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! FOREWORD I

- |

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 code 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 posttest code
calculations, and by qualitatively evaluating the code from an ,

,

i "experimen;er's" point of view.

The planning of each test depends on the FRAP-T pretest calculations.
Improvement of individual models in the code necessarily has its basis in

i the measured data and the observed physical phenomena resulting from the
1

1
tests. However, elapsed time from the test planning stage until qualified

I 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
1 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 en assessment of the

i :apability of the code to simulate fuel behavior,
J

|

Discrepancies between the fuel behavior parameters calculated by the
'

FRAP-T5 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 also been assembled. As more test results are qualified and newer

i versions of FRAP-T are published, evaluation of .the transient calculational
capability of the code on the basis of test observations, will continue. j
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|ABSTRACT

A review of the ability of the Fuel Rod Ar.dlysis 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,*

Haavy Boiling Water Reactor to study the effects 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.

.

e

e

I

v



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-T5. 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 the 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 unexDected *

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 presented. The test fuel rod behavior was assessed

using comparisons of FRAP-T5 calculated behavior with instrumentation
response data and from posttest metallurgical observations.

The FRAP-T5 calculated rod temperature histories emphasized that the

mode of fuel rod failure for rods tested at 785 cal /g during an RIA event
at BWR hot start-up conditions was strongly affected by the peak fuel
enthalpy. Peak fuel centerline temperatures calculated by FRAP-T5 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 coolino fin effect, not
currently modeled in FRAP-T5, were significant. -

|
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Pellet'-cladding mechanical interaction. induced failure.due to'high4

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-' ' *

3 - . 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 fuels 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.1 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 conducted as part of the Thermal Fuels Behavior Program of
EG&G Idaho, Inc., and sponsored by the Nuclear Regulatory Commission's
Water Reactor Safety Fuel Behavior Research Progrem.2,3

.

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.4 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.

.

.
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l'
2. _ CODE DESCRIPTION _t

.The FRAP-T. computer code was developed to describe the transient
, behavior of nuclear fuel rods.during hypothesized accident conditions "

u

ranging from mild operational transients to design basis accidents such as
,

the loss-of-coolant accidents (LOCAs), power-cooling-mismatch accidents i

f' (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
M00005;. Version FL1130) developed from succeeding versions incorporating,

advances made in-fuel rod modeling and response. Whenever the designation
,

FRAP-T appears, FRAP-T5.isJimplied, unless otherwise identified.
;

4

j FRAP-T is a modular code utilizing separate models (or subroutines)
for each user-specific type of computation and ansiysis. The code is-

I . restricted to analysis of zircaloy-clad uranium dioxide fuel rods linked to
; the materials properties subcode MATPRO.5 FRAP-T iteratively calculates
4

j 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 code 6 and
,

increase in internal gas pressure, thermal expansion of the fuel and
cladding, and cladding oxidation.

~

; r

Coolant boundary conditions required as input by FRAP-T are coolant
pressure, inlet temperature, flow and c.,Rhalpy histories. These variables

,

} may be obtained from the results of a thermal-hydraulic code such as

} RELAP.7 No ~ restrictions are placed on the power or coolant boundary

[ conditions of the fuel rods analyzed.
l
!
1- 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
,

w .

.

| operating parameters of irradiated fuel rods required as ' initial conditions
:
.

; a

!

!

1

2

L
!
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L

7 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
j transient is' determined through a self initializing (steady state)
4

: calculation. Tne time is advanced according to an input-specified time
step, and the fuel rod status at the new time is determined, providing the

f . initial conditions for the next time step. The length of the rod is
divided into user-specified axial segments'(nodes), each assumed to operde

; for a single set of conditions over its length for the time step
iteration. The fuel rod power history b 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, fisd on gas-1

{ release is determined af ter 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.
|

!

I

s

1 '

*
.

/

:

3-;

i
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.

!

;

~

Input data,
*

are specified
.

.

1 f
<

initial conditions
are computed

:
I f

Fuel and cladding
temperatures are computed

I f
_

Temperature in fuel rodi

plenum computed
;

I f -

Fuel and cladding_

deformation is computed'

.

If

Internal gas pressure
is computed

i f

Fission gas
release calculated

I f

New timestep

INEL-A 12 551

oFig. 1. Simplified FRAP-T5 flow chart of the calculational procedure.

!.

:
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r

The next version of the FRAP-T code is FRAP-T6, currently under

development.a The developmental version used in the calculations
presented here' differs ~from FRAP.-T5 by' incorporation of an updated model of-

bgap conductance ,.instead of-th'e modified Ross and Stoute model, and a
! nonunifonn gas ' gap instead.of a unifonn annular gap, and is a preliminary

version of the FRAP-T6 performance code-expected to be . issued at a later*

date..

I

FRAP-T6 (MOD 6)' version 7/9/80 Configuration Control-Number H-0024838.a.

b. Pacific-Northwest Laboratories GAPCON-II gap conductance model.ll>

;

!

4

'

4
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-3. FUEL ~ TEMPERATURE UNDER STEADY STATE OPERATION

The' gas gap conductance ~between the fuel and cladding is a majcr
'

.f actor in determining the fuel' tenperature under all operating and;

transient conditions. Heat transfer from the fuel primarily determines the

i amount of stored energy.in the' fuel. Stored energy in the fuel is a -

j controlling factor in the nuclear fuel rod behavior during accident
oituations.'

.

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 behav'ior' studies in the Heavy Boiling Water Reactor .in Halden, Norway'

;

to measure the effects of fuel rod internal pressure and composition on
fuel tc;..p:*ature.12 The Instrumented Fuel Assembly-430 (IFA-430),
operated in tne Halden Reactor, is a multipurpose assembly designed to
provide information about the effect of fill gas pressure and composition
cn 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-T5a 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

t composition and pressure were varied during actual nuclear operation which,
i

removes the uncertainty in rod-to-rod variation present in typical tests of
tnis type, and permits a wide variation of pressures and fill gas
inventories.

,

i

I The FRAP-T calculations were carried out using the default deformation
model option of the code. -The FRACAS-I deformation model (M00F0=2) was

.

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

.

b

{. 6

;

. . . . _ - ._. . -. - , . , . , . . - . - , - -- , - . - . . -
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:I
:

Jred which assumes no stress deformation of the fuel (free thermal',

|
Expansion) and no fuel relocation, one of severed models available in the
FRAP-T code. Another model, specifically, the' FRACAS-I with cracked fuel

.

thermal conductivity and fuel relocation options (40DFD=U, 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-

i - 'MODFD=- option,-'this option was not used|in the present analysis. Based on
general experience, the M00FD=3 option is expected to give better
calculated temperatures at higner linear heat ratings.(30 to 40 kW/m) than
for the low values-(<25 kW/m) used in this analysis.13' 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
j internal rod pressure equilibrium was assumed. A central void was

specified for the problem to account for the fuel centerline thermocouple.4

'

Ten radial mesh nodes were used to describe the fuel (7 nodes), gas gap
(2 nodes), and cladding (3 nodes) behavior at each axial node.,

! .

j 3.1 Gap Conductance Model

i -

Changes in the pressure and composition of the fuel rod fill gas as a
function of burnup affect the gap-conductance and fuel ten erature. The

models used to calculate gap conductance include the effects of increasing
i pressure.and contamination of the helium fill gas with xenon fission gas.

The model for.the gao conductance used in FRAP-T5 is basically a

modification of.the formulation due to Ross and StouteI4 which, for

noncontact (fuel-cladding) conditions, assumes the gap between fuel and
,

|' cladding is axisymmetric and that heat is transferred across the gap by
,

j conduction through the gas and by radiation. Thus, in FRAP-T5, the gap

] conductance, h , is given by
.

! 9

:
;

-

4

9

,

i

! !
:

. . . _. -- -- - _ - - . _ _ - . - . - . .
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k
L -(l)(q) +9I+hh =

,

g t & #
2q_

where
-

h oap conductance, [W/(m *K)] *
=

g

conductivity of gas in gas gap, [W/(m K)]k =
g

qao thickness, (inm)t =
g

q) temperature jump distance at cladding inside surface, (mm)=

temper ture jump distance at fuel outside surface, Imm)9 =
2

h radiant heat transfer conductance, [W/(m 'K)].=

The radiant heat transfer coefficient is computed using tho following
,

equation

h = oFe (T + T ) (Tg+T) (2I'c

where

2 4Stefan-Boltzmann constant, [W/(m .K )1o =

emissivity factor, (dimensionless)F =
e

temperature of outside surface of fuel, (K)T =
g

temperature of inside surface of cladding, (K).T =
c

Tho emissivity factor is computed by the equation
.

.

8

4



= + ( - 1) (3)F ,
e

'

where

emissivity of fuel surface
* c =

f

emissivit.y of cladding inside surfacee =
c

outside radius of fuel, (mm)r =f

hside radius of cladding, (mm).r =
c

The' tee.perature jump distance (g) + g2) is computed by an
10empirica!1y d -ivcd cauation in the GAPCON-THERMAL-1 code

1/2q; + 97=5.448yj (4),

N.

where
.

p viscosity of gas in the fuel-cladding gap [(kg/(m+s)1=

pressure of gas in the fuel-cladding gap, (MPa)P =

temperature of gas in the gap, (K)T =

molecular weight of gas in the fuel-cladding gap, (kg).M =

The gap conductance model used in FRAP-T6 is taken from the
llGAPCON-THERMAL-2 code. The gas conductance and temperature jump

distance terms and the assumed pellet location within the cladding differ
from those used in FRAP-TS. The gap conductance in FRAP-T6 is

.

t

9



k
+h (5).q"t + 1.8 g) + q ) >r

g 2
.

thus differing from the FRAP-T5 (Equation 1) model by a coefficient of 1.8
in'the temperature jump distance. -

The thermal jump distance model used in FRAP-T6 is taken from

GAPCON-THE0 MAL-2 and is given by

k C
9g.= (6)

fd 1 = 1, 2; j = 1...N ,

\d I/

where C is a constant dependent upon the units of k , P
g j is the partial

pressure of the jth gas component N, Mj is the molecular weight of the
th the acconinodation coefficient (a function ofj gas component N, aj

temperature), and T the temperature at the gas-solid interface (beforej ,

temperature jump). For a mixture of helium and xenon gases, the

accommodation coefficient is
,

'M.

He} 128 * "He (Ij = ( Xe -aa '

where the component gas coefficients are

= 0.425 - (2.3 x 10 #) T (8)a ,

Xe

and

a = 0.749 - (2.5 x 10-)T. (9)He

.

The gap coaductance calculated with FRAP-T5 assumes the pellet is
located axisymmetrically within the cladding. The FRAP-T6 model assumes i.

the pellet is located one-half the fabricated gap size off-center within

10

|
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.

I

' the! cladding and-calculates the average gap condu~ctance for the non-uniform
~

; gap. The. pellet.and gap are divided into three pie shaped segments, the
'gap conductance is computed-for each segment, based on the average gap size.

-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.
1

I in both the FRAP-T5 and FRAP-T6 models, the conductivity of a mixed i

l5-' gas is given by
i

!
N - k -

g
E (IO)

,

j k
mix * i =1 N x

j.

1+ I $ Id
-

*i.j=1| .

j=i
|1 - ,

I
j where the coefficient $ is

$3

!

g - M ) (Mg - 0.142 M )'(M
~

$ 31 + 2.41 (11)1- $jj = +33
(M + M ),-

,

4 j
.,

2

i

; with

1

1/2 M 1/4 2[ jkg3 $

/
(12)$j3

=
1

3/2:().,g-M )l/2i*

2
j

!-

:
.

: and

:
1 number of components in mixture
|

N =

,

M I'd th th' molecular weight of the i and j chemical species=

.-

4

- 111

-
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I'd th thmole fraction of the i and j chemical species=,

.

k I'5 thermal' conductivity of the i th thand j chemical=

species *

with i / j.

The thermal conductivity equations of the individual rare gases are
based on the correlati/e work of Gandhi and Saxena.16 The resulting
expressions are

10-3 0T .668 (13)3.366 xk =
nelium

10-4 T .872 (34)
03.421 xk =

argon

10-5 T .872 (15) .

04.0288 xk =
enon

-5 0.923

4.7?6 x 10 T (161k =
.

krypton

1.2 Comparison With Test Data

The FRAD-T calculated fuel temperature response is compared in this

section to the measured effects of first, adding up to 10% xenon to the
helit.n fill gas and, second increasing the fill gas pressure from 0.1 to

.

5.1 MPa.

*

The IFA-430 test assembly contained four, 1.28-m-long fuel rods loaded

witn 10% enriched U02 pellet fuel.17 The two rods used in the fill gas

12
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'
|

.

pressure and comoosition tests, termed gas flow rods, were each
.

instrumented with a centerline thermocouple and three axially spaced

).
pressure sensors. These two rods had a fabricated diametral gap size of'-

} 0.10 mm and-0.?3 mm, acid were connected to an out-of-pile gas supply.

l.. system. The other tw ~ rods, prepressurized with 0.48 MPa of He, were not~

,

I connected to the gas supply' system and were not used in the fill gas
pressure and composition tests.

i

The out-of-pile gas supply system permitted the fill gas composition
! and pressure to be cnanged 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 enncentrations,

from 0 to 10%, at rod linear powers from 5 to ?5 kW/m. The fuel had a
i burnup of M GWd/tu at the time of the experiments and was in a cracked,

but stable, condition.

1

! '

3. 2.1 - Xenon Effects on Fuel Temperature

I The effect of the addition of Xe to the He fill-qas is to reduce the-

gap conductance and-fuel effective thermal' conductivity. Fiqure 2 shows
the gap conductance as a function of gap sizc far 100% He and 90% He/10% Xe'

,

fill 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-T5 for radial gaps less thanj

4.110 mm.
,

I' The 0.23 mm gap rod centerline temperatures calculated with FRAP-T5
and -T6 are compared with the measured centerline temperatures in Figures 3

and 4. In general, the FRAP calculated temperatures were a few percent
,

| higher than the measured temperatures, and the FRAP-T_6 experimental code
'

calculations were closer to the data than FRAP-T5 Figure 5 shows tne4

; measured and FRAP-T5 calculated fuel centerline temperatures for the

;
- 0110 mm gap rod (FRAP-T6 calculated data were not available for this rod);*

,
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Fig. ?. FRAP-TS and -T6 calculated gap conductance as a function of
radial gap size for 1.0 MPa fill qas pressure and 0.115 mm
fabricated radial gap width.
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temperatures compared with data for 10%
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Fig. 4. FRAP-T5 and -T6 calculated fuel center-
line temperatures compared with data for
100% He fill gas at 1.0 MPa in the
0.23 mm diametral-gap rod.
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I
the trend shown'is the same~for.the 0.23 mm gap rod. In Figures 6 and 7'

-

the centerline temperature at 10 and 20 kW/m is plotted-as a function of 1

L percent Xe in the fill qas. The FRAP-T calculations diverge from the data~

.

by overcalculating-the fuel centerline temperatures as the xenon
concentration increases. The increase in centerline-temperature from that ,

j _ measured with'100% He fill gas'is plotted as a function of the percent Xe
in the fill gas in Figure 9. The FRAP-T calculated temperatures are higher

! than the data,- as shown earlier,' and diverge from the measured data. -The -
FRAD-T6 model predicts temperatures closer to the measured temperatures

i than FRAP-TS. Such results suggest that the method of calculation chosen-
for the FRAP-T5 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 between the
measured and calculated temperatures indicates that the FRAP-T results

i should be used with caution at high Xe concentrations until further data
are available.

3.2.2 Pressure Effects-on Fuel Temperature ~~

,

i

The pressure influences'the fuel centerline temperature through the .

; temperature jumr distance contribution to the fuel-cladding gap
conductance, as shown in Equations (1), (4) and (6). The measured

j centerline temperature change as a function of pressure-is compared in
Figure 9 with the FRAP-T5 calculated change for the 0.1 mm cap rod. The
FRAP-T5 results' generally agree with the data for both the 100% He and
10% Xe/90% He cases; however, the calculated decrease in fuel centerline

tempe_rature with pressure for 100% He is slightly greater than the data.
The FRAP-T5 calculated and measured temperature change data are presented

in Figure 10 for the 0.23 mm gap-rod at 20 kW/m with 100% He and 95% He/5%
Xe fill gas: the FRAP-T5 calculations agree very well-with the data, in
the case of the 0.23 mm gap with-10% Xe fill gas, however, the FRAP-T5 and
-T6 calculated temperature change does not follow the data-trend at

pressures above 2.0 MPa as shown in Figure 11. '

,

f -
*

.

$

'
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Fig. 6. Measured and FRAP-T5 and -T6 calculated fuel centerline
temperatures as a function of Xe concentration in the fill
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change as a function of fill gas pressure with 100% He and
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The measured temperature drop data ac 10, 15, and 20 kW/m powers for
the.0.23 mm gap rod with 10% Xe/90% He fill aas, shown in Figure 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 effects on the thermi
.iump distance (see Equations 4, 5, and 6),18 may also be significant in
the fuel cracks. Such effects 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
2.0 MPa for whicn FRAP-T calculations agree very well; (2) insignificant in

tne 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 by 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 fuel temperature when compared with the FRAP-T code show:

1. The FRAP T calculated fuel centerline temperature is 1 to *

7% hiaher 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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2. 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 gap sizes with one exception.
For the combination of the 0.?3 mm gap with >5% xenon in the

*

fill gas, at pressures up to 7.0 MDa the FRAP-T calculations
follow the data reasonably well. However, above 2.0 MPa the fuel
behavior unexpectedly chanced and the FRAP-T calculations which
utilize limited models could not be expected to follow this data

trend.

.

e

.

.
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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 U0

2 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-T5
computer code to predict transient fuel and cladding behavior and to

'

characterize the sequence of fuel rod damage events during the transient.

" 4.1 Fuel Thermal Response During an RIA

Representative calculations of fuel temperature distributions were
performed with the FRAP-T5 computer codel,a 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 produceJ rapid fuel rod
failure, as indicated by on-line instrumentation data. The fission product

.

a. FRAP-TS, Version FL1130, Idaho National Engineering Laboratory,
Configuration Control Number H0038918 was used for the analyses presented
in this report.

,
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TABLE 1. PBF-RI A TEST resin.TS

R adi al- A ver age
Total Radial-Average Peak

Radial Energy peak Fuel Local
FM # "*" a D

Enrichment Deposition Enthalpy Fuel Enthaloy#
RIA Fuel Rod 8"'""" P'*ki""

235 (cal /q UO ) (cal /q UO ) (cal /a UO ) Comnents7 7 7Test T ype (T U) (Mwd /t) F actor

RIA ST-1 17 x 17 PWR %3 0 1.076 ?EO 1RS 704 Did not fall; first test on Sf-1

rodBurst I

RfA ST-1 17 x l' OWR c.R 0 1.076 110 '90 775 10T fuel washed out; second test

on ST-1 rodBurst ~>

RfA ST-2 17 x 17 P'4R %.8 0 1.076 it; 760 79') 15% fual washed out

RfA ST-3 17 x 17 PWR 5.8 0 1.076 300 ??% 250 014 not fall

RIA ST 4 IS u 1% PWR ?0.0 0 1.tA A45 350d $304 Cmpletely destroyed: 15 MPa
m pressure pulse measured
ch

RIA 1-1 2-Santon 5.7 4A00 1.13 365 '8; 330 Comolete shroud flon blockaga
7-S ax ton 5.8 0 1.077 165 285 315 Severe Failure - partial flow

blockage

RIA 1 7 a-Saxton 5.7 5000 1.13 740 185 215 One rod fatted - three rods
did not fail

Five methods were used to measure the test rod radial average fission energy deposited during each transient.20 Detailed independenta.
review of the five measurement methods confirmed that none were unreliable. The five measurement methods had estimated uncertainties ranging
from +11 to +14T. These are conservative estimates of tte uncertainties and based on previous PRF results (where the averaqa burnup
maasuremant Is within 1% of the average thermal. hydraulic power measurement), these results are considered accurate to within about 161

l was used in determine the axial peak radial average fuel enthalpy from the measured total energyb. The FR AP-T5 computar code
deoosit. 95. The fraction of anerov oenarated by dalavad neutrnns after control rod scram was calculated using the TVIGt. comnuter code
(Configuration Control Number H00997191 TWIGL snives the coupled time and space-dependent neutron dif fusion and thermal-hydraulic ecuations
for a reactor in two dimensions.

This value will vary somewhat depending on the noia sizes in the analvtical models used to convert total anergy daposition to peak localc.
fuel enthalov.

4. Fuel enthainy at timo of f ailure, approximataly 1 ms af ter tha tima of neak oowar.

,
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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 radiallyo

.

averaged adiabatic energy of 365 cal /g UO2 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-T5 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

l' 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 calculatior.s
were calculated using the RELAP4/ MOD 5 computer code.7,a 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/M005, Idaho National Engineering Laboratory, Configuration
Control Number H0030018.

,

1
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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 early in the transient, near the time of reactor scram. ,

The maximum energy 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 energy 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 tod enthalpy increase.

The results of the FRAP-T5 fuel behavior comoutations 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 af ter the time
of peak power at a peak fuel enthalpy of 237 cal /g.a 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 rg (r = pellet radius) due to self shielding. and then spreadg

across the Dellet 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 r ) when the maximum extent of fuel melting was reached. Thus,g

FRAP-T5 predicts no malting 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 ?4 ms after the time of peak power, fuel melting bogan 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 temperature until the rod

'began to cool by transfer of stored heat to the coolant. The shifting of

"

a. Radially averaged peak local fuel enthalpy of 268 cal /g.20
|

|

|
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high fuel temperatur. 3 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 node, -

0.99 r ), as seen in Figure 13. The maximum axial extent (volume) ofo
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 0.014-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
parabolic radial temperature profile was reestablished in the fuel about
I s af ter the time of peak power ($76 ms af ter 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 early 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 _iunction 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

.

30

|
1

m



.

.

4000 i , i i ,

3500 - Fuel centerline _

thermocouple_ 3000 -

--- FRAP-T5 calculated -g
2 2500 - behavior -

2000 - fN -

a N
E 1500 - | N, -

0 1000 - ! N
N-. s

500 -

0 ' ' ' ' '
-5 0 5 10 15 20 25

~

Time (s) INEL A 16 071

Fig. 15. Comoarison of the measured thermocouple resoonse of previously
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T

centerline temperature reached 2170 K about 4.s after the time of peak
i~ power. FRAP-TS calculated a maximum fuel centerline temperature at 0.79 m

! of 2333 K at 2 s after the time of' peak power. Thus- the thermocouple .
_

f reading appears to lag behind the rapid temperature .. crease calculated by

| FRAP -TS. The time lag is attributed t'o 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.22 The caltu M ed

centerline peak temperatures thus appear to be in good agreement with the
'measured temperatures.

f

! 4.1.2 Fuel Melting Rehavior

i

Stoichiometric U02.0 melts congruently at about 3100 K, with the
liquid and solid in equilibrium at the same composition,23 as shown by

] the partial phase diagram for UO +x presented in Figure Ir32
i Nonstoichiometric UO +x behaves differently upon melting, with melting

~

2
ber, inning at lower teiiiperatures than for U0 The melting proceeds; 2

f o"adually, with liquid and solid of different compositions in equilibrium. .

The latent heat of fusion is absorbed over a range of tempera' ares, which
depends on the overall composition. These observations indicate that
previously irradiated uranium dioxide fuel, which is expected to be

slightly 'iyperstoichiometric (U0 +x = UO .01 at about half an atomic2 2
percent burnup for the Test RIA 1-1 fuell, would be expected to begin
melting at lower temperatures (s3080 K) than fresh, stoichiometric fuel
(s3100 K). The threshold energy to induce melting, therefore, would be
expected to be slightly IcIs ($3 cal /g) for previously irradiated UO

2 -

! than for' fresh fuel, a condition not predicted by FRAP-T which uses only'

; the melting temperature of sto'ichiometric U0 More molten fuel was
~

2
observed in the previously irradiated fuel rods than the fresh fuel rods.

~

! Fuel melting predicted by FRAP-T5 during Test RIA l-1 began near the
; pellet ~ surface and progressed radially outward and inward due to heat |

conduction in the fuel. The time dependence of fuel pellet radial -1

I 32
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d I

temperatures at the. axial peak power elevation is plotted in Figure 17 for
several radial nodes, as determined by FRAP-T5. The FRAP-T5 code
calculated incipient fuel melting as an annulus at an enthalpy of 237 cal /g

- UO , 6 ms after the time of peak power. The calculated fuel melting then -

2 -

extended radially into the renter of the fuel, fonning c solid cylinder of
molten U0 , but melting temperatures were not predicted at the pellet -

2
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

i 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 metallographic examination of'

the previously irradiated fuel rods shown in Figtres 19 through 21. Highi

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 surf ace and within the fuel
crack network of the fuel is illustrated in Figures 20 and 21,

respectively. Molten UO2 extrusion and mixing of the melt with solid
U02 where molten fuel had penetrated the major crack system was typicald

' 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

*
,

*

*

|

|
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' 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 dur.ing RIA transients.
.

~

High fuel and cladding temperatures during the thermal transient
associated 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 surf ace temperature and fuel rod axial
displacement measurements.a Failure 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
ird' cation of failure for the other unirradiated (uninstrumented) test rod,
since the displacement transformer on this rod f ailed 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-T5 calculated behavior. The FRAP-T5 calculations were'

based on a tot.i, radially averaged adiabatic energy deposition of-

365 cal /g t,L2 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 ii:vtrumented with Type S, platinum-rhodium cladding surf ace1

thermocouples.M The measured temperatures ter Rod.801-3 at'O.79 m from
the bottom of the. fuel ~ stack are shown in Figura 22, together with the'

FRAP-T5 calculated history. A maximum cladding temperature of 1410 K was -

,

. measur' d 1.25 s 3 'ter the time of peak power. The best estimate cladding ie

,

'a. Fuel rod axial displacements were measured using linear variable.
. differential transformer.
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temperature, calculated usina measured oxidation reaction layer
thicknesses, was 1380 (+ 50) K which is in good agreemant with the maximum

cladding temperature indicated by the thermocouple. Quenching began about.

14 s later, when the thermocouple indicated about 800 K, and continued
through to rod rewet at a temperature below about 600 K, within the range

,

of rewet temperatures calculated for the test conditions.a The
calculated temocrature history indicated a maximum cladding temperature of
1662 K at 0.79 m, occurring 1.5 s af ter ti.e time of peak power. Thus,
there is a discrepancy of about 252 K between the measured and calculated

surface temperatures, which suggests that a thermocouple cooling fin
effect, not modeled in FRAP-T, may have been significant.

a. The range of temperatures under which rewet will occur was estimated

from tne relationship of the interface temperature, T , and the wallI
temperature, Tw, just before rewet, given by24,25

Ty + oT g
Ty= ;# ,

.

wher e the subscripts I, w, and I refer to the contact interface

temo?rature, the precontact hot wall temperature, and the liquid conlant
temper 3ture, respectively; with a being the coolant-wall thermal ratio,

o Cp g/k p, Cpg)l/2, for the liquidequal to Ik
g g g

coolant, t, and the cladding wall properties. The rewet temperature

range was estimated by letting T sTcrit = 647 K, the criticalg

temperature of she coolant, and solving for T, where

sat w I crit ( t*
T # * ~"

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

Tg=Tsat = 554 K, and Zr02 at the cladding surface, the calculated
~

cladding rewet temperature (T ,= Tg) range is about
554 < Trw < 703 K, which is the range indicated by the cladding

- thermoCouole.

I
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4.2.2. Cladding Tnermal Expansion

During 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 claddir.g elongation history is illustrated by
previously irradiated Rod 801-1 in Figure 23 which f ailed early during the
test. The maximum cladding elongation of Rod 801-1 was 7.3 nun, occurring
about 1.25 s after the time of peak power. Based on the flowmeter
indication of coolant channel blockage, it was estimated that the fuel rod
failed at about I to 4 s into the transient, near the time o' 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 reflected in the elongation.
Comparison of tne elongation and surface temperature histories led to the
conclusion that film boiling on Rod 801-1 occurred, at a minimum, over the

reg w scanned by the surface tnermocouples, and at approximately the same *

time.

The FRAP-T5 calculated cladding displacement is plotted as a dashed
line in Figure 23 for comparison with the measured elongation response.
The calculated cladding elongation follows the chango in fuel surface
temperatures, exhibiting a decrease in displacement early in the transient
(cladding temperature 400 K). This decrease in elongation is due to an
assumption in the FRAP-T5 model of no fuel stack-cladding sliopage af ter
gap closure, thus, FRAP-T5 calculates parallel elongation of the fuel and
cladding. As a result, as the fuel surface cools briefly due to improved
heat transfer after initial contact with the cladding wall, the contracting
fuel column forces the cladding into an unrealistic contraction. In

contrast, the measured cladding oisolacement 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

t{e cH[tip'ni'sexamined,andfailuremodesaredescribed.
'

Fuel stack .

Abermal expansion, 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-T5
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 embrittlement, 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

-

Cladding diametral deformation produced by hot fuel expansion was
significantly different and more extensive in the oreviously irradiated
Test RIA 1-1 fuel rois comoared with the unirradiated rods. Deformation

was induced by various comoinations of thermal expansion, fuel cracking and

fragment relocation, fuel melting, and fuel swelling in the previously
irradiated rods. Fuel thermal expansion provided a source of axial and

radial cladding stress. Fuel melting produced a net volume increase 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

'

between 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
cladaiag 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.

expansion.

To assess the deformation and failure behavior in the test rods, the
thermal-mechanical behavior of the rods was determined from computer code

calculations using test conditions as input. A detailed thermal-mechanical

history of previously irradiated Rod 801-1 was obtained from FRAP-T5
computer calculations and was assumed typical of the behavior of the
companion rods in Test RIA l-1.

,

The calculated 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 honp strain.

2

Both the hoop stress and strain follow the variations in fuel the;' mal

expansion associated with expansion of the cylinder of molten fuel and
coolinq at the nellet surface. The variations arise from the metho'd used

in the FRAP-T5 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 expansion 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 along
the rod from about 0.17 to 0.51 m from the bottom of the fuel stack, and to
comorise about 30% of the fuel stack length.-

.
The predicted cladding hoop stress, and strain nehavior, are plotted

in Figure 27 with the fuel and cladding surface temperatures. Failure by
overstress 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 v. (a + 8 two-phase zircaloy temperature region) is
above the temperature region in which a superplasticity maximum in the
zircaloy exists at $1093 K, and in which large hoop strains, uniform wall
thinning, and axial contractions are expected to occur.26 The calculated

radially averaged fuel enthalpy at the time of predicted cladding failure
was nominally 281 cal /g (peak local fuel enthalpy of 317 cal /g).

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-T5 calculations
of the rod mechanical history showed that a biaxiality ratio of Q.0 is-

maintained until fuel-cladding gap closure, as shown in Fiqure ?8. The
large changes in claddinq biaxiality indicate that the cladding stresses
are complexly related to the combined effects of PCMI and coolant
pressure. The FRAP-T5 calculation provides a remarkably accurate'

description of the mechanical failure of the roils by overstress,
considering that the mechanical models were based on slower strain rate

materials data (s 10-3 - 10-4 ~I), primarily intended for the losss

of coolant accident time frame.

The deformation processes interpreted from Figures 26, 27 and 28
involve high strain rates ranging from 0.15 s'I before gap closure, to
2.1 s-I when the yield stress is exceeded (3 ms after gap closure),
followed by a decrease to 0.64 s-I as the cladding begins to deform*

plastically (temperature dependence of the yield strenath).5 Fuel
' melting produces a secand, rapid increase in the strain rate (up tn 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 de 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-1). 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 withoutt

f ailure. The through-wall failures shown in Figures 29 and 30 for
previously irradiated Rod 801-2 exhibit angular fracture. The FRAP-T5
calculations emphasize that appropriate conditions for o<0rstress failure
exist only during the earliest times of the RIA transient. The presence of
oxide on the fracture surf aces of the cladding in Figures 29 and 30

"

supports the view of early f ait e prior to the onset of film 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 an4

RIA shows that:
7

: (1) The FRAP-T calculated temperature histories of the fuel emphasize
that energy deposition near the outer surf ace of the fuel pellet
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 the4

posttest metallographic observations of fuel damage.

.
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(2) The FRAP-T-calculated' fuel centerline temperature is in'
reasonable agreement with'the measured fuel centerline

'

,.

-temperatura,'when compensation for thermocouple response time isL-

.

taken'into account.
|

'

.

(3) FRAP-T5 overcalculates 'the amount of molten U02 present at the.
axial power peak location in a test fuel rod subjected to an4

enthalpy insertion of 285 cal /g during an RIA at BWR hot startup
- condi ti ons.

(4) 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 te peratures.m

.

(5) The calculated thermal-mechanical history determined 'oy FRAP-T5
n hip betweensprovided an approximate description of the relatio'

.

fuel expansion and increasing cladding strain, stress, and'

j 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 af ter gap closure and high strain-rate
materials properties in calculating the fuel behavior for very-

' rapid changes in conditions as induced by an RIA.

i

!
4

m
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.

t
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!
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5. CONCLUSIONS
,

.

An understanding of fuel response to normal operation . ! off-normal
hypothesized reactorLtransients in light water reactors in 4, 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 f ailure. Test fuel rod behavior was assessed from

,

comparisons of FRAP-T5 calculated behavior with instrumentation response

data and posttest metallurgical observations. In this section, conclusions

concerning the canparisons 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 range 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 tenperatures, FRAP-T

i calculations showed good agreement with data for fill gas
pressures in the range 0.1 to 5.0 MPa with gas canpositions

,

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:'

.

i

l '. .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

i 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..

2. 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.4

Comparison.of measured cladding surf ace temperatures with the4 .

FRAP-T5 calculated temperatures showed that the calculated'

I 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.

4

; 3. FRAP-T5 overpredicts the amount'of radial and axial fuel melting

in UO2 (nominally 94% theoretical density) subjected to an
enthalpy insertion of 285 cal /g during' an RIA at-BWR hot .startup
conditions.

'

!

4. Pellet-cladding mechanical interaction induced failure due to
~ high. strain rate deformation was correctly indicated from the

,

thermal-mechanical history calculatad by FRAP-TS. Some ' |,

variations in the calculated deformation and rod elongationo

j behavior arose from the method used by the computer code to
!

q

|
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4

; - couple fuel and clace.v axial and radial expansion, suggesting
.

f that1the. code.may have ...me 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 used to iteratively calculate the integral fuel-rod.

behavior. The program was u' sed to determine fuel radial temperature,

profiles, fuel rod axial temperature profiles, fuel cladding gap '

conductance, fuel and cladding deformation, and rod internal pressures toi

assess the capability'of the code to predict measured fuel rod behavior.4 ,

'

This appendix contains the fuel rod input parameters used in the;

steady state and-transient FRAP-T calculations.
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