient is computed using the following

; equation
. of {35 & Y105 T

hl‘ “"e( £ ¢ { f"’ C) , (2)
! where

a = Stefan-8oltzmann constant, [H/(m?-x4)]

Fe e emissivity factor, (dimensionless)
' Te = tenperature of outside surface of fuel, (K)
;
5 Tc = temperature of inside surface of cladding, (K).

The emissivity factor is computed by the equation



o e, P, e ’ (3)

n
.
"

emissivity of fuel surface

®c = emissivity of cladding inside surface
s = outside radius of €uel, (mm)
e = \1side radius of cladding, (mm).

The'temperature jump distance (q] + 92) is computed by an
empirica’ly Aenivo! sguation in the GAPCON-THERMAL-1'0 code

w [T\172
4, +9, = 5.448 5 (ﬂ) " (4)

where

u = viscosity of gas in the fuel-cladding gap [(kg/(mes)]

p = pressure of gas in the fuel-cladding gap, (MPa)
T = temperature of gas in the gap, (X)
M = molecular weight of gas in the fuel-cladding gap, (kq).

The gap conductance model used in FRAP-T6 is taken from the
GAPCON-THERMAL-2'! code. The gas conductance and temperature jump
distance terms and the assumed pellet location within the cladding Jiffer
from those used in FRAP-T5, The gap conductance in FRAP-T6 is



~

= 9 + h M (S‘l
q tg + 1.8 (g] + q?) r

h

thus differing from the FRAP-T5 (Equation 1) model by a coefficient of 1.8

in the temperature jump distance. .

1ie thermal jump distance model used in FRAP-TA is taken from
GAPCON-THEOMAL-? and is qiven by

k C

9; """33_77° (6)

Flptyl) 1enmgeaa,
where C is a constant dependen* upon the units of kg, Pj is the partial
pressure of the s gas component N, MJ is the molecular weight of the
jth gas component N, aj the accommodation coefficient (a function of
temperature), and T, the temperature at the gas-solid interface (pefore
temperature jump). For a mirture of helium and xenon gases, the
accommodation coefficient is :

Mi . 4

o, e (aXe B aHe) 178 Y e o (7)
where the component gas coefficients are
a, = 0,825 - (2.3 x 10°Y) 1 (8)
Xe v o - .l L] 1
and
. =0749-(2ex10‘4)r (9)
He . . "

The gap conductance caiculated with FRAP-TS assumes the pellet is
located axisymmetrically within the cladding. The FRAP-T6 model assumes .
the pellet is located one-half the fabricated gap size off-center within

10



the cladding and calculates the average gap conductance for the non-uniform
ga;. The pellet and gap are divided into three pie shaped segments, the
gap conductance is computed for each segment, based on the average gap <ize
in each section, and the gap conductance of the three segments is averaged
to give an average gap conductance which is used in the fuel temperature
calculations.

In both the FRAP-TS and FRAP-T6 models, the conductivity of a mixed

gas is given by’|5
N K
“mix = F o = (10)
. DT (;l)
i=1 i

i

where the roefficient 'ij is

!Mi n Mi) (Mi - N,.142 Mj) ]
$:: = 6 1+ 2.4 . (11)
L i [ (M. + M {7
i J
with
k.a/2 M. 17472
'®)" (w) )
k, M
.i~=—' J M. i (]7)
?3/2 (1+ ﬁl)]/
J
and
N = number of components in mixture
M

i, :
j molecular weight of the ith and jt" chemical species

a

n



1] = mole fraction of the itP and jth chemical species
i
1] = thermal.Eonductivitv of the ith and jt" chemical
species
with i 7 i

The thermal conductivity equations of the individual rare gases are

based on the correlative work of Gandhi and Saxena.'S The resulting

expressions are
& -3 ;0.668

Rt = 3.366 x 10T (13)
- -4 .0.872

kargon = 3.42 x 10077 (14)
- ‘5 0-872

R = 4.0288 x 10 ° T (15)

-5 0.923
k = 4,776 x 10 T ‘ (1R)
krypton

3,2 Comparison With Test Data

The FRAP-T caiculated fuel temperature response is compared in this
section to the measured effects of first, adding yp to 10% xenon to the
heliun fill gas and, second increasing the fill gas pressure from 0.1 to
5.1 MPa.

The [FA-430 test assembly contained four, 1.28-m-long fuel rods loaded
with 10% enriched UO2 pellet fuel.!” The two rods used in the fill gas

12



pressure and composition tests, termed qas flow rods, were each
instrumented with a centerline thermocouple and three axially spaced
pressure sensors. These two rods had a fabricated diametral qan size of
0.10 mm and 0.73 mm, a'd were connected to an out-of-pile qas supplv
cystem. The other two rods, prepressurized with 0,48 MPa of He, were not
connected to the gas supply system and were not used in the fill gas
pressure and composition tests.

The out-of-pile gas supply system permitted the fill gas composition
and pressure to be changed while the fuel rods were operating in-pile.
Both pressure and xenon concentration were systematically changed in the
rods during the experiment. The fuel centerline temperatures were measured
for fill gas pressures ranging from 0.1 to 5.1 MPa and xenon concentrations
from 0 to 10%, at rod linear powers from 5 to 25 kW/m. The fuel had a
burnup of a3 GWd/tU at the time of the experiments and was in a cracked,
but stable, condition.

3.2.1  Xenon Effects on Fuel Temperature

The effect of the addition of Xe to the He fill gas is to reduce the
qap conductance and fuel effective thermal conductivity. Figure ? shows
the gap conductance as a function of gap sizc 7ir 100% He and 90% He/10% Xe
£i'l gas at 1.0 MPa, as computed with FRAP-T5 and -T6 for the 0.10 mm gap
rod. Qualitatively, the gap conductance calculated by FRAP-T6 increases at
a faster rate than that calculated by FRAP-T5 as the gap closes and is
higher than that calculated by FRAP-TS for radial gaps less than
20,110 mm.

The 0.23 mm gap rod centerline temperatures calculated with FRAP-TS
and -T6 are compared with the measured centerline temperatures in Figures 3
ant 4, In general, the FRAP calculated temperatures were a few percent
higher than the measured temperatures, and the FRAP-T6 experimental code
calculations were closer to the data than FRAP-TR, Figure 5 shows the
measured and FRAP-TS cal-ulated fuel centerline temperatures for the
N.10 mm gap rod (FRAP-TH calculated data were not available for this rod);
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the trend shown is the same for the N.23 mm gap rod. In Figures 6 and 7
the centerline temperature at 10 and 20 kW/m is plotted as a function of
percent Xe in the fill gas. The FRAP-T -alculations diverge from the data
by overcalculating the fuel centerline temperatures as the xenon
concentration increases. The increase in centerline temperature from that
measured with 100% He fill gas is plotted as a function of the percent Xe
in the fill gas in Figure 2. The FRAP-T calculated temperatures are higher
than the data, as shown earlier, and diverge from the measured data. The
FRAP-T6 model predicts temperatures closer to the measured temperatures
than FRAP-TS, Such results suggest that the method of calculation chosen
for the FRAP-TS analysis may not correctly take into account the effective
fuel thermal conductivity. The options chosen for this analysis allow only
changes in the gap thermal conductance. The divergence hetween the
measured and calculated temperatures indicates that the FRAP-T results
should be used with caution at high Xe concentrations until further data
are available.

3.2.?2 Pressure Effects on Fuel Temperature

The pressure influences the fuel centerline temperature through the
temperature jum distance contribution to the fuel-cladding gap
conductance, as shown in Equations (1), (4) and /6). The measured
centerline temperature change as a function of pressure is compared in
Figure 9 with the FRAP-T5 calculated change for the 0.1 mm gqap rod., The
FRAP-TH results generally agree with the data for both the 100% He and
10% Xe/90% He cases; however, the calculated decrease in fuel centerline
temperature with pressure for 100% He is slightly greater than the data.
The FRAP-TS calculated and measured temperature change data are presented
in Fiaure 10 for the 0.23 mm gap rod at 20 kW/m with 100% He and 95% He/5%
xe fill gas: the FRAP-TS calculations agree very well with the data, In
the case of the 0.73 mm gap with 10% Xe fill gas, however, the FRAP-TS and
-Th calculated temperature change does not follow the data trend at
pressures above 2.0 MPa as shown in Figure 11,
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The measured temperature drop data at 10, 15, and 20 kW/m powers for
the 0.23 mm gap rod with 10% Xe/90% He fill gas, shown in Fiqure 12 further
illustrates the unexpected decreases in temperatures at pressures above
2.0 MPa. The downward trend in the data at pressures above 2.0 MPa is not
presently understood., The contribution of the Xe temperature jump distance
to the gap conductance is only 1-2% and is not expected to oroduce the
discrepancy between the calculated and experimental results observed here,
However, in terms of the integral behavior, pressure pffects on the thern:]
iump distance (see Fquations 4, 5, and 6).]8 may also be significant in
the fuel cracks. Such affects on the effective thermal conductivity are
not modeled in the option used for these calculations, and should be taken
into consideration to adequately assess the FRAP-T performance.

In summary the effects of increased fill gas pressure are: (1) to
decrease fuel temperatures (enhance rod conductivity) in the range 0.1 to
7.0 MPa for whicn FRAP-T calculations agree very well; (?) insignificant in
the range 2.0 to 5.0 MPa for the 0.10 mm gap rod at Xe concentrations less
than 10%, and for the 0.23 mm gap rod at Xe concentrations less than 5%,
again for which FRAP-T calculations agree; and (3) to unexpectedly decrease
fuel temperatures ir the range 2.0 to 5.0 MPa in the 0.23 mm gap rod at a
Xe concentration of 10%, a trend not calculated bv the FRAP-T options used
for this analysis.

3.3 Conclusions Regarding Steady State Fuel Temperature Calculations

The measured effects of fuel rod fill gas comnosition and pressure on
the steady state fue! temperature when compared with the FRAP-T code show:

1. The FRAP-T calculated fuel centerline temperature is ? to
7% higher than the measured temperature, but within the
experimental error, for a range of xenon concentrations of 0 to
10% (in helium) of the fill gas. However, the FRAP-T calculated
centerline temperature as a function of xenon concentration in
the fill gas diverged from the measured temperatures, indicating
that other models in the performance code should be considered in
the FRAP-T calculations at higher xenon concentrations.
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FRAP-T adequately models the effect of fill gas pressure on fuel
temperature in the range 0.1 to 5.0 MPa for fill gas compositions
ranging from pure helium to helium with 10% xenon in fuel rods
with 0.1 and 0.23 mm fuel-cladding qap sizes with one exception.
For the combination of the 0.23 mm gap with >5% xenon in the

fi11 qas, at pressures up to 2.0 MPa the FRAP-T calculations
follow the data reasonably well, However, above 2.0 MPa the fuel
behavior unexpectedly changed and the FRAP-T calculations which
utilize limited models could not be expected to follow this data
trend,
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4. TRANSIENT FUEL AND CLADDING BEHAVIOR

Transient test data chosen for comparison with the computer code
calculations are from the RIA test program, EG&G Idaho, Inc., has
conducted RIA irradiation tests in the PBF reactor as part of the NRC Water
Reactor Safety Fuel Behavior Research Program, to investigate fuel damage
and failure mechanisms over a broad range of fuel enthalpies.19 Twelve
fuel rods have been tested in six separate tests with radial-average peak
fuel enthalpies ranging from 185 to 350 cal/g UOZ- The results of these
tests are summarized in Table 1. The test fuel rod assemblies and test
rods were selectively instrumented for measurement of coolant temperature
and flow conditions, shroud pressure, cladding elongation, rod internal
pressure, fuel centerline temperature, plenum gas temperature, cladding
surface temperature, and the instantaneous and integrated relative neutron
flux profile. In the following discussions, measured and calculated
thermal and mechanical responses of test rods to hypothesized RIA
conditions are presented, to evaluate the capability of the FRAP-TS
computer code to predict transient fuel and clar'ding behavior and to
characterize the sequence of fuel rod damage events during the transient.

4.1 Fuel Thermal Respunse During an RIA

Representative calculations of fuel temperature distributions were
performed with the FRAP-T5 computer codel,2 using Test RIA 1-1 fuel rod
and experimental data to assess test rod thermal boundary conditions
relevant to RIA fuel behavior.

The Test RIA 1-1 fuel rods were subjected to a single power burst of
about 50 ms duration with initial coolant conditions of 538 K, 6.45 MPa,
and 0.085 L/s per rod. The large power burst produced rapid fuel rod
failure, as irdicated by on-line instrumentation data. The fission product

a. FRAP-TS, Version FL1130, Idaho National Engineering Laboratory,

Configuration Control Number HO03891B was used for the analyses presented
in this report.
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TABLE 1. PBF-RIA TEST RESULTS

Radial-Average

Total Radia)-Average Peak
P Radial Foeray Daak Fuel Local
R1A Fuel Rnd Farichment Buroop  Pesking DepOSition’ Enthaloy”  Fuel Enthaloy”
Test Tyve ™ 9y Met/t) Factor (cal/q U9,) (cat/q u0,) fcal/a va,) Commonts
RIA ST-1 17 = 17 PWR 5.3 n 1.074 250 185 N8 Did not fail; first test on ST-)
Rurst 1 rod
RiA ST-1 17 x 17 »ym €. n 1.076 1N %0 275 10X fyel washad out; second test
Burst ? on ST-1 ro4
RIA ST.2 17 x 17 P\R 5.8 n 1.974 245 /0 299 15% fuel washed out
RIA §T-3 17 x 17 PR 5.8 n 1.076 300 275 250 Nid not fail
RIA ST-4 15 x 15 MR 20.0 ] 1.8 05 w0t 5307 Completely destroyed; 15 MPa
pressure pulse measured
RIA 1.1 2-Saxton 5.7 AsN 1.13 365 285 130 Tomplete shroud flow blockage
?-Saxton 5.8 0 1.07? RS 285 315 Severe Failure - partial flow
hlockage
RIA 1.2 A-Saxton 5.7 S5N0N .13 240 185 215 Nne rod failed - three rads
did not fail

a. Five methods were used to measure the test rod radial average fission energy deposited during each transient.?0 Detailed independent
roview of the five measurement methods confirmed that none were unreliable. The five measurement methnds had estimated uncertainties ranging
from +#11 Lo +14%. These are conservative estimates of the uncertainties and based on previous PRF resylts fwhere the average burnup
measurement 75 within 3% of the average thermal-hydraulic power measurement), these results are considered accurate to within about +6%,

b. The FOAP.TS computer code! was used to determine the axial peak radial average fuel enthalpy from the measured totai enerqy

deposit a5, The fraction of enerqv generated by delaved neutrons after control rod scram was calculated using the TWIGL comnuter code
(Configuration Control Number HON99718). TWIGL snlves the coupled time and space-dependent neutron diffusion and thermal-hvdraulic eauations
for a reactor in two dimensions,

c. This value will vary somewhat depending on the node sizes in the analvtical models used to convert total enerqy deposition to peak local
fyal enthalpv.

4. Fuel enthalny at time of failure, approximately ¥ ms after the time of neak power.

:
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detection system and the loop system radiation monitor indicated rod
failure several minutes after the power burst, due to the time delay in
fission product transport to these instruments., The best estimate of the
total energy deposition was an approximate total fuel pellet radially
averaged adiabatic energy of 365 cal/g 002 at the axial peak power,
corresponding to a radial average peak fuel enthalpy of 285 cal/g. Roughly
80% of the total adiabatic energy was deposited in the fuel rod by the time
of reactor shutdown,

The FRAP-T5 computer code was used to calculate the peak fuel
enthalpies for Test RIA 1-1, and account for heat transfer from the fuel to
the cladding and reactor coolant during the RIA power transient. Since gap
closure occurred prior to the time of peak power, gap conductance
uncertainties are minimal. The best estimate of the measured energy
deposition was input to the FRAP-TS computer code. One previously
irradiated rod and one fresh, unirradiated rod, enclosed in a single
coolant flow channel were analyzed.21 Transient coolant conditions were
determined using the W-3 heat flux correlation and the Groeneveld equation
to descibe the post-critical heat flux (CHF) heat transfer. The FRACAS-I
fuel deformation model was used, with an option which assumes fuel
relocation but no stress deformation of the fuel. Twelve axial and 14
radial mesh nodes were used to characterize the fuel rod. The general
FRAP-1 input data used in the RIA calculation are listed in the Appendix.

Coolant conditions for Test RIA 1-1 used in the FRAP-T calculatiors
were calculated using the RELAP4/MODS computer code.’s2 RELAP4 models
system fluid conditions including flow, pressure, mass inventory, fluid
quality, and heat transfer, The heat flux through the cladding during
steady state operation was obtained from the approximately constant
volumetric heating. Almost all of the nuclear heat generated during

a. RELAP4/MOD5, Idaho National Engineering Laboratory, Configuration
Control Number HO030018B.
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the RIA, including a prompt gamma-ray contribution, went into increasing
the fuel temperature during the power burst. The fuel peak temperature is
thus reached quite ear'y in the transient, near the time of reactor scram,
The ma~<imum enerqgy deposition during an RIA occurs near the fuel pellet
surface due to self-shielding. The radial heat flow is a function of the

pellet radius and must be solved numerically. The thermal eneryy that
produces rod damage was assessed in the computer calculations by assuming
approximate adiabatic heating in the fuel during the power burst, and
equating the burst energy deposition to the fuel ~od enthalpy increase.

The results of the FRAP-TS fuel behavior computations for the
previously irradiated rod in Test RIA 1-1 indicated that fuel melting
(T > 3098 K) occurred at the axial power peak within 6 ms after the time
of peak power at a peak fuel enthalpy of 237 cal/q.? Peak power occurred
about 37 ms after the initiation of the power burst, Melting temperatures
appeared first within an annulus near the pellet surface from 0.93 to
0.97 r (r, = pellet radius) due to self shielding, and then spread
across the pellet to the center to form a cylindrical region of molten fuel
in the peak power region, during the next 8 ms, before decreasing
temperatures occurred near the surface. A surface peak temperature of
2020 K was indicated by the calculation at the fuel surface node (at
0.99 ro) when the maximum extent of fuel melting was reached. Thus,
FRAP-TS predicts no melting at the surface of the fuel pellets. This
radial, time-dependent temperature behavior of the fuel is illustrated in
Figure 13 for the axial peak power location,

By the time the maximum peak fuel enthalpy was calculated to occur,
about 24 ms after the time of peak power, fuel melting began to shift away
from the pellet surface region to the interior of the fuel pellet due to
heat flow out of the fuel to the cladding and coolant, The radial peak
temperature (3098 K) at the fuel centerline occurred at about the time of
peak fuel enthaloy, and remained near the melting temperatire until the rod ‘
began to cool by transfer of stored heat to the coolant. The shifting of

a. Radially averaged peak local fuel enthalny of 268 cal/q.20
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high fuel temperatur 5 the interior of the fuel pellet produced a very
steep temperature gradient between the molten interior (T = 3098 K) and the
surface of the fuel pellet (T = 1857 K at the fuel surface nnde,

0.99 r ), as seen in Figure 13. The maximum axial extent (volume) of
molten fuel calculated was limited, as illustrated in Figure 14, and
extended between 0,275 and 0.53 m (axial nodes) on the rod at the time of
peak fuel enthalpy. Fuel melting up to about 22 vol% of the 0.%14-m-long
fuel stack was estimated from the FRAP-T calculations, with over half of
the melting being within the axial regicn of peak power. The typical
parabolir radial temperature profile was reestablished in the fuel about

1 s after the time of peak power (a76 ms after reactor scram). The

radial temperature history of the previously unirradiated rods was similar
to that calculated for the previously irradiated rod, except that the
radial fuel temperature profile of the previously irradiated rod exhibited
a steeper thermal gradient near the pellet surface than that for the fresh
rod. These results are due to a 10% higher radial power peaking factor in
the previously irradiated rods from plutonium produced during long-term
irradiation. The calculated temperature histories emphasize that energy
deposition near the outer pellet surface region has a dominant effect in
determining the heat flux out of the fuel during the earlv portion of the
RIA transient and, thus, in determining the maximum cladding temperatures
achieved during the transient, '

4.1.1 Fuel Centerline Temperature

The calculated transient fuel centerline temperature was compared with
the measured value resulting from the transient for one of the previously
unirradiated rods. Rod 801-3 used in Test RIA 1-1 was instrumented with a
tungsten-rhenium centerline thermocouple. The thermocouple junction was
positioned 0.79 m from tne bottom of the fuel stack, at the same elevation
as the 180-degree surface thermocouple junction.

The response of the centerline thermocouple to fuel heating during and
following the test power burst is plotted in Figure 15. The measured fuel
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Fig. 15. Comparison of the measured thermocouple response of previously
unirradiated Rod 301-3 following the Test RIA 1-1 power burst
and the calculated fuel centerline temperatures,
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centerline temperature reached 2170 K about 4 s after the time of peak
power. FRAP-TS calculated a maximum fuel centerline temperature at 0.79 m
of 2333 ¥ at ? s after the timc of peak power. Thus the thermocouple
reading appears to lag behind the rapid temperature . -rease calculated by
FRAP -T5, The time lag is attributed to delayed response of the junction
to fuel temperature changes, coupled with poor radial heat transfer across
the gap from the fuel to the thermocouple, which can account for the
roughly 7% discrepancy noted between the measured and the calculated
centerline peak temperatures at this elevation.zz The caliulx.ed
centerline peak temperatures thus appear to be in good agreement with the
measured temperatures.

4.1.2 5291 Melting Behavior

Stoichiometric UOZ.O melts congruently at about 3100 K, with the
liquid and solid in equilibrium at the same composition,73 as shown by
the partial phase diagram for U0?+x presented in Fiqure 14,
Nonstoichiometric uoz#l hehaves differently upon melting, with melting
becinning at lower temperatures “han for U02. The melting proceeds
aadually, with liquid an< solid nf different compositions in equilibrium,
The latent heat of fusion is absorbed over 3 range of tempera* ires, which
depends on the overall composition. These observations indicate that
previously irradiated uranium dioxide fuel, which is expected to be
siightly “iyperstoichiometric (UOZ+x = UO?.O] at about half an atomic
percent burnup for the Test RIA 1-1 fuel), would be expected to beqgin
melting at lower temperatures (3080 K) than fresh, stoichiometric fuel
(23100 K). The threshold energy to induce melting, therefore, would be
expected to be slightly 1::s (a2 cal/q) for previously irradiated U02
than for “resh fuel, a condition not pre-icted by FRAP-T which uses only
the melting temperature of stoichiometric “02' More molten fuel was
observed in the previouslv irradiated fuel rods than the fresh fuel rods.

Fuel melting predicted by FRAP-T5 during Test RIA 1-1 hegan near the
pellet surface and progressed radially outward and inward due to heat
conduction in the fuel, The time dependence of fuel peliet radial
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tomperatures at the axial peak power elevation is plotted in Figure 17 for
several radial nodes, as determined by FRAP-TS. The FRAP-T5 code
calculated incipient fuel melting as an annulus at an enthalpy of 237 cal/g
U0,, 6 ms after the time of peak power. The calculated fuel melting then
extended radially into the center of the fuel, forming « solid cylinder of
moiten UO,, but melting temperatures were not predicted at the pellet
surface. However, fuel melting at the centerline was not observed
metallographically. A more accurate representation of the actual fuel
melting determined from the postirradiation examination of fuel from

Test RIA 1-1 is that of an annulus of molten fuel between two regions of
solid fuel, illustrated schematically in Figure 18, which widens loca ly
about the radial position that first liquified. The reasons for such
differences between calculated and measured results is not precisely known,
as for example, whether inadequate thermal boundary conditions were used as
input to the code, or fuel melting for such a rapid transient is not
correctly modeled in the FRAP-T code.

The difficulty in identifying evidence of molten fuel in the RIA 1-1
peliets is illustrated by examples from the metal ographic examination of
the previously irradiated fuel rods shown in Figires 19 through cl. High
fuel temperatures produced considerable fission gas induced porosity with
little confirmable fuel melting as shown in Figure 19 (thin band of dense
fuel between the porous region and surface unrestructured region may be an
indication of fuel melting, or melting could have extended into the porous
fuel region). Molten fuel relocation at the surface and within the fuel
crack network of the fuel is illustrated in Figures 20 and 21,

respectively. Molten U0, extrusion and mixing of the melt with solid

U02 where molten fuel had penetrated the major crack system was typical
of the fuel melting observations, but no identifiable evidence of a

cylinder of molten fuel, as suggested by FRAP-T5 was found.

4.2 Cladding Phenomena Affecting Fuel Rod Behavior and Failure

Examination of fuel rod debris from Test RIA 1-1 revealed extensive
cladding deformation, heavy oxidation, and limited cladding melting and

34



fuel —__

“ig,

18.

Fuel-cladding
diametral gap |

Temperature

|

2y

|

i |
I

' s

Cladding

ant

Pellet radius

-
INEL-A-16 100

Conceptual fuel pellet radial temperature nrofile showing the
iuring the RIA transients.

molten fue)

nnulus

35



AN
PNQ!Q ﬂr\ﬂ rwp’.*”‘ !
High porosity region

[ | Transition region
T |

Unrestructured
‘ region
o\ o e e e e
— g - o
&
Coalesced porosity forming
a gap between the unrestructured
and restructured U0, — DL o, i
Epoxy
mounting
material
Fine grained
(10 to 20 um),
equiaxed U0, —
Outer,

un-restructured
Large fission U0,
gas void

in region of
highest porosity

Coalesced
porosity

|
Unetched, bright field b {

Fig. 19. Irradiated fuel near the pellet surface of previously irradiated

Rod 801-1.



" ‘

%\0. o Peed .i‘

‘wu ""-;‘L ”

oY e “.Vo;:'iﬂ‘
-

1

rn







intermixing with fuel over the high power region of the test rods.
Cladding deformation included rupture and wall thickness variations. The
thermal and mechanical response of the test rods to the transient power
burst are presented and discussed ir this section. The instrumentation
responses are compared with FRAP-15 calculated fuel rod behavior to help
assess the validity of the data and also the capability of the code to
predict fuel behavior duriny RIA transients.

High fuel and cladding temperatures during the thermal transient
associatec with the power burst produced an extended period of film boiling
on the cladding surface. Analysis of the on-line data showed that film
boiling was detectable by cladding surface temperature and fuel rod axial
displacement measurements.@ Fajlure of the two previously irradiated
test rods was indicated by inlet coolant flow stoppages (zero turbine
flowmeter response); failure of one of the previously unirradiated rods was
indicated by the plenum pressure transducer. There was no direct
1~d%cation of failure for the other unirradiated (uninstrumented) test rod,
since the displacement transformer on this rod failed prior to the test
power burst. Many of the instrument responses illustrated in this section
are accompanied by additional dashed-line curves indicating the
corresponding FRAP-TS calculated behavior. The FRAP-TS calculations were
based on a to* .1, radially averaged adiabatic energy deposition of
365 cal/g qu and a radial average peak fuel enthalpy of 285 cal/g.

Zero time on each data plot corresponds to the time of peak power during
the approximately 50-ms power burst,

4.2.1 Film Boiling

The initiation and propagation of film boiling was similar for the two
test rods 1. trumented with Type S, platinum-rhodium cladding surface
thermocouples.<?  The measured temperatures f¢r Rod 801-3 at 0.79 m from
the bottom of the fuel stack are shown in Figur: 22, together with the
FRAP-TS calculate: history. A maximum cladding temperature of 1410 K was
measured 1.25 s 1 ter the time of peak power. The best estimate cladding

a. Fuel rod axial displacements were measured using linear variable
differential transformer.
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temperature, calculated using measured oxidation reaction layer
thicknesses, was 1780 /+ 50) K which is in good agreement with the maximum
cladding temperature indicated by the thermocouple. Quenching began about
14 5 later, when the thermocouple indicated about 800 K, and continued
through to rod rewet at a temperature below about A00 K, within the range
of rewet temperatures calculated for the test conditions.? The

calculated temoerature history indicated a maximum cladding temperature of
1662 K at 0.79 m, occurring 1.5 s after tle time of peak power. Thus,
there is a discrepancy of about 752 K between the measured and calculated
surface temperatures, which suggests that a thermocouple cooling fin
effect, not modeled in FRAP-T, may have been sianificant.

a. The range of temperatures under which rewet will occur was estimated
from the relationship of the interface temperature, Ty, and the wall
temperature, T,, just before rewet, given by?4,?5

TN + qu

L s =

where the subscripts I, w, and & refer to the contact interface
tempsrature, the precontact hot wall temperature, and the liquid conlant
temper *ture, respectively; with ¢ being the coolant-wall thermal ratio,
equal to (kz oy Cp:/kw By cpw)llz, for the liquid

coolant, &, and the cladding wall properties. The rewet temperature
range was estimated by letting TI ~ Tcrit = 647 K, the critical
temperature of _he coolant, and solving for T, where

Tsat . Tcrit (1+0) -0 Tt .

For saturated water (and the Test RIA 1-1 conditions)

T, = Teat = 554 K, and 7r0, at the cladding surface, the calculated
cladding rewet temperature (T =T ) range is about

554 < Trw < 707 K, which is the range indicated by the cladding
thermocounle,
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4,72.2. Cladding Thrermal Expansion

NDuring the period of fuel and cladding high temperatures accompanying
the high energy deposition produced by the RIA 1-1 burst, the fuel rods
elongated as the temperature increased, and then contracted as the fuel
rods cooled, The measured cladding elongation history is illustrated by
previously irradiated Rod 801-1 in Figure ?3 which failed early during the
test. The maximum cladding elongation of Rod 801-1 was 7.3 mm, occurring
about 1.25 s after the time of peak power. Based on the flowmeter
indication of conlant channel blockage, it was estimated that the fuel rod
failed at about 1 to 4 s into the transient, near the time of maximum fuel
rod elongation, The times of the maximum displacements were consistent
with the measured times of the maximum cladding temperatures, Since the
displacement devices respond to thermal excursions at any position on the
test rods, the onset of film boiling is reflocted in the elongation.
Comparison of tne elongation and surface temperature histories led to the
conclusion that film boiling on Rod 8)1-1 occurred, at a minimum, over the
regiu.. <panned by the surface thermocouples, and at approximately the same
time.

The FRAP-TS calculated cladding displacement is plotted as a dashed
line in Fiqure 23 for comparison with the measured elongation response.
The calculated cladding elongation follows the change in fuel surface
temperatures, exhihiting a decrease in displacement early in the transient
(cladding temperature 00 K). This decrease in elongation is due to an
assumption in the FRAP-TS model of no fuel stack-cladding sliopage after
gap closure, thus, FRAP-TS5 calculates parall=] elongation of the fuel and
cladding. As a result, as the fuel surface coonls briefly due to improved
heat transfer after initial contact with the cladding wall, the contracting
fuel column forces the cladding intn an unrealistic contraction. |In
contrast, the measurcd cladding aisnlacement did not exhibit a brief
contraction early in the transient, Both the measured and calculated
cladding displacements remained positive, and did not return to the
original value. The reason the elongation did not return to the original,
pre-film-boiling position is attributed to cladding plastic deformation and
rod failure, producing residual posttransient displacements.
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4,2.3 Thermal-Mechanical Interaction with the Fuel

In this section the relationship between fuel rod damage and rod
trdnﬁiT cand%t1on is examined, and failure modes are described. Fuel stack
thermal expanswon, leading to high strain rate cladding rupture, was the
primary mode of test rod failure. Calculation of the thermal mechanical
interaction for Test RIA 1-1 serves as an illustration of the FRAP-TS
analysis.

The rod damage observed during the posttest examination of Test
RIA 1-1 included extensive cladding deformation; fuel and cladding melting;
irradiated fuel swelling; and zircaloy cladding wall thickness variations,
oxidation and embrittiement, and fragmentation. Rapid thermal expansion
and fuel swelling fractured and ruptured the cladding during Test RIA 1-1,
The contribution of fission gas induced swelling in the previouslv
irradiated rods produced outward distension and bulging of the cladding as
demonstrated in Figures 24 and 25.21

Clad4ing diametral deformation produced by hot fuel expansion was
significantly different and more extensive in the previously irradiated
Test RIA 1-1 fuel rods compared with the unirradiated rods. Deformation
was induced by various combinations of thermal expansion, fuel cracking and
fragment relocation, fuel melting, and fuel swelling in the previously
irradiated rods. ruel thermal expansion provided a source of axial and
radial cladding stress. Fusl melting produced a net volume i~crease of 4%,
and, in previously irradiated rods, fuel swelling resulted from the
formation of fission gas bubbles.

The energy deposition accompanying the test power burst and the fuel
rod thermal response to the RIA were radially and axially dependent, and
the pellet-cladding mechanical interaction (PCMI), established by contact
hetween the thermally distorted fuel and cladding, increased with fuel
enthalpy. Multiaxial stresses and high strain rates were produced in the
cladding by the thermally expanding fuel, and the cladding failed in
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regions where local stresses exceeded the ultimate strength. The total
claduirg strain in response to fuel thermal expansion included the elastic,
plastic, and free thermal expansion partial strains., Fuel swelling,
melting, and densification were generalized to the multiaxial stress state
in the calculation by assuming they can be represented as uniform thermal
axpansion,

To assess the deformation and failure behavior in the test rods, the
thermal-mechanical behavior of the rods was determined from computer code
calcuiations using test conditions as input. A detailec thermal-mechanical
history of oreviously irradiated Rod 801-1 was obtained from FRAP-TS
computer calculations and was assumed typical nf the behavior of the
companion rods in Test RIA 1-1,

The caiculated thermal-mechanical history gave an approximate
description of the relationship between fuel expansion and increasing
cladding strain, stress, and rupture. The fuel-cladding gap width change,
cladding hoop stress, cladding hoop strain, and test rod power are plotted
in Figure 26 as functions of time for the peak power position. The time of
fuel-cladding gap closure, in the calculation, coincided with the time of
peak power, The effective cladding hoop stress exceeded the zircaloy yield
stress about 3 ms after gap closure, and the cladding was expected to have
deformed plastically thereafter. The energy deposition produced a cylinder
of molten U0, that increased the fuel expansion and the hoop strain.

Both the hoop stress and strain follow the variations in fuel thermal
expansion associated with expansion of the cylinder of molten fuel and
conling at the pellet surface. The variations arise from the method used
in the FRAP-TS code to couple the fuel and cladding axial and radial
expansion behavior,

Failure was predicted by overstress in the cladding at 17 ms after
the time of peak power (prior to the time of reactor scram, the time of
peak fuel enthalpy, and the time of significant oxidation). Additio..
cladding strain produced by thermal expansinn of the fuel was assumed to
have been accommodated by crack growth in the ruptured cladding. Gap
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closure, at the time of predicted failure, was calculated to extend alona

the rod from about 0.17 to 0.53 m from the bottom of the fuel stack, and to

comorise about 3N% of the fuel stack length,

The predicted cladding hoop stress, and strain nehavior, are nlotted
in Figure 27 with the fuel and cladding surface temperatures. Failure by
nverstress was calculated to occur for cladding surface temperatures near
885 K., The cladding inner surface temperature (not shown in the figure)
was near 1400 K, due to fuel-cladding contact. Tne average wall
temperature of 1140 % (a + 8 two-phase zircaloy temperature region) is
above the temperature reqion in which a superplasticity maximum in the
zircaloy exists at ~1093 K, and in which large noop strains, uniform wall
thinning, and axial contractions are expected to occur.?®  The calculated
radially averaged fuel enthalpy at tne time of predicted cladding failure
was nominally 281 cal/g (peak local fuel enthalpy of 317 cal/q).

The multiaxial stress state in the cladding up to and after failure is
suitably approximated by the biaxiality (defined as the ratio of the
tangential or hoop stress to the axial stress!. The FRAP-TS calculations
of the rod mechanical history showed that a biaxiality ratio of 2.0 is
maintained until fuel-cladding gap closure, as shown in Fiqure 2?8, The
large changes in cladding biaxiality indicate that the cladding stressas
are complexly related to the combined effects of PCM] and coolant
pressure, The FRAP-TS calculation provides a remarkably accurate
description of the mechanical failure of the rods by overstress,
considering that tne mechanical models were based on slower strain rate
-3

materials data (» 1077 - 10'4 s‘]), primarily intended for the loss

of coolant accident time frame.

The deformation processes interpreted from Figures 25, 27 and 28

1

involve high strain rates ranging from 0.15 s~ before gap closure, to

2.1 s'] when the yield stress is exceeded (3 ms after gap closure),

followed bv a decrease to 0.64 s“

as the cladding begins to deform
plastically (temperature dependence of ithe yield strenath).? Fuel

melt ing produces a second, rapid increase in the strain rate (up to about
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3.1 s=1), which is followed by a rapid change in the biaxiality. Such
rapid changes in strain rate might oe expected to produce strain rate
hardening (an inelastic response) as the fuel heating and radial expansion
continue, up to failure (at a strain rate of 2.2 s'l), Evidence of the
high strain rate behavior of the cladding was found in the postirradiation
examination,

The wall fracturing typically observed in the Test RIA 1-1 cladding
supports the view that low cladding temperatures and texture play a role in
the high strain-rate rupture. Due to the very high strain rate deformation
imposed by the RIA 1-1 transient, too little time was available to
accommodate cladding straining, and higher cladding temperatures than noted
are required to achieve similar levels of effective strain without
failure. The through-wall failures shown in Figures 29 and 30 for
previously irradiated Rod 801-2 exhibit anguiar fracture. The FRAP-T5
calculations emphasize that appropriate conditions for ov.rstress failure
exist only during the earliest times of the RIA transient. The presence of
oxide on the fracture surfaces of the cladding in Figures 29 and 30
supports the view of early fai® -¢ pricr to the onset of fiim boiling
conditions, and thus support the calculated behavior.

4.3 Conclusions Concerning the Calculated Fuel and Cladding Behavior

A comparison of the calculated and measured fuel rod behavior for an
RIA shows that:

(1) The FRAP-T calculated temperature histories of the fuel emphasize
that enerqy deposition near the outer surface of the fuel peliet
has a dominant effect on the heat flux out of the fuel during the
early portion of the transient, and thus strongly influences the
maximum cladding temperature. This result is supported by the
posttest metallographic observations of fuel damage.
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(2)

(3!

(4)

(5)

The FRAP-T calculated fuel centerline temperature is in
reasonable agreement with the measured fuel centerline
temperatur>, when compensation for thermocouple response time is
taken into account.

FRAP-T5 overcalculates the amount of molten U0, present at the
axial power peak location in a test fuel rod subjected to an

enthalpy insertion of 285 cal/g during an RIA at BWR hot startup
conditions.

The measured temperatures were lower than the calculated peak
cladding surface temperatures, suggesting that other effects,
such as thermocouple cooling fin effects, were significant.
FRAP-T5 does not contain a thermocouple compensation model.
Thermocouple data should be adequately compensated for error
prior to comparison with FRAP-T calculated temPeratures.

The calculated thermal-mechanical history determined oy FRAP-TS
provided an approximate description of the relatjonShiP between
fuel expansion and increasing cladding strain, stress, and
rupture. Some variations in the behavior calculated by FRAP-T
arose from the method used by the code to couple fuel and
cladding axial and radial expansion, suggesting that the code may
have modeling deficiencies such as in describing fuel
stack-cladding slippage after gap closure and high strain-rate
materials properties in calculating the fuel behavior for very
rapid changes in conditions as induced by an RIA.

55



5. CONCLUSIONS

An understanding of fuel response to normal operation . . off-normal
hypothesized reactor transients in light water reactors in ¢ important
consideration in reactor safety studies. This report has presented the
analyses, interpretation, and discussion of results of steady state gap
conductance tests performed to measure the effects of fuel rod internal
pressure and fill gas composition on fuel temperature, and the results of
transient RIA tests performed to determine the extent of fuel rod damage
and modes of fuel rod failure. Test fuel rod behavior was assessed from
comparisons of FRAP-TS calculated behavior with instrumentation response
data and posttest metallurgical observations. In this section, conclusions
concerning the comparisons made between FRAP-T calculations and measured
fuel rod behavior are presented.

The major conclusions obtained from this study are summarized for the
steady state gap conductance tests as follows:

1. FRAP-T5 generally over predicted fuel centerline temperatures by
3 to 7%, within the experimental error, for a raige of xenon
concentrations (0 to 10%) in helium fill gas. Divergence of the
calculated centerline temperatures from measured values at high
xenon concentrations may be attributed to model limitations in
the option chosen for comparison. Other models currently in
FRAP-T need to be investigated for a better assessment of the
FRAP-T performance.

2. For the measured effects of fuel rod fill gas pressure and
composition on the steady state fuel temperatures, FRAP-T
calculations showed good agreement with data for fill gas
pressures in the range 0.1 to 5.0 MPa with gas compositions
ranging from pure helium to helium with 10% xenon, with one
exception, where the fuel behavior underwent a change above
2.0 MPa in the wide gapped (0.23 mm) test rod.
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Conclusions for the transient fuel rod behavior are summarized as

follows:

1.

The mode of fuel rod failure for rods tested at 285 cal/g during
an RIA event was strongly affected by previous irradiation and
the peak fuel enthalpy. Failure and loss of rod geometry
occurred in both irradiated and unirradiated rods due to
mechanical overstraining of the cladding, followed by partial or
total cladding wall melting and oxidation embrittlement. The
FRAP-T calculated rod temperature histories of the fuel and the
posttest metallographic observations emphasized the effect of
energy deposition near the outer pellet surface on the heat flux
out of the rod which strongly influenced the maximum temperature
of the cladding.

Fuel centerline temperatures calculated by FRAP-T were in
reasonable agreement with the measured values throughout the RIA
transient when the thermocouple response was taken into account.
Comparison of measured cladding surface temperatures with the
FRAP-T5 calculated temperatures showed that the calculated
temperatures were higher than measured values, suggesting that
other effects, such as thermocouple fin effects, were
significant. The FRAP-T code currently does not model such
thermocouple effects.

FRAP-T5 overpredicts the amount of radial and axial fuel melting

in U0, (nominally 94% theoretical density) subjected to an
enthalpy insertion of 285 cal/g during an RIA at BWR hot startup
conditions.

Pellet-cladding mechanical interaction induced failure due to
high strain rate deformation was correctly indicated from the
thermal-mechanical history calculatad by FRAP-T5. Some
variations in the calculated deformation and rod elongation
behavior arose from the method used by the computer code to
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couple fuel arnd claa..~ axial and radial expansion, suggesting
that the code may have ..e modeling deficiencies in describing
the fuel behavior for very rapid changes in fuel rod behavior
induced by an RIA.
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APPENDIX
FRAP-T COMPUTER CODE INPUT

The FRAP-T5 computer code is a modular code composed of a number of
subcodes that may be u.ed to iteratively calculate the integral fuel rod
behavior. The program was used to determine fuel radial temperature
profiles, fuel rod axial temperature profiles, fuel cladding gap
conductance, fuel and cladding deformation, and rod internal nressures to
assess the capability of the code to predict measured fuel rod behavior.

This appendix contains the fuel rod input parameters used in the
steady state and transient FRAP-1 calculations.

63



POOR ORIGINAL

1. GAP CONDUCTANCE CALCULATIONS

i 2 3 4 9 ° )
23486 7890. 3!4%7"0121‘5675901Z'IQ‘AP.'VJIIQ‘-&': 789012 349%07 l‘01230507l°0123~507.98

1 1 b4 L} o 1 g 2 o v e U Q
1 0 G 0 ) 0 0
.0 [L) 1.C | lo‘.'.’ oo‘t’.‘ 300, 0.1
l ‘21-5 D CC"! 0.0 12-15-3 s 0-') . CQ° C.O -
1.086 1.2837 ‘ *
Let=n
6 i 1.0 s o i A P TL ¥ o LR o iy
‘30 IOO 50 J . —— a..n‘-‘-.-‘aa‘a‘l-...‘....‘o.‘ . e & -d » - AR W e »
i+ Q TN ° !Ns: DXAIET:A?CA’
- ‘- .
. '.enesu. 5°?. ‘o r!!v 4 a1 e 7= o A AL RS ety ¥ e
3'.21):3 O (<] 200 1.8 rn
310‘1%‘ TRY LU CAHOh AND TESH lmu'nn
" A Sw lNC"E"tNI‘ ald = YUMTS An TeRs Wb e e Y ey
oi0l0201 1 0. 4 9 0&3 3 ) 0. COSQS 2 0.70439%
. anvO‘alHU‘ QvERL2Y
‘:xo.ngl L 'Y 3
® SCuxCe 2w uuu u{sulw'lun ;A-Cz L ackl e TR - A=
01610401 o.8 '333 3 2.172 L) 1.032 L]
UlJ1)e62 b ? 7 0.C 0.C
¢ InITiAL 'mnuma.: ols RIEUTIQN
NG TN 399, Svmenn Sowgn - i W e —— . -
¢ ( 6
.98 . 40,0 199, ,
0.9 . «%0 " = LelHd it + ¥ | Lect . 19 wrier "
10“ ‘- ‘. "" "1 . Ly ‘ B i u
Q K %
L $:° leldlt - 136 O p——
" ~ o » - w— - i e A w—— e - -ps -
!.ccs. 2.4 « ‘300: Ao ,M'. Vol . A S =P L R T
700 . 0.C . l)CC.
23343 S -
. o 4 S e et g o S WA+ e~ AP
.00675'. 2 (SRR .1:-.‘»-0‘1-—. I S, “é ’ - B -
ik 1.
L Fle) 10.2 J06F7 0.1 7.9€=2 l £-2 257,
57 R L L S " i g SO a1 - et
: L e e e p TR L T T e
vie @D CODE CENERAL [NPUT 3%% ' g o T
IPLT (5 IW S. 1. UNITH ————
G Y, TR vy - - - e -~ - -
NURRER 35 Fuil RODS . e e e = i .
PUPFRIR GF FLOW € aNmL$ . ;
. i Y . A AN, AR X ; i e R on
NoMBER OF SMIAL NOBES . M e st - ; N . 1
Eufl DEFCAPATION BEL TYFE o 2 .
FREE TrERMaL EAr ANS LN FUEL WWRUA=ATICON MOOEL SPECIFIEL
FETAL-WATER PEACTION CALCULATIONS SUFPEEiSED e e
FOITFIE0C R05S 2%0 STOUTE A00CL FOR CAP CONGUCTANCE 7O BE WSED - =~ & i o T T A Ve s st s e
GsS FLOW PODEL ABT TO WE USED - INSTANY PRESSURE EQUILIARIUS ASSUND e e e & it

64



POOR ORIGINAL

vev N Plals TURNED ON *¢°

- T L P Somir. W

VeSSV INNOBIIIONR T diber VW J%oﬂ"..“0'0..‘..."‘.UOO...~.i.’....ll..ll‘.l‘.l."....“'.‘...........

sesvevesen LPELLOO FLAG 1S SET TO  COFF Y ¢
T i ‘..a;»\c,.n»...a.c.oo-cov.ooo-oo:yov.oovo.o'000000.-000000000!0.0000‘0!00.00.....OO!C

ao.c.t!o‘00..000'..’.0'0'0.0..O.l'......‘..‘.....“".’.’.‘.‘..’..O....“‘...O...‘...0“........‘.‘

SUTAARY Or :u; LAL. S* LititsllOns Witn Tnk SPELLY IBD UPTILW NLNE
X P
e S L s g ”, T
; CFF . N TR AN SN N VTS =ik | g e RPN
. " . - g -
’ UFF -+ 3 .
g £
'o 8 - - - > -y Sy
11 LFF ” B 3$ 2
¥ 4 8 ,
13 > &
a4 . . e
16 LEF e RN o s o2l v
Y '
2 e b
8 v N LR
l‘ I"‘. .1". » - n - -'J- - b1 L .
0
1 “ ¥

o g : S e
: svdaduenibattoseeyaest s s elosetacs bebetcBecid CPAEPD(OAC a0t ot 40t EtUBOINIDETESS

eENE<A. UATA
B§aTl P<OB.Er NIMBER . i

NU“BIR @F FESM POINTS | TS TR SN YO TR IS T PN TR TR
.". * TRY TYPE « L !»Atzl;a&‘:’”:,mwﬁ‘&. D e P P —
LEET BOUNDART COORD. - . > Y , o=
§0u5C- STALING FICTOR = L.3CCCU@e0N
TOTAL !NTEG. SOVACE ’..7',‘57!_~,.' ARG < 5 s <3 e ke R S R et
Da’y FOR STHADY ST TE TALCVLATIONS _ L A €1 T s :
Mix “0. i ITERATIONS - 200 ? ¢ PR e Y 1 -
AVERL MCE CRITERION - |.8L L E-D0 * '
Bi' FOR TIW DEPENDENT CALCULATIONS g - e SN
MAX NO. OF ITERATIONS + 200
R | ST T S g e T T N RS e e - " 4-_'- _
ConT<ac YOID 2Re 50w idry ROR PURE -+ - 1 g TUAT DO PR Ty s R R
RABIUS UF CenTsad D s «s0%IuGE-ue §T «93000GE=-03 W
LBeE< ELoVATIUN OF CENTxAL YULE ™ o33omlets@q FV 7 750  <102000ke0L M
o Re tLEvAL LN OR CENTRAL vu'u = .o2llelbe0l ¢} L1253706CL P
T SR T . T T




rads

POOR oRigm

¢. - COOLANT CONDITI NS 2%

NEWC - 0 ENTHMALPY RISE OF COOLANT WHiLE +o NG, vast tun. » 005 Tu ek (crnuc. BY Féa?

CRITI s Me 1 #ob< OFTION e O chic WaLL + 15 J.-l..L FLUR SHAPE
€ =% = F (uRSLATLDS = 0 MOGS/ avn1h ..u.ununaun
POST- Wi HEAT TRANSFER CODE = 0 RTINS PR D

vium {Ewy .

~ i E¥ L3 ¥
VURBER 0 GFAM-POLES OF GAS [N FUCL ROD ® 1 - 42962604
COLD STA™E VOID oL PE OF FULL ROD seessses IN(HRt e 2] 0NNt el]l Phoed

66

RN

(R
. < *



?. REACTIVITY INITIATED ACCIDENT CALCULATIONS
R Sw | _3-_ 3--61eezu3uene81236‘onqz‘z3~snng RS,
- i uw'enobxz3~5e7cszu-3~{§n?ln‘ﬁu?ﬂ;z “",0 . ..o_ b c.
e sy b0 8 4 _aka udo 8% e il
: 3o géiof.: E&mu t.cnau.:nc:lm:'_u.fhr i T ni8%iec. B |
: 55§§ A TR -%3* i
. = gh § ?i § "mnm T ..:c.u:!rm 2
R i T P :§fc 1 L i 114 T T - §§§§ B D
- ool 0 12 . e - TR
Ll ity - -l e ] e =
i ‘*°§§~§;’ O A R
2 3t ] ik seb 1} x;v "ﬂol PACINGS o . . A g
§§§§g;§§ i}.ga’:;s& it T L PPl .mizu‘i?ilﬁis Cn
< . F] it A : I
¢l i 2¢g 3 "M
%?g géi c:zgi ¢t 2 25;2:} ; Y"mﬁéﬂ??@,“”{r} fﬁcu 30
- ‘gé i gig'-h °°:1ngm,m AL ST LITI TR
gl “;-' R ;ggg (T ;‘fa:iggzh §;§°§tc .
- 334 - = 318235 r0.02027 5 234G, o - oian S8 L
If}!g? : 232 - }ﬁg ot agiee re }ii.'::? i o ﬁsgz ; i 2
L P "_gii.i —
X 35:5’3 §.ea4g ~he.430. 0:éa ars i 9123%? BT V08 | P et it
Tl e 11T T :tg %‘1"3 S — S-o01 “ M——
PR S 1l 11 =il ;zan ..... ik |
e 3§§§§* | =§§§§ g f*mé 1 s i it 11 e
= i :“_1-_“--'" Kins =-* — A R
= "“‘zzmmﬁ;;unnhzassqn 8;51«;.:;933939, TR““""‘“?’P.’E.?}‘.’E".“’.“;';;;*v..'._ &
I e ST .
: -§1§33;§3§2- '—“.....“",;:. ,xmrm::_.r‘?r‘“ﬁ'“o: J~- =
e 17717 69 B-06.096 E¥00L 0343 TTEOCE T il e
) et &-Ed 0233 L o T I—

POOR ORIGINAL




-

PRSN
L

i 1

POOR ORIGINAL

- » - - - - -

e i St ad R g L TR DN T ‘ LGPy 5T g TR e .- i
. i  p—— o I o .
- ARy, AP o Ty % 32.:.'.‘2". e N T i e e s = &
o0 0L CDGE GENERAL INPUT oo¢ s 8 R A ; = .

INPLT 23S IN 5o 3o UNITS 0 ':".'.:.:’;;1':::.mmw"”’“m'rfm"mm
NLRBER CF FUEL RCCS PRI T sot L = .o - S . it v R B T - s
NUFBER CF FLOW ‘Mlﬁll"‘" s P4 g R s S mmmm 5Iﬂ'ﬂm..‘._...¢. Sadh .
NUMBER CF AXIAL MCDES A PO * Shtpatie S e o 2a IS ST RS LTRSS o ek

AR AR #4 s 0t R ..:‘2.‘!1, W mm’m

e e —

r“t Fﬂ::f'g:a:??& }L! """3"‘,“1‘,:‘%._}&:1: =

R il ? m P'm:" P~
CATHCAST CLACOING CXICATICN MCCEL SPECIFIEC © T T T »
g Y R T LT, .Tz’m. ~':_u::':-'
WoOLFLED RGSS AND STCLTE POUEL FOR m «.uucuc‘huu ]0 i‘i'useo e B =

e e I T r*mmm *t.....xrv—'j_m;!:::"’:::;: 3
Cas FLCw COEL TURNEL TR ’ PR . »
e —— e TR LIT T TR DL

BALLCGN CALCULATIONS snnunnwss FCNI SUBCODE SFYER.CLACQING nnuu 1'37';2 TN TIATAREDX

=Rl il . e it St b
FLEL COMDLCTINVITY tclltcus FOR cucuhc ucuﬁcrne 10 E',:,n- ST Lt -
" 3t slnam i o itk ...1 "'mm.;
INaTIAL TRRE T PR s’r_c, T Yy T L e i
FINAL TIME _ ot 2300000 o0f sEC T T e SR o I
I «QM ..... m.”_-, -
MCRRALIZEOC uu mmm*wntmmmrmt a0p ﬂut"‘lf'-'Iﬂ e
e RIS U AR —— T * PR P-—"q—nw Wy -
Y S S o~ L ST ol
eee N CidlS TURNED ON ey Nt TP
¢ B g MMWLJM*M;:&@,W’ -

uuwuouooouuuut“uonn“l““nlu“ﬂ‘“lﬂl‘lo"nnuuoﬂnouno“‘tn““nn“«nooo
o RS oo APy . Wb A NS SR STy o ety
vilbbess

essens LT L

';"‘*..* f'r."wr'"rwmvvn 1mm""'
P e % e o AT ST . e WP AR

e “'"WWMWW
Faters A ———

. - - -— —— e ———— T — n.-p.“ w .—v-—-wv——-’—q'-. Ve —

- e . 5.8 88 P ORI = i e Dot pyasin i—--.“_... R A A

———— ——— W W TGS '-',,. —— ——

i 7 ————c Ty Y T ———
“sen ouﬁo‘ﬂl"u“h ooou?’inu’iuu)“olooonuuuo
THE. UICUIII GP3IDN . -« NONE. -« ou- .

.000‘00.‘.0.0.0000.0.0..‘.‘.....O......

.. ‘
SUKRART GF TR LACE SPECIFICATIONS S

e R ] B st e~ WW
o i 13
A kE-
- ‘ - = 8 ook
==l ——
e, ot '
g | 2112 T
! Saard | | g ol T AT T AR R T IO
= | et v{;— s Y T X T T S e
s g R T e —— RESEIT S
e | e || B = i — Pupadp s s Poti e o i
; ;Ez s, it g > 7 AT S g i e ATy e G i P 2 egl LI
" 1 P

e+ RIS D, - £ PR o s =S T LT TR L TR TR R R TR,
g_nnnouuuuuounnoounn”uu«nooouunﬂunou“uuoonuuuouo“n«nonuuu-

68

LS 0‘“0.“,mm.“.ll...“.‘..‘...Il..“‘...‘.‘..‘.000000



POOR ORIGINAL

—— o - I
e . —

- — - - g—— o -

(3]
£
i
'

S e . - - N . . ais 2o o -

L ol

PRC
LSt
PRCPE
Wt
CE

ity 1t i ot P

s J THERMAL PHOPERTY CATA 2 ~ ~~° 7 T S
, 4 {4 14 40811+ Tt }:Elﬁt'E::é .h gh Lco {l'gu °222.€m. atndindhesiriseita
- £t 1Y RARNE B0 ThEanill Eonlbliadidse —8°. - It hd by o A et 2“99‘5.“‘-;1,
L ecnnien gl o A bt e s B o e |
. i e =~ e, e TR et
CLAC CENSETY » 4,09564E402 LEM/FIes3 6 S6C2E*03 RG/meed . ; ‘
" GAS GAP HEAT CAPACITY = 1,200E-02 nwswawu Jipeeiln “..iziim":"* e
T URLEL RELTING TEFFERATURE = S117.8 F  _  __3098.4 K. i '_',f,_' SIETPRERNECE B
PUEL REAT CF FLSICN = 7.6540E+04 BIL/FL0ed !__-ln'hm unfoz e e s L
CLAD Mel .#G TERPERATLRE = 3317,0 F sy T N RS- s
BRAC, "EAT oSG TN o p Bese el MILAMIT) o g e 4160409 Jamaed. o
INITiAL INLEX = 1T INTEX & ™70 T T ARRAY LENCTH » 7. 13 T . ARGLMENT
Tapit CF uuts : T T T U N 1w AP Yo W SRy -~ e ST
i 98 353%25 TR 1T T 4 T T i2°388 198 lseeeed T oasec
e gl R T T I R T ST ST T T
At oo A . s i -8l it A Bl NI e

: L . S o e e i B mm.&mrs 3 e s~ M il 3 5. P
i o 1 s b S TN Wm:
_ == LISTING OF INPUY DATA FOR CASE 1™ "IUC @ P ETDNN T ETTD it 47 ot A PP IS Ay
M SE.SI;!'IY! Smxo ,rgﬁ.lnmcmz-“m.. i .

Lw i "V"‘""‘"”'"-" . - mey &« .

il 4 xwzg.graﬁm.a&z Bl e

e

¥
!

i% ~ S T
it wmf.{mmmﬁu R
D AR L B
T e
LT s s oo T sl e T e Te T B T o o tir o wire R AP § SIS S
e s ey e e I S T T T T TR
 CENERAL DAY T T T T R N R T T T T T T T
MEAT1 FAOBLEN SUNEER - e T T S S S T T R TN RS T
NUNBES OF MESH POINTS -~ o 16 . 7n SaveSouosrr oamumy o SRR T LA N T
= CECNETRY BYSE TS STLANAA uuum;a-mm..: T T T T
LT LERT BCUMBARY COERDA. BT PN M I R LT R T S
G T reELECE. SCALING KACTOR ~ éT7 1S 00 0T0EN 00 N T S R O T
s TOTAL-INTEG . SCURCE ¥~ €. 25236E=0% T T NSa S gy o 0 7 TS T T e
CBATA FCE STEADY. STATE CALCULATIONS™ mmmmmr;z:;
« e oo RAR NGe OF ITERATIONS & 200 . I IramETR s Iy R A AT AT T
LS CLNVERGENCE CHITERION o7 c.oocect-m..:::zm.xm IR, SmTLILE T
L DsTA FUR TINE CEPENCENY CALCULATIONS . Lom ™™ “IIWa i Ua MOmL oo™ 7 : :

[}

OOV IOV

- . -~ - \-\.A -

Sl 3R .‘*trrvmm

¥
D e !
wﬂ’M\ltMﬂ-‘
i

e

ST RAZ NC. OF CITERATIONS e 200 70 L.'.J.."""' -l 3'."... o SRR T URDT ::':'r...:zm'r.z.“ ’“.:.’L’EL
b+ T TN R IR Bk el b st e s it B SRR TR RONIL T ST S AT I SERSEITY T T

66



POOF, ORIGINAL

L]
4 T . s, 1 1 SR A v 57 ] T AT B DA Y B0 oo F e T 3
< e¢¢ CLOLANT CONDITIONS #ee N N e
NiwC * 2 TRANSTENT CCOLANT CONCITICNS YO s& O8TAINER no- Auuun SATA SBS.:. TR TR
* IFERMAL=FYDRALLIC PRCGRAM YULLMES USEC YO SPECIFY AXIALLY VARYING COCLANT CCMOITIONS ALONG LENGTF o
CRITICAL FEAT FLLX CPYEON "« i3 U COLD WALLTNG AXIAL naou RS AT TPt~ T T A LA AN
v C =W e §F CORBELARIEN 7T T R WUSNES L TONG B S EDE T, TETSTTUIIDIUONTTEITIT 27 DT
.. PCSY-CwhF rEAT TRAKSFER CODE . » 1 “GRCEREVELE ECN. 3.7 Js.ucu.!:‘ m Bt oo e, TETCE |

2 L
!

1

eee CATA FCR_ 3. COCLANT CHANNELS ®o® _ " A SNSULW Rr T Imn DV JIZTmT

- CrMMEL ECLEVALENT WEATEG CIAKS TITHY muuu; ‘ﬁl}.ml'gecnftmmt‘f@ ‘
¥ F M0N0 "'.ﬁ".f.'_’.‘..'f’f. o AAA0AERD2 o Ha2eM8E-0 p 1029206007 o 1e2536-08 o o
T TS BT SRR SN I R S T IR Y re
T T R G TR T S T S T '*““,.'."zz R
o e L TR e TR ST I T
T T R R R R R R T A
o0% AP CCNDUCTANCE SUBCODE INPUT 48 ~ I r NGy SOl S e sy s A, "Iy ™ T
AKITHMETIC MEAK RCUCFAESS OF CLAODING (MICROMSITRLZLIIVGE4GL - :.:::'{"..:L...‘w e
ARITHRETIC REAR FCUCKAESS OF PUEL  (MICAGN) ¥. oBZEESGd 0 ™= & 770 © "
e r'mwm -

8% GAS GAF DATA o9 . ~"t--;:‘:;x'm*"ww* T - T RIE -
13 CAT# FCR RCU

TR O T o O i

PLENLK WCLLEE » 1L642E-Q4 FIOeITI A SN0ESDE NS

T .nﬁ-"’lﬁ"&'ﬁ’ﬁ?

s . L-u- X -

GAP PRESSLEE ® Z. TSCE#OL PSIA (™ 1,698EWC. NZA®OR ™ ) JEiRummn WG T iy QAT LI T

SPRING LEMGTHS JL781E=CI FYLTOUI2aA30E-C N

CCIL QU SPRING = 2,€22%E-Q2 FT. 4 c.coos-crumm """!‘»'I{"Y R s e o
NLPBER CF CCILS & X TE ST TNT v
WIRE CU OF SPRING ®» 3,346E-CT FT 7 ' ( Je0Z2QE-0F NI il IS AL oL r 200

ﬂCl{t Flltllﬁli 2! (13 Cﬂl'i!}?ll «..Z?U'“ TP .“nw}:m:éa.m..

K
5‘70& sCC J0E+L0 G, . mc._.. Pl afl NI A ‘.'.__,.T;".,.

e e R L R R R T L R N T T
NLNBER CF C.l!*lCLES CF GAS . IN FUEL RCO @ 1.5 T UASSSLE~QY YORSTITITTTT O L

ey, BXUT

we CCLE STATE vom “thl OF FUEL ROD# L4320 nmmmumt..mw TN I

A VBB - B 5 A

.

70



