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ABSTRACT

This report presents and discusses the results required to fait previously irradiated light water
from the Reactivity Initiated Accident (RIA) Test reactor fuel rods, (b) characterize the mechanism
RIA l-2 conducted in the Power Burst Facility at of failure, and (c) evaluate the effect of beginning-
the Idaho National Engineering Laboratory, of life and end-of-life rod internal pressures on
Four, individually shrouded, previously irradiated preirradiated fuel rod response during an RIA
fuel rods were subjected to a power burst while at event. The test design and conduct are described,
boiling water reactor hot startup system condi- and the test rod thermal and mechanical responses
tions, resulting in an estimated axial peak, radial are evaluated. The failure threshold of pre-
average fuel enthalpy of 185 cal /g (total radial irradiated fuel rods and the effect of rod internal-
average energy deposition of 240 cal /g UO ). The pressure on rod deformation are analyzed.2

; test objectives were to (a) determine the enthalpy
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SUMMARY

The Reactivity Initiated Accident (RIA) Test were not typical of BWR rods, but fuel rod
RIA 1-2 was conducted in the Power Burst Facil- behavior during an RIA was expected to be
ity at the Idaho National Engineering Laboratory roughly equivalent for PWR and BWR rod types.
by EG&G Idaho, Inc., for the U.S. Nuclear Starting at BWR hot-startup conditions, the rods
Regulatory Commission. The objectives of the test were subjected to a power transient resulting in an
were to (a) determine the enthalpy required to fail axial peak, radial average fuel enthalpy of
previously irradiated light-water-reactor-type fuel 185 cal /g (total radial average energy deposition
rods, (b) evaluate the failure mechanism, and of 240 cal /g UO )-2
(c) study the effect of beginning-of-life and end-
of-life rod internal pressures on preitradiated fuel The rods reached cladding peak temperatures
rod response during an RIA event. ranging from 1520 to 1700 K during the transient,

with the high pressure rods reaching lower clad.
Four, individually shrouded, zircaloy-clad, ding peak temperatures than the low pressure

UO2 fuel rods were tested. The rods were pre- rods. Low pressure Rod 802-3 failed by means of
irradiated to a burnup of approximately 22 longitudinal cracks in the cladding. The other.

4800 mwd /t. Two rods were operated with an low pressure rod did not fail. The high pressure
internal pressure equal to boiling water reactor rods deformed significantly, with as much as
(BWR) beginning-of-life conditions and two rods 6.7% diametral strain with no rod failure. There-

,

were pressurized to reflect BWR end-of. life inter- was no obvious difference between the two low '
nal pressures. T he individual cylindrical flow pressure rods that would explain the failure of one
shrouds were sized to provide a coolant flow rod and not the other. Ilowever, the low pressure
volume approximately equivalent to the volume rod that did not fail was opened prior to the tran-
per rod in a -commercial BWR bundle. The sient so that a plenum pressure sensor could be
pressurized water reactor (PWR) size test rods installed.
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REACTIVITY INITIATED ACCIDENT TEST SERIES
TEST RIA 1-2 FUEL BEHAVIOR REPORT

.

INTRODUCTION
.

Rapid insertion of reactisity into a light water A reactor operator (or sendor) is expected to
reactor (LWR) core has long been recognized as a show that
potential mechanists for failure of the fuel rod
cladding. Extensive cladding failure and dispersal 1. Reactivity excurNns will not result in a
of fuel could disrupt the core such that the post- radial average fuel enthalpy greater than
accident capability for cooling the core would be 280 cal /g at any axial location in any fuel
significantly impaired. To minimize the possibility rod
of damage from postulated inadsertent reactisity
initiated accidents (RI As) in commercial 1.WRs, 2. Maximum reactor pressure during any por-
United States Nuclear Regulatory Commission tion of the assumed transient will be less
(NRC) design requirements base been imposed on than the value that will cause stresses in the
reactisity control systems to limit "the potential reactor sessel to exceed the Emergency
amount and rate of reactivity increase to ensure Condition stress limits as defined in
that the effects of postulated reactisity accidents Section ill of the ASME Code
can neither (a) result in damage to the reactor
coolant pressure boundary greater than limited 3. Offsite dose consequences will be well
local yielding nor (b) sufficiently disturb the core, within the guidelines of 10 CFR 100, and
its support structure, or other reactor pressure are calculated assuming that any PWR fuel
vessel internals to impair significantly the capabil- rod that departs from nucleate boiling.

ity to cool the core "I The NRC also requires that fails, and any BWR rod subjected to a
the number of fuel rods that will experience clad- radial average peak fuel enthalpy of
ding failure during various RI As be estimated and 170 cal /g or abose fails.I

,

a conservative source term, subsequent transport
of actisity, and the resulting dose to the public be The axial peak, radial aserage fuel enthalpy
calculated. limitation (<280 ca*/g) is based on a Nuclear

Regulatory Commission staff review of fuel

Background to Rf A Testing behavior experimental da'a available prior to
1974. Their findmgs mdicated that failure conse-
quences were insignificant for total energy deposi-

Worst-case RIAs in commercial LWks are tions below 300 cal /g for both irradiated and
postulated to result from the rapid removal of unirradiated UO2 fuel rods subjected to rapid
control rod elements from the reactor core. In a pow er excursions. Therefore, an axial peak, radial
pressurized water reactor (PWR), the RIA is a average fuel enthalpy of 280 cal /g was considered
result of the hypothesired mechanical rupture of a a conservative maximum limit to ensure minimal
control rod drive mechanism housing or control core damage and maintenance of both short- and
rod drise nonie, which results in the coolant long-term core cooling capabilitba The guidelines
system pressure ejecting an inserted control rod regarding reactor coolant pressure boundary
from the core. In a boiling water reactor (IlWR), stresses are assumed to be met if compliance with
the worst-case Rf A (rod dropout) results from the enthalpy limitation is satisfactorily
(a) the separation (complete rupture, breakage, or demonstrated.
disconnection) of an inserted control rod drive-

from its cruciform control blade at or near the a. Adat peak, radiat aserage fuet enthalpy is somewhat less

coupling, (b) the sticking of the control blade in than the anociated total energy deposition t>ecause of heat

the inserted position as the rod drive is withdrawn, transfer f r m the fuel to the cladding and coolant during the
*

power tranuents and the relatnely large fraction of the total
and (c) the rapid falling of the control blade o the energy that is due to deta>ed fiwions tio to 20%, depending on
withdrawn rod drive position. the reactor design).

1
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Complex analysis techriques are used to failure threshold was not statistically established
estimate the effects of postulated RIAs in light because only a few previously irradiated rods were !

water reactors.2,3,4 These techniques generally tested. The results are plotted in Figure 1.
couple the transient neutronics behavior, fuel rod

,

thermal and mechanical response, and the coolant
hydrodynamic response. Verification of these % ,.300 ' '

.

analytical models is incomplete, however, due to &F unirraciated rod tailure thresholoflimitations of existing fuel behavior data. Much of ?E W C 7 ~ ~T# = ~ ~~~~~~ ~
'

200
y3the applicable RIA experimental data were o. % .,

obtained several years ago in the Special Power j2 m - . Indicate failure -

Excursion Reactor Test (SPERT) [ Capsule Driver yE o indicate no failure
Core (CDC)) and Transient Reactor Test Facility e T>
(TREAT) test programs, which investigated the j2 0 20 h 30 0000 to 000 40 000
behavior of single or small clusters of fuel rods Fuel burnup (mwd /t)
under atmospheric pressure and ambient mmm
temperature conditions, no forced coolant flow,
and zero initial powers. Similar tests have been Figure 1. Failure energy as a function of burnup for
performed ist the Japanese Nuclear Safety irradiated rods tested in the SpERT

Research Reactor (NSRR). program.

In each of these facilities, a driver core with
encapsulated test fuel in a central flux trap was
operated to produce a power excursion. The in the CDC, TREAT, and NSRR experiments,
magnitude and time duration of these excursions test rods failed by cladding melting, cracking of
were comparable to those of sesere, hypothesired embrittled cladding, or both. The unitradiated test
RIAs in LWRs. The experiments were performed rod failure threshold was found to be relatively
with single fuel rods (or a small cluster of rods) insensitive to cladding material, cladding heat .

placed at the center of test capsules containing treatment, fuel form, material, and gap width.
stagnant water. The initial coolant conditions for Single NSRR fuel rods within shroud enclosures
the CDC, TREAT, and NSRR tests were closely failed at lower energy depositions than rods not ,

representative of BWR cold critical conditions, enclosed in shrouds. The incipient failure
namely, reactor critical at a power level of 10-8 of threshold for tous enclosed in a 14-mm cylindrical
rated power, coolant at 300 K, and atmospheric shroud was found to be in the range of 210 to

245 cal /g UO total energy deposition, comparedpressure with no flow. Energy deposition, aad 2
"

consequent enthalpy increase in the test fuel, was with 245 to 265 cal /g UO2 for unenclosed fuel
found to be the single most important independent rods. Reference 5 presents a review and summary1

variable. The failure threshold of unirradiated of the SPERT and NSRR results.
| fuel rods was in the range of 205 to 225 cal /g axial

peak, radial average fuel enthalpy. These Description of Test RIA 1-2
enthalpies correspond to a peak fuel enthalpy near
the fuel surface in the range of 260 to 265 cal /g.a
The narrow range of values (260 to 265 cal /g) is The RIA test program currently underway in

! evidence that peak fuel enthalpy near the pellet the Power Burst Facility (PBF) at the Idaho
surface is the variable most important to incipient National Engineering Laboratory is expected to
cladding failure. provide RfA fuel behavior data under conditions

more nearly typical of power reactor operation,
,

Tests were performed using fuci rods previously thus allowing further evaluation of the NRC'

irradiated to burnups of up to 32 000 mwd /t. licensing criteria and assessment and development

Rod failures occurred at lewer energy depositions of analytical models. These tests are being con- *

in some cases than in similar tests with ducted by EG&G Idaho, Inc., as part of the
unitradiated fuel - rods, with little sensitivity Nuclear Regulatory Commission's Reactor Safety
attributable to the degree of burnup. The lower Research Program.6,7 The objectives of these ,

-- RIA tests are to (a) determine fuel rod failure
a. Asial peak, radial aserage fuel enthalpy is reported because threshold enthalpies and failure mechanisms for
it relates to the NRC licensing critena. -both fresh and previously irradiated rods;

2

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



(b) determine the mechanisms and consequence 4 The PilF Rf A Series I tests are listed in lable 1.
of rod failure for previously irradiated and fruh Test RIA l 2, completed No$ ember 22,1978, was
fuel at (or slightly above) the NRC design limit the second of six planned tests in the Rf A Test
axial peak, radial average fuel enthalpy of Series 1. The main objectises of Test RfA l-2
280 cal /g; and (c) measure the t her mal, were to.

mechanical, and chemical interaction behavior of
a typical LWR fuel rod during an HlA. For each

I. Determine the enthalpy required to failof the PilF RIA tests, the pressure, temperature,,

and How rate of the coolant will be typical of hot- previously irradiated I.WR fuel rods

startup conditions in a commercial boiling water
reactor. 2. Characterire the mechanism of failure

Extensive thermal-hydraulic analyses were per-
formed to compare the behasior of the shorter 3. Evaluate the effect of rod internal pressure
length (0.9 m) PilF test rods with full-length on preirradiated fuel rod response durirg
(3.8 m) IlWR/6 fuel rods during an RIA event at an RI A event.
IlWR hot startup conditions. The analyses
indicated that for the same energy deposition and
initial coolant mass flux, the PilF test rods Test Rf A l-2 consisted of a nonnuclear loop
experience nearly the same maximum cladding heatup phase, a nuclear power cahbration and

temperatures as the full-length power reactor fuel prec nditioning phase, shutdown and flux wire
rods, but lower coolant outlet velocities, which replacement, a second loop heatup prior to the

cause a slower reduction in cladding temperature. imwer burst, and the transient power burst. A
The analysu indicated that the maximum cladding single power burst of about 60 ms in duration was

temperature and duration of film boiling perf rmed, resulting in a total fuel pellet radially

calculated for the PilF RIA fuel rods would be averaged adiabatic energy of 240 cal /g at the axial

most similar to the calculated Rf A behavior of the p wer peak and a radial average peak fuel

commercial 3.8-m ilWR/6 fuei rods ifia) the PilF enthalpy of 185 cal /g. A description of the test-

rod now shroud inner diameter was minimized, design and conduct is given in Appendix A. (All

(b) the Dow loss coefficient at the inlet of the Pill: f the appendices to this report are provided on

rod now shroud was equivalent to the loss coeffi- mier fiche attached to the iraide of the back
.

cient of a llWR/6 fuel assembly, and (c) initial C V''-)
PilF loop coolant conditions were equivalent to
commercial IlW R /6 hot-startup conditions. Test RIA 1-2 was conducted using four
Nominal llWR/6 coolant conditions were incor- individually shrouded fuel rods that had been
porated into the design of the RIA tests. previously irradiated to a burnup of about

4800 mwd /t. Two of the rods (Rods 802 2 andThe PilF was designed primarily for performing
| very high-power excursions, in the PilF, a power 802-4) were opened and pressurized to about

2.4 MP to simulate end-of-life rod internal| excursion is initiated by a fast acting drive system
! that moves the transient rods at a velocity of pressure. R d 802-1 was opened, mstrumented,

9.5 m/s, which corresponds to a reactivity addi- and backfilled to a rod internal pressure of
0.105 MPa. Rod 802-3 wr.s not opened ortion rate of about 50$/s or a reactivity insertion

time of about 50 ms. In contrast, IlWR$ have instrumented. The rod pretest characterization

devices attached to the control rods to limit the data are presented m, Appendix II.

rod drop velocity. The maximum control rod
I freefall velocity is about 1.5 m/s, which cor- This report presents an analysis, interpretation,

responds to a reactivity insertion time of about and discussion of the results frc.n Test RIA l-2.
1.15 s. Thus, in terms of rod drop speed, the PilF Reference 8 presents the experimental data from
is not typical of a commercial power reactor. The this test. The calculated rod behavior is presented,.

innuence of this difference in reactivity insertion as well as the experiment thermal and mechanical
times between the PilF and a 13WR is somewhat response, including the coolant behavior, cladding
mitigated since the time constant for heat transfer temperatures, and rod internal pressure. A discus-.

between the fuel and the coolant is long, com- sion of the failure threshold and failure modes of
pared to the reactivity insertion time for a 13WR. preitradiated fuel rods and the effect of high and

|
,
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Table 1. Power Burst Facility RfA testsa

Aual Peak.
Pellet Radat

het Pellet Outude Diametral Aserage f uel
Number Rod Burnup Fuel Denuty Dumeter Gap E ntha!py

Testa of Rods T,pe t\lWdc t) Ntatenal ( *e l (mmt (mm) (cal g, Od;cctaes and Comments

RI A-ST-1 1 P% R 0 UO W 8.23 0.190 185. 250 Ssoping tests (ST) toC

RIA-ST-2 1 PWR 0 UO W 8.23 0.1% 260C address potental proNem
RI A-ST-3 1 PWR 0 UO; W 8.23 01*) 225 areas m the performanseC

RIA-ST4 I P% R 0 CO: 93 9.3 0.210 350 of the PBF kl A Sere IC

tots ITest RI&ST 1 was
performed as two separate
power bursts.)

bRfA l-1 2 Saston $500 00; 94 8.58 0.165 285C To proude a companson
of trradated and

2 Saston 0 UO; W 8.53 0.165 285C umrradiated fuel berusior
uung Saston rods at the
NRC heenung critena

4* enthalpy hma of 24 cal's

00:.
RI A l-2 4 Saston 4A00 002 94 8.58 0 165 185C To test irracated Saten

rods at the espected f uel
enthalpy to cause claddmg
fa:!ure. T*o rods = di be
prnsurued to B% R end-
of-hfe conditions.

RlA 1-3 4 Bw R/6 5000 to 12 000 UO; 95 10.57 0.228 2M To te t preitradated
B% R. 6 fuel rods at a peak
fuel enthalpy of 220 cal'g.

RIA 14 9 Saston 5300 UO; 94 8.58 0.165 2tt0 To invest: gate ;creC

cootaNLty of ciuucted,
preirraia:cd $aston rods
for companson with
results of Tnt RIA l.I.

Rf A l-6 4 BW R,6 0 to 20 000 00 95 10.57 0.228 2M To test pretrradated
BW R 6 rods at a tngher
peak fuel enthalpy few
comparnon with the
sciutts of Test Rf A I 3.

t
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Table 1. (continued)

Aual Peak,
Pe!!ct Radal

Fuel Pellet Outside Diametral AscraFe I uel
Number Rod Burnup f uel Density Diameter Gap Enthalpy

Testa of Rods Type (mwd /t) Material (r) (mm) (mmi (cal,g) Objectnes and Comments
~

e

dRfA 17 9 BW R/ 6 0 to 12 OU UO2 95 10.57 0.228 165 To msestigate ime fa lure
threshold of a cluster of
pretrra. hated BW R;6 fuel
rods.

ta
a. All tests in this series will be performed from BWR hot-startup conditions.

b. The Saston reactor was a small, prototype, closed cycle, pressurised, light mater reactor deugned by Westinghouse Electree
Corporation for the USAEC.

c. Actual result of tests.

d. Enthalpy may be changed.
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j law rod internal pressure on rod deformation are measurements and postirradiation examination
: presented, and the conclusions from this results are discussed in Appendices D and E,
| experiment are discussed, respectively. Appendix F lists the computer code
! used to calculate the cladding temperatures ,

A discussion of the I'llF design and capabilities (WlZARD code) from the observed oxidation of
is given in Appendix C and the energy deposition the cladding.
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TEST PREDICTIONS

Fuel rod and coolant conditions for Test RIA and both the inlet and outlet coolant mass flux
1-2 were analyzed pretest using computer codes to during the first 500 ms of Test RIA 1-2 are shown,

establish a probable sequence of events during the in Figure 2. The direct moderator heating due to
9transient. The RELAP4 computer code ,a was the burst causes an initial pressure increase to

used to perform the thermal. hydraulic analysis. 6.5 MPa at the outlet during the power burst and
*

The RELAP4 analysis produced a tape of the causes both the inlet and outlet flows to initially
coolant conditions that were used as boundary increase. This is followed by a 100-ms interval
conditions for the FRAP-T510,b fuel behavior during which the pressure oscillates and the inlet
code calculations. The predicted coolant behasior and outlet nows decrease to their initial values. At
and the results of the FRAP-T5 analysis of the 130 ms, the coolant at the 0.79-m elevation
fuel rod behavior are presented in the following reaches saturation and begins sapor formation.
sections. The large volume generated by the vapor causes a

second pressure increase to 6.55 MPa and forces
Coolant Behavior the coolant out both ends of the flow shroud,

increasiag the outlet now and decreasing the inlet
The rapid heating of the coolant during an Rf A Dow. Approximately 6% of the coolant is expelled

event results in large perturbations in the coolant from the now shroud, causing the outlet now to
flow. The rod power at the axial peak location recover by decreasing flow, and the inlet now to
(0.384 m), the calculated outlet coolant pressure, increase.

a. RELAP4/ MOD 5, Idaho National Engincenng Laboratory The calculated outlet coolant pressure, inlet and
C "0 8"'*" " ""'N""*'"*3 "

outlet coolant mass Hux, and the peak node sur-
b. FR AP.T5, Idaho National Engineering Laboratory face heat Hux during the first 25 s are shown in
conn uration control Nurnber Hoons3B. Figure 3. The Dows and pressure remain fairlye
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constant after I s, with the exception of perturba- function of time is also presented in Figure 4.
tions at 3,6,9,15, and 19 s corresponding to the Figure 6 presents the radial temperature distribu-,

.

large peaks in both quality and surface heat flux at tion across the fuel at the peak Oux location at
those timt.s. These peaks are believed to be code given times between 34 ms and 5.5, A linear peak

| generated due to various heat slabs dropping out power of 24 200 kW/m occurs at 35 ms. The fuel
of film boiling. heats up much faster than the cladding and the

fuel peak temperatures are initially located near
The fuel rod heat transfer regime changes from the fuel surface. The fuel surface temperature

i subcooled forced convection to nucleate boiling at
| 36 ms, to transition boiling at 40 ms, and to stable
I film boiling at 65 ms, although the coolant does 2500 30000

,~~3.,- ru.i asfon
m .....

! not reach saturation temperatute until 130 ms.
'

22 s, resuhing in a calculated oxide layer thickness * 2000 - j3[ ~". ggg 25Mo EThe axial peak node remains in film boiling until ,,,

gg_. _ tom, p.,,

of 32 pm and a Xi layera thickness of 83 pm. ! jt
_ ,

-

; isoo - !.
y

- 15000 ;
a s

g,

! Fuel Rod Behavior i / \ e'~ E
, e - t '/,.

_ ,oooo -
* 1000 - ! g P,,

| / .e - 5000 o

| The FRAP-T5 calculated fuel centerline, fuel / T (* -
"

,f

| scrface, and cladding surface temperatures at the Soo o
,

+- * -

axial peak flux location during the first 120 ms o 20 40 so so 10 0 $20
. and the first 25 s of the Test RIA 1-2 transient are Time (ms)

plotted in Figures 4 and 5. The test rod power as a *

| Figure 4. Fuel centerline, fuel surface, and cladding
a. The Xi later is the combination of the oxide and surfacc lemperatures, and rod power during
alpha-arcatoy layers . the first 120 ms of Test Rf A l-2.
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3000 centerline temperature rapidly increases to

Z $| |'",7,"' . - approximately 2400 K by 60 ms and then con-
2500 C cioeng uf ac tinues to increase more slowly for about 3 s. A7

*

fuel peak temperature of 2765 K occurs at a point
{ 200 ' [' ,,, near the fuel surface at 60 ms. As the fuel radial

*

7,

{ 1500 ' ' + . ' ' " - temperature distribution changes with time, ther

fuel surface and cladding temperatures reach max--

.

( "--'-..,\''- imum values of 2060 and 2G45 K, respectively, at.

" 1000 ' approximately 2 s, and the fuel centerline
'

temperature peaks at 2606 K at 3 s. On the basis
500| ' ' ' '

of the predicted fuel temperatures, fuel melting
o 5 io 15 20 25 would not be expected during Test RI A l-2.

um. (s)

The rod power, fuel-cladding structural gap,1igurc 5. Fuel centerbne, fuel surface, and cladding and cladding stress and strain during the first
surface temperatures during the first 25 s of 200 ms of the transient for Rod 802-2, a highTest RI A 1''''

pressure rod, are plotted in Figure 7. The figure
shows that the rapid increase in fuel temperature

3000 while the cladding remains cool causes the fuel to
I expand faster than the cladding, resulting in

y,:, , , = . s , ;, , . ~ ~ ' ',', closure of the fuel-cladding gap shortly after peak_

5 2500 '

power 05 ms). With the closing of the fuel-,

N cladding gap, there is a rapid increase in cladding
* '

i

$ 2000 Z N *,,' 'N 1 stress as the fuel expands against the cladding,
g _,; Q1 $ \{ with rod failure predicted to occur at 46 ms for the

hi h pressure rods.F
_

Figure 8 shows the rod power, structural gap,
and cladding stress and str.ain for Rod 802-3, a' ' ' ' r ' ' 'i000

o 0.5 1 15 2 2.5 3 3.5 4 4.5 low pressure rod, during the first 400 ms of the,

Rodius (mm) transient. As in the high pressure rods, the dif-
ferential thermal expansion of the hot fuel against

Figure 6. Fuel radial temperature distribution at the the cold cladding causes the fuel-cladding gap to
axial peak power k> cation at various times close during the burst, resulting in a large stress
during Test RIA l 2. peak at gap closure. Unlike Rod 802-2, FRAP

does not calculate failure of Rod 802-3 during the
stress peak, but the cladding is expected to strain

reaches a peak value of approximately 2040 K at as it warms u p. The effectise plastic strain
44 ms and then decreases about 500 K during the increases to 3.5'~o at 310 ms, at which time an
next 40 ms due to increased heat transfer to the instability in the clastic strain model forces the
cladding resulting from gap closure. The fuel code to predict failure.

.

,
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EXPERIMENT THERMAL AND MECHNICAL RESPONSE

The fuel rods and shrouds of Test RIA 1-2 were positise flow could be estimated, and is shown for
instrumented so that the thermal and mechanical Rod 8021 along with the RELAP4 calculated,

response of the fuel rods and coolant could be coolant flow in Figure 9. .

determined during the test. This section presents
the analysis of the on-line data. All of the plots in general, all four 009 meters exhibited similar

'

from the instrumentation are presented in responses to the burst. A sharp How reversal
Reference 8. occurred at approximately 10 ms after peak

power, with recovery to positise (upward) How

Coolant Behavior ""uning within 150 ms after peak power. The
Dow reversalis beheved to be due to direct heating
of the coolant during the power burst, resulting in

The coolant behavior during Test RIA 1-2 was a volume of high pressure causing now reversal at
determined by the flow shroud instrumentation the inlet. Integrating ;he now response shows that
for each fuel rod. Each rod was instrumented with 15% of the initial coolant volume in the shroud
an inlet, outlet, and differiential temperature (.1T) was expelled during the burst.
thermocouples, alv1g with an inlet Dowmeter and
a pressure transducer at the outlet of the flow Figure 9 shows a discrepancy between the
shroud. calculated and measured flow rates, instead of

reversing How at the intet dc ing the burst, the
Coolant Flow. The Dowmeters used in Test calculations predicted an incre,se in inlet flow.
RIA 1-2 were unidirectionalinstruments, thus not The predicted inlet now increne is probably due
allowing direct measurement of How reversal. to higher moderator heating :n the downcomer
flowever, by looking at the change of phase of the region as compared to the moderator heating in
ac response, the now reversal and recovery to the now shroud. The predictions also indicated

.

0.2 , , , , , , , , , ,
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Figure 9. Rod 802-1 measured and calculated coolant flow rate.
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that flow resersal would occur when the coolant to s, and followed by a third and much broader
reached saturation, but the flowmeter did not and higher prewure increase to 7.2 N1Pa at 30 s,
show this, indicating that the upstream prewure before decreasing to the preburst prewure of
drop was larger than modeled by the Riii.AP4 6.45 N1Pa at 60 s. Ihe period between 3 and 15 s -

code. corresponds closely to the estimated time in film
boihng; howeser, the reason for the increase m

Coolant Pressure. The outlet shroud prewure preuure that precedes quench is not apparent. T he
response f or all rods is shown in I:igures 10 and mechanism f or the second pressure pulse that
11. l'igure | | also shows the predicted coolant occurred between 0.5 and 3 s was probably due to
prew ure for comparison. The initial prewure the bulk coolant attaming saturation conditions.
mercase peak ranged from 7.1to 7.2 N1Pa

approsimately 17 ms af ter peak power. T he initial The calculated coolant prewure response did
preuure increase was f ollowed by a much broader not follow the measured pressure response scry
prenure increase 400 to 500 ms later, with a peak w ell, as show n in I igure 11. The calculated
of 6.8 N1Pa. T he second pressure increase slowly prewure remained fairly constant throughout the
decayed (- 1.5 to 2.0 s) to a relatisely constant t est . REl.AP did not predict any of the three
pressurc of 6.5 N1Pa, which lasted for appros- prewure increases and decreases measured by all
imately 9 s. Ihk was followed by a decrease in f our pressure transducers. ~Ihe pressure sensors
r essure to a minimum of 6.3 N1Pa, occurring at are somewhat sensithe to temperature Fradients.

Iloweser, the outlet temperature is relatisely cons-
tant, as shown ir, liigure 12, and, therefore, the

' pressure increase between 16 and 30 s shown in7.5 r v

g Zy$ l'igure 11 may be real.
$ Rw 03

- 'd O'
! Coolant Temperature. liach flow shroud in

7

i Test RI A l-2 was instrumented with inlet, outlet,

, .c".. c..g and aT thermocouples. The prewure response for'

each flow shroud was used to calculate the satura-
65 M tion temperature of the coolant with time. Ily"

[ comparing the measured outlet and .'.T responses
,

with the calculated saturation temperature, an"

6 estimate of the time that a two-phase misture of' ' ' ' '

-o 2 o 0.2 0.4 o6 08 1 coolant esisted in the flow shrouds can b- made.
Tima N I:igure 12 shows the outlet thermocouple

response, the addition of the inlet and aT ther-
I igure 10. Nicasured coolant precures Ior i s. mocouple responses, and the calculated saturation

temperature with time, along with the shroud
prewure for Rod 802-1. The other three rods pro-7.5 ----r--- r -- r - r - j

; -- bd 01 | sided similar data. The plot shows that a two-,

{
~~'

] | phase misture w as esiting the flow shrouds
, -. poo c4 |

between I and about 19 s. These times correspond' v

| | 7 [ - Calculated to the pressure decrease after the second pulse and
,

1 J ! 1 the pressure increase during the third pulse.
l E

I The estimated time in film boiling obtainedi f

6.5 hc I from the outlet coolant thermocouples agreesu
'> reasonably w ell with the film boiling timeo

i 2 obtained from cladding surface temperature ,

v. calculations described in the next section. In
| 6 - " --' * L- general, the cladding thermocouples indicated

| 0 5 #0 15 20 25 film boiling times approximately 5 s shorter than
*

Time (s) the calculated values. The shorter film boiling
time obtained from the cladding surface ther-

1

) l-igurei1. 51easured and calculated coolant preuures mocouples may be due to premature quenching of
' for 25 s. the thermocouples.
1

12
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Fuel Rod Behavior be characteriicd by microstructural changes are
(a) as fabricated, stress relieved iircaloy at
T < 920 K; (bl equiaxed alpha iircaloy at

T he fuel rod cladding temperature and the rod 920 < T < 1105 K; (c) two-phase mixture of
internal pressure were measured during Test alpha and beta firealoy at 1105 < T < 1245; and
RIA l-2 by two cladding surface thermocouples (d) beta iirealoy for 1245 < T < Tmelting-
on each of Rods 802-1 and 802 2, and internal
pressure transducers on Rods 802-1, 802-2, and Table 2 lists the obsersed microstructures from
802-4. Ihis section characteriics the cladding tem- the metallographic mounts for the rods in Test
peratures using sescral techniques in addition to RI A 1-2. All four rods exhibited beta zircatoy
the thermocouple measurements, provides alter. microstructures in the central portion of the rods,
nate methods of confirming the peak temperatures indicating cladding surface temperatures greater
attained, and presents the rod internal pressures, than 1245 K and alpha plus beta to beta structures

at the top end of the rods, indicating cladding sur-
Cladding Temperatures. The cladding tem- face temperatures probably between 1200 and
peratures were determined by (a) metallographic 1300 K. Representative photographs of the
examination of the cladding and ZrO2 layer observed cladding microstructures are shown in
microstructure, (b) measured oxide layer Appendix E,
thicknesses, (c) thermocouple data from the test,
and (d) FR AP-15 computer code calculations. A variation of the COllli D computer code,9,

| This section describes the temperatures estimated called WlZARD, was used to estimate the clad-,

by each of these methods. ding surface peak temperatures from the mea-
sured oxide thicknesses (Appendix F). The oxide

Examination of the cladding microstructures and oxygen-stabilized alpha-zircaloy [a(O)Zr]
*

provided a rough estimate of the peak tempera- layer thicknesses, along with the total oxygen
tures at which the cladding operated during the uptake, are calculated using a parabolic rate equa-
test. The four, broad temperature ranges that can tion. The oxidation rates were determined by

13



Table 2. Cladding microstructure and measured ZrO and oxygen-stabilized2
alpha-rircaloy layers

.

Nicasured Layer Thicknesses
(gm) -

Obsened
Elevationa Niicrostructure a-Zr(O) ZrO2

(cm) Nicasured
(Sample] Cladding Oxideb Inner Outer Inner Outer a-Zr(O)/ZrO2

Rod 802-1

# S 12 6 0 6 1.00
4 S 8 5 0 6 0.83

14 6 S 7 4 0 4 1.00
[N1-12] # S 11 8 0 5 1.60

6 S 7 4 0 6 0.67
6 S 10 5 0 6 0.83

d S 8 11 0 9 1.22
3 S 0 13 0 10 1.30

29 6 S 0 10 0 9 1.11

[N1-13] 6 S/D 8 15 0 11 1.36
# S 0 12 0 11 1.09 .

$ S 11 11 0 9 1.22

d D 6 9 0 8 1.12
d D 10 8 0 7.4 1.08

45 # D 6 11 0 9.4 1.17
[N1-1] 6 D 10 11 0 9 1.22

6 D IC 12 0 11 1.09
6 11 9 0 9 1.00

52C 0 D 0 12 0 10 1.20
[N1-2] # D 5 14 10 1.40

0 S 9 11 0 9 1.22
# S 10 9 0 7 '1.29

61 0 S 0 15 0. 10 1.50 -
[N1-14] # S 7 13 0 11 1.18

d S 0 13 0 -11 1.18
8 S 11 12 0 11 1.09

# S 0 3 0 3.4 0.88
# S 0 3 0 4 0.75

76 # S 0 6 6 5 1.20 *

[N115] d S 7 3 0 4 0.75
0 S 7- 1 0- 4 0.25-
d S 0 0 0 0 - .

14



Table 2. (continued)

. Nicasured Layer Ihickneues
(pm)

Obsers ed
Elesationa Alictostructure re.Zr(O) ZrO2

,

(cm) N1easured
[ Sample | Cladding Osideb Inner Outer inner Outer n-Zr(O)/ZrO2

Rod 802-2

33 d D 0 12 0 10 1.20

[N1-18]

d D il 0 0 8 0.0
0 D 0 9 0 9 1.00

45 # D 13 7 0 7 1.00

[N1-4] d D 0 5 0 6 0.83
d D 9 5 0 6 0.83
d D 0 6 0 6 1.00

Low d-d D 0 11 0 9 1.22
52C 1.ow J-d D 0 9 0 6 1.50

[N1-5] Low d-d D 5 4 0 7 0.57
Low d-d - 2 3 0 0 -

a + d-d S 0 0 0 3 0.00
a + d-d S 2 2 0 2 1.00

78 a + #-d S 2.4 1 0 2 0.50
*

[N1-6] a + d-# - 0 0 0 0 0.00
o + d-d - 2 2 0 0 -

a + d-d S 2 1.2 0 2 0.60

Rod 802-3

J S/D 8 22 17 14 1.57

38 d S/D 6 22 14 13 1.69

[N1-20] d S/D 7 16 13 12 1.33

# D 16 14 0 11 1.27

d D 7 16 0 9 1.78

45 d D 17 15 0 10 1.50

[N1-7] # S/D 10 15 0 10 1.50

d D 5 15 0 10 1.50

# D 14 15 0 10 1.50

# D 3 15 8 12 1.25

8 D 7 13 2 10 1.30.

48C d D 7 19 7 13 1.46

[N18] d D 5 18 18 12 1.50

# S/D 10 19 15 16 1.19
,

d S/D 10 22 18 12 1.83

15



Table 2. (continued)

Nieasured Layer Thicknesses
( m) *

Observed
Elevationa N1icrostructure a-Zr(O) ZrO2

(cm) Nicasured
[ Sample] Cladding Oxideb Inner Outer Inner Outer a-Zr(O)/ZrO2

Rod 802-3
(continued)

d D 5 13 0 12 1.08
60 $ S/D 9 14 0 10 1.40

[N19] d D 7 15 6 10 1.50
# S/D 13 13 6 9 1.44

# S/D 12 13 11 10 1.30
67 # S/D 8 6 8 6 1.00

[N1 16] d D 10 9 11 9 1.00
$ D 6 11 17 8 1.38

Rod 802-4

31 d S/D 8 12 0 8 1.50
[N1-19]

6 D 0 8 0 8 1.00
45 d S/D 7 6 0 6 1.00

[N1-10] 4 S 9 8 0 8 1.00
$ S/D 0 7 0 7 1.00

| 47C Low # D 4 7 0 7 1.00
! [N1-11] Low 6 S/D 0 6 0 6 1.00
i Lowd S/D 8 11 0 7 1.57
I Lowd S 7 6 0 6 1.00
l

a. Several orientations were measured at each elevation from the bottom of the fuel stack.

|
b. S = single oxide layer, D = duplex oxide layer.

|
c. Longitudinal sample.

.

|
*

|

|
|

!
t

| 16
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i

Cathcart from isothermal test measurements.12 g
The code requires a temperature-time history to be 2500.

input and varies the magnitude of the profiles 2 --- calcutoted

_

until the measured layer thicknesses are obtained. {2000
The estimated temperature uncertainty due to y / '-

. ^M *o*Yd -,,
-

% ,' ,photographic magnification and measurement !

h N ' s'
.

uncertainties of the oxide and oxygen-stabilized '500.

| alpha layers is 80 K. The measured oxygen- " '

i.

. ,

stabilized alpha zircatoy and oxide layer 2 icoo '-%'","Cl..

thicknesses are listed in Table 2. p
; 3

The temperature dependence of the growth 3 500
[gg

rates of the oxide (ZrO3) and oxygen-stabilized u

alpha layers are sufficiently different above " ** I'),

1460 K that a rough estimate of the peak tempera-
ture can be made by taking the ratio of the two Figure 13. Thermocouple measured and FRAP

| layers and using the Cathcart correlations. The calculated, and adjusted thermocouple
'

i.

mea sured and FR A P calculated cladding sur-
measured ratios are listed in Table 2. The face temperatures at 0.46 m on Rod 802-1.
occurrence of a single or duplex oxide layer struc-
ture can also indicate cladding peak tempera-
tures|3 and is discussed in Appendix F. g

. 1500
'

Rods 802-1 and 802 2 were instrumented with 3 Z gj.d
/_'cladding surface thermocouples at the 46- and o ad usted measured

79-cm locations on both rods. Rods 802-3 and k f ''sh''C ^d "'' *d ** ' eu ''' *d,

! 802-4 did not have cladding surface ther- !
! 1000 -h''-4,I mocouples. Cladding temperatures were -

h'.1

;, calculated for the locations corresponding to the j ;

; metallurgical mounts using the FRAP-T5 com- 1 i i
puter code. The estimated peak uncertainty for the [ !

* FRAP-T5 calculated temperatures is 70 K. The .5 L t-

thermocouple measured and FRAP-T5 calculated $ 500 ' ' '

time-temperature profiles were adjusted in u o 5 10 is 20

magnitude to produce the measured oxide layer U m* (*)
thicknesses at the thermocouple locations by the
WlZARD calculation. The unadjusted and Figure 14. Thermocouple measured and FRAP
adjusted thermocouple measured and FRAP-T5 caleWated, and adjusted thermocouple
calculated time-temperature profiles for the measured and FR AP calculated eladding sur-

46- and 79-cm elevations of Rods 802-1 and 802-2 face temperatures at OR m on Rod 8024
'

are plotted in Figures 13 through 16. The adjusted
cladding peak temperatures are listed in Table 3.
The therrr enuples measured only the thermo- The WlZARD adjusted thermocouple profiles
couple te sperature, whereas the FRAP-T5 code result in a cladding surface peak temperature that !

calcu. .i (L- cladding surface temperature near is in very good agreement (<5 K) with the
the thermocouples. Corrections were made to the WlZARD a+ isted FRAP-T5 calculated tempera-
thermocouple measured temperatures for fin cool- ture prof.ses at the 79-cm location of both4

ing effects by using the COUPLE computer Rods 802-1 and 802 2, and the 46-cm location of -
code.a The COUPLE analysis is presented in . Rod 802-2. A large difference in the calculated
Appendix F. The COUPLE adjusted thermo- cladding surface peak temperatures from the two.

coup'e temperatures agree with the FRAP-T5 types of profiles is shown at tne 46-cm location of
calculated temperatures that were adjusted to pro- Rod 8021. The large difference can be explained -
duce the measured oxide layer thicknesses. by comparing the FRAP-T5 calculated and ther-- ,

mocouple measured temperature profiles shown in
a. COUPLE / MOD 3, Idaho National Engmecring Laboratory Figure 13. The FRAP temperature profile shows a
connguration control Number cootsoot. rapid temperature increase followed by a slow -

17
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l
i

E ture profile was adjusted to gise the same peak I

2500 temperature as the FRAP-li oxide adjusted |

3 Z Dj,4 temperature at the 29-cm locr.. ion. As shown in
f "d the figure, the FRAP-T5 profile has a cosine

--- Ad|usted meawed2000 --, ,

usted concviated . g gg g,g, ggg,

', power peak, whereas the profile adjusted to the If ! -

1500 IN. '- oside thickness has a much flatter distribution I
,.

h'''N'T' . . ,O ' oser the length of the rod, with a slight dip near |
*

5 N
[

-

.' .., the 46-cm theimccouple location. The dip may be |} ,gno
. , '; due to the presence of the thermocouple, but no

7
;;; t conclusions can be reached since the temperature

' ' '
i 500 dip (-20 K) is well within the uncertainty of the
g o 5 to 15 20 25 osidation model(-80 K). The relatisely flat asial

I'** (*) temperature profile calculated usir.g the oside
measurements is significantly different from theFigure l5 Thermocouple measured and FRAp FRAP-T5 calculated asial profile. This effect wascalculated. and adjusted thermocouple
also obser ed in the other three rods. Since themeasured and FRA p calculated cladding sur.

4ee temperatures at 0.46 m on Rod 802-2. cladding surface temperature is, to a large estent,
dependent on the sureounding coolant conditions, |
the large difference in the asial profiles indicates

; that the thermal. hydraulic boundary conditions

! 1500 supplied to FRAP-T5 by the RELAP4 code may
i - usew ed not be applicable to tne actual experiment.

--- Colculated
-E Adlueied meamered
g p,,- , - - adloteo caiculated Oside layer thickness measurements were taken

! # '- at sarious circumferential locations for each,

' 1000 transverse metalMgraphic mount from all four
,

;;
,'

,
rods to estimate the circumferential temperature

i ; variation. The circumferential deviation was on
i the order of 40 K, which is less than the 80-K"

.

I I uncertainty resulting from the oside measure-
7"""" ments; therefore, no significant circumferential !3 500 '

c o 5 to 15 20 temperature variation was found.
Time (s)

Rod 802-3 failed during the burst, and postlest
figure l6. T hermocouple measured and FRAp esaminations showed 22 longitudinal cracks on

calculated, and adjusted thermocouple the rod. The metallographic samples prepared
measured and FR A p calculated cladding sur- from the rod were clu;tered between the asial flus
face temperatures at 0.N m on Rod 802-2. peak and the 67-cm location. The FRAP-T5 pro-

files were adjusted downward 100 to 300 K to i
'

match the observed oside measurements.
temperature decrease, with rapid quench and Rod 802-3 had the highest peak temperatures
rewet at 22 s. The thermocouple response also (1740 K) during the test, which may be related to j

shows a rapid temperature increase, but is fol- the lower coolant flow measured in the rod flow
'

lowed by approsimately 5 s of relatively constant shroud during the test.
temperature before decreasing. Since the osiue
layer thickness is a function of both time and tcm. The two high pressure rods (802-2 and 802-4)
perature, the thermocouple profile results in a experienced cladding surface peak temperatures

,
*

lower peak temperature than the FRAP-T5 profile approximately 100 K lower than the two low
'

because it is less peaked in shape, pressure rods (8021 and 802-3), probably as a
s.irect result of the observed 5 to 6r diametral-e

Figure 17 shows the axial variation along strains, and were IMO and 1580 K, respectively.
Rod 802-1 of the FRAP-T5 calculated and the ;

FRAP-T5 oxide adjusted cladding surface peak Rod Internal Pressure. Pressure transducers -
'

temperature. The FRAP-T5 asial peak tempera- were installed in the upper plenum of Rods 8021, .
I

'!

18 jp

4
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Table 3. Adjusted cladding temperatures

Adjusted FRAP-T5 Adjusted Thermocouple
Calculated Profile Profile

hAverage As eraFeb
Elevationa Peak Peak Peak Peak,

(cm) Temperature Temperature Temperature Temperature
ISample] (K) (K) (K) (K)

Rod 802-1

1480

1480
14 1390 1460

[N1-12] 1440 (40)
1480
1480

1610

1MO
29 1610 1640

[N1-13] 1670 (30)
1670
1610

1590 1490
1560 1470

45 1630 1610 1530 1520
'

[N1-1] 1620 (30) 1520 (30)
1670 1570
1620 1520

52C 1640 1640

[N1-2] 1640

1580
1510

61 1610 1600

[N1-14] 1630 (50)
1630
1630

1320 1320
1360 1360

76 1400 1360 1410 1360

[N1-15] 1360 (30) 1360 (30)
. 1360 1360

Rod 802-2
.

33 1640 1640

[N1-18]

19
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Table 3. (continued)

Adjusted i R AP-T5 Adjusted Thermocouple
Calculated Profile Profile

_

b bAs erage As eraFe ,

Elevationa Peak Peak I'eak Peak
(cm) Temperature Temperature Temperature Temperature

(Sample] (K) (K) (K) (K)

Rod 802 2
(continued)

1580 1570
1620 160)

43 1550 1550 1540 1540

[N1-4] 1510 (40) 1500 (40)
1510 15(X)

1510 150)

1590
$2C 1480 1530

[N1-5] 1520 (50)

1310 1290
78 1210 1190 1220

[N1-6] 1210 1240 1190 (50)
1210 (50) I190

.

Rod 802-3

1740
38 1720 1720

[N1-20] 1690 (20)

1670
1610

45 1640 1640

[N17] 1640 (20)
1640
1640

1690
1640

48C |720 1700

[$18) 1690 (50)
1780 .

1690

1660
.

(o 1610 1610

[N1-9] 1610 (30)
1580

20



Table 3. (continued)

Adjusted FRAP-T5 Adjusted Thermocouple
*

Calculated Profile Profile
,

b bAscrage Average
Eles ationa Peak Peak Peak Peak-

(cm) Temperature Temperature Temperature Temperature
[ Sample) (K) (K) (K) (K)

Rod 802-3
(continued)

1610
67 1480 1550

[N1 16) 1480 (60)
1480

Rod 802-4

31 1580 1580

(N1-|9]

1580

45 1510 1560
- [N1-10] 1580 (40)

1550

47C 1550.

[N1-I t) 1510
1550 1530
1510 (20)

a. Seseral orientations were measured at each elesation from the bottom of the fuel stack.

b. Numbers in parentheses are the standard desiation.

c. 1.ongitudinal sample.

802-2, and 802-4. The Rod 8021 transducer failed ture increase, gap closure, and fission product
early in the test; therefore, no plenum pressure release all tend to increase rod internal pressure,
information was obtained from the low pressure whereas cladding expansion decreases rod internal
rods. The transducers on the two high pres:ure pressure.
rods (802-2 and 802-4) behaved similarly, and a

'

comparison plot of the transducer response of The FR AP-T5 calculation predicted that the
Rod 802-2 and the FRAP-T5 calculated plenum high pressure rods would fait early in the tran-
pressure is shown in Figure 18 for the first 25 s of sient, resulting in the code forcing the rod internal
the test. Figure 19 plots the same variables for the pressure to equilibrate with the coolant pressure.
first 100 ms. Figure 19 shows the calculated rod pressure to be-

belove the coolant pressure at the start of the tran-
Several factors influence the rod internal sient and then increasing during the burst as the '

pressure during an Rf A transient. The tempera- fue! heats up and the available gas solume

21



20c0 decreases due to the closing of the fuel. cladding
_T @ 'cu'" g ,1 6 # gap. The sharp jump in rod pressure between 44,,

1800 - and 46 ms is due to the code-predicted failure of-

E the rod at 46 ms, which resulted in the rod* ." " - ~ ~ ''600 ,. , prenure following the R El. A P4 calculated, ,

73 ,.' N, coolant prewure for the remainder of the transient
{ 1400

- ', (1igure 18). Ihe measured internal preuure in the-

( figures was adjusted (to remme an o|fset in the
,

~ 1200 -

measurement) to 4.62 N1Pa at the start of the tran-
sient to match the calculated pressure based on

' ' ' '1000 calculated gap temperature and void solume and
0 0.2 0.4 06 0.8 1 internal pressure measured prior to the test. The

[''' " " (*) measured pressure shows two increases during the
test, with the first increase of about 0.5 N1Pa

f igure 17. A sial sariation of cladding peak occurring at 2 s, followed by a much broader
temperatures on Rod 802-1. increase of approxirnately 0.5 N1Pa that peaked at

12 s. The significant feature of the transducer
response is that it remained below the coolant
prenure throughout the transient and, since post-

7 test measurements showed positise strains in the
middle of the rod instead of collapse, the trans-

u..................................-' ducer response indicates that the rod plenum was

16 probably isolated from the heated section of the
rmi for some period of time during the transient,.

,! 5 -

y A second analysis was perforined using the clad-
ding surface temperature estimates from thea

34 ~ previous section and auuming the internal
- h*o*ured pressure was equal over the length of the rod. A
--- coiculat ed .

comparison of the transducer response and thei i i i3 .

0 5 to 15 20 25 calculated response is shown in Figure 20. The
rime (s) calculated plenum prenure response shown in

Figure 20 represents an upper bound on plenum
Figure 18. Nice ured and calculated rod internal tussure. The internal prenure was assumed to be

preuure of Rod 802-2 for 25 s. equal over the length of the rod to prevent false
failure prediction at the hot region of the rod due

7 8

,.................... (

,-,' '' . ...
7

s - .

z z p, ..- -

. . ,

!5 M' j . .. ,,'N.'

'

{ {5 - ' . . . ,...... '

E4 ~

S 4 _ -" *- usomred - Woosured
--- Calculat ed --- Calculated, no gas flow .

' ' ' ' ' ' ' '3 3
O 20 40 60 80 10 0 0 5 10 15 20 25

Tiree (ms) Time (s)
.

l'igure 19. Nicasared and calculated rod internal Figure 20. Aleasured and FRAP-T6 calculated rod
pressure of lad 802-2 for 100 ms. internalpressure of Rod 802 2.

.
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to high internal pressures and subsequent pressure been reflected in the partially isolated plenum,
equilibration of the rod with the coolant. As since the plenum was still in the process of
expected, the measured pressure remained below equilibrating up to the pressure of the rest of the
the calculated pressure during the first 8 s of the rod. The higher than expected plenum pressure
test, but increased above the calculated salues for measured after 8 s does not seem reasonable since.

the remainder of the test. The low measured the calculated plenum pressure represents an
pressure during the first 8 s could be due to the upper bound in the plenum, as mentioned abose.
isolation of the upper plenum from the heated see- Also, since the calculated deformation of the rod,

tion of the rod caused by the fuel-cladding gap was less than actually measured, the available
closure. The first pressure increase recorded by the solume w as larger; therefore, the measured
transducer may be due to the temperature increase pressure should hase been even lower. One possi-
of the ;;as in the plenum region. The slow rise in ble explanation for the measured response could
prewure that starts at about 3 s may be an indica- be due to a temperature gradient effect on the
tion that the plenum was equilibrating with the transducer, which has been seen in other PilF tests
rest of the fuel rod sery slowly. The decrease in using the same type of transducers. Iloweser, no
pressure that occurs between 1 and 3 s cor- gradient is expected during an Rf A test since the
responds to the time when the rods were believed transducer remained in a single-phase fluid
to have deformed, although this should not have throughout the test.

.

4

0
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i
1

i FAILURE THRESHOLD OF PREIRRADIATED FUEL RODS
t

! The purpose of the Rf A Test Series is to deter. regions of cladding wall thickening and thinning.
,

mine the failure threshold for fuel rods during a The tirealoy was then osidized by steam and UO ,2
,

'

hypothetical reactisity initiated accident. The and became completely embrittled in the thinner
results of the earlier work obtained in the Special regions. Estensise cracking of the embrittled clad-
Pow er Escursion Reactor Tests and in the ding occurred due to thermal stresses during the *

,

Japanese Nuclear Safety Research Reactor were quench and rewet following about 30 s of film
'

resiewed in the introduction to this report. This boiling. After the occurrence of estensive fuel,
'

section summarizes the previous RIA failure shattering along grain boundaries in the two fuel
threshold data, discusses the failure threshold in rods tested at asial peak, radial aserage fuel
light of the Test RIA 1-2 results, describes in enthalpies of 250 and 260 ca!/g (275 to 290 cal /g :

i detail the failure of the one RIA l-2 rod, and UO2 radial peak near the pellet surface), appros- |discusses pouible failure modes. imately 10 and 15''o of the UO2 uel, respectisely,f
was swept out of the flow shrouds.I4

' Failure Threshold
The four fuel rods used in Test RIA 12 were<

in general, from presious Rf A tests, the failure subjected to a radially aseraged peak fuel enthalpy

} threshold of unirradiated fuel rods was found to of 185 cal /g (215 cal /g peak enthalpy near the i

be in the range of 205 to 225 cal /g asial peak, fuel surface). Three of the four fuel rods did not |
; radial as erage fuel enthalpy (260 to 265 cal /g peak fail. One of the low pressure rods, 802 3, t

fuel enthalpy near the fuel surface). Preprenuriza- remained relatisely intact, but failed by means of
tion of NSRR fuel rods to internal pressures 22 small (<1cm long), longitudinal cracks

; greater than 1.2 MPa reduced the failure thresh- starting at about 14.5 cm and estending to about
j old of unirradiated fuel rods to about 150 cal /g 68.1 cm from the bottom of the 91-cm.long fuel
; asi,d peak, radial aserage fuel enthalpy. The tests stack. Table 4 presents the location of the clad-

presiously conducted during the present RIA test ding cracks. T he radial aserage peak fuel enthalpy
series, the RIA Scoping Tests, indicated a failure at the 14.5- and 68.1-cm locations was ,dmut
threshold for presiously unirradiated fuel rods of 140 cal /g. The other three rods esperienced clad- ,

about 240 cal /g asial peak, radial aserage fuel ding deformation, which is discussed in a subse-
enthalpy, slightly higher than the previous quent section. The failure threshold (140 cal /g.

data.1415 UO ) of presiously irradiated rods, as determined2
from the energy deposition at the lowest asial

The unitradiated SPERT rods tested at energy position where cracks were found on the one
depositions slightly above the failure threshold failed rod from Test RIA 1-2, is generally consip !

; appeared to hase failed as a result of melting and tent with earlier SPERT results for previously
then cracking of the oxygen embrittled cladding irradiated fuel rods.

i upon cooldown. Elesen tests were conducted
using presiously irradiated rods during the The differences between the four fuel rods, and
SPERT-CDC tests. The lowest energy deposition especially between the two low prenure rods, that [
rod failure observed was in CDC Test 756 would result in only one rod failing are not
(143 cal /g asial peak, radial average fuel enthalpy apparent. The NSRR results showed that increas- r

and previously irradiated to 32.7 GWd/t). The ing the rod pressure decreases the failure ,

i rod failure was one small(< 1 cm), asial cladding threshold. Therefore, it would be espected that
! split in the test conducted with the nest higher the high pressure rods would be more likely to fail

enthalpy insertion, Test 859 (154 cal /g axial peak, at a given peak fuel enthalpy than a low pressure4

radial average fuel enthalpy and previously rod at the same enthalpy. Rod 802-3 failed by
irradiated to 31.8 GWd/t), the failure comprised cladding cracking over regions of the rod at an -

three long, asial cladding splits, which together enthalpy insertion of 140 to 185 cal /g UO . None2
extended over most of the actise length of the rod, of the other rods showed any cracking, although
and one ruptured blister.16 they all had regions in this same enthalpy range. -

Cladding failure in the PilF Rf A Scoping Tests Different procedures were used for the fabrica-
was due to plastic How of the cladding, producing tion of the four Test Rf A 1-2 rods. Three of the

24
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Table 4. Description of cracks in Rod 802-3
_ _

Crack Elevation
*

from Bottom of
Fuel Stack

(cm) Crack Description
.

67.9 to 68..' 2 mm long, closed, white deposit around outside

66.5 to 66.9 4 mm long, open, no deposit

63.8 to 64.3 5 mm long, closed, dark deposit around outside,

62.7 to 62.8 1 mm long, closed, no deposit
;

60.4 to 60.6 2 inm long, slightly open, no deposit

59.8 to 60.3 5 mm long, open, dark deposit around outside

57.1 to 57.3 2 mm long, open, no deposit

55.9 to 56.1 2 mm long, closed, white deposit around outside

55.5 to 55.8 3 mm long, closed, white deposit around outside
.

52.2 to $2.3 I mm long, closed, white deposit around outside

* 50.7 to 51.0 3 mm long, closed, white deposit around outside

50.5 to 50.7 2 mm long, open, no deposit

49.3 to 49.5 2 mm long, open, white deposit around outside

48.4 to 48.5 I mm long, closed, slight white deposit around outside

37.9 to 38.1 2 mm long, closed, white deposit around outside

37.2 to 37.4 2 mm long, closed, white deposit around outside

i 36.9 to 37.3 * .um long, open, dark deposit around outside

32.2 to 33.0 8 mm long, slightly open, dark deposit around outside

31.7 to 31.8 1 mm long, slightly open, no deposit
.

30.3 to 30.5 2 mm long, slightly open, no deposit

*
14.5 to 15.0 5 mm long, closed, white deposit around outside
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rods were opencd after Saxton irradiation and mode. Cracks at the 67.2 , 49.4 , 48 , and 37 cm
before PDF testing so that instrumentation could elesations are shown in various stages as the
be installed. The rods were backfilled with a cracks w ere polished through in Figures 21
77.7% helium 22.3% argon mixture. These three through 26. The crack at the 67.2-cm elesation

*rods did not fail. The one rod that was not (Figure 21) was wide, without the deposition on
opened, Rod 802-3, failed. the outside surface around the crack seen at other

crack locations. A transserse sample was cut at
The initialinternal pressure of Rod 802-3 is not this location, mounted, and polished to show the '

certain because it was not measured after Saxton crack in cross section. The figure shows the crack
irradiation. The data transmitted with the fuel as it was ground through. In the first view, the
rods indicated that the rod was originally air filled crack is fairly straight through the wall. In
at atmospheric pressure. Characteritation of Figure 21(c), there are two incipient cracks on the
similar rods that had also been irradiated in the cladding inside surface and one on the outside sur-
Saxton reactor showed that ine rods that were face. The oxygen-stabilized alpha iircaloy and
initially air-filled at atmospheric pressure con- ZrO2 are equally as thick on the inside of the
tained about 20% less free gas after Saxton crack as they are on the outside surface of the
irradiation. This may hase been due to reaction of cladding, indicating that the cladding failed at low
the oxygen with the cladding inside surface. temperature, before the rod went into film boil-

ing. This is characteristic of all of the cracks
A change in rod internal chemistry may have examined. Although it appears that the cracking

occurred in the three rods that were opened prior follows the prior beta grain boundaries, the cracks
to testing, which may have reduced the potential probably occurred before the beta structure was
for stress-corrosion cracking in these rods. formed, and tne beta grains then formed along the
Although the mechanisms are not well under- cracks. Zirconium dioxide has filled the incipient
stood, seseral elements base been considered to cracks on the inside surface of the cladding shown
cause stress-corrosion cracking in iircaloy. The in Figure 21(d). The through-wall crack in this
elements most often cited are iodine, cesium, cad- view is straighter, with rounded corners at the .

.nium, and tellurium.38 All of the rods were in cladding inside and outside surface. This is prob-
storage after the Saxton irradiation for more than ably due to the oxidation of the crack surface. T he
five years before being opened. The elements crack is branched at the inside surface in

,

presiously listed are all solid at room temperature Figure 21(c), and it no longer extends through the
and are generally combined 'vith other fission cladding in the view shown in Figure 21(f).
products or oxygen as compounds. Some iodine
will sublimate at room temperature and atmrs- The crack at 49.4 cm, shown in Figure 22,
pheric pressure; however, the remaining iodine appears to join a crack from the outside surface
would probably be combined with the cesium as and an irregularity on the inside surface of the
Cs!. It may be that the elements that can cause cladding. Although the cracks appear to have
stress-corrosion cracking of the zircaloy were not initiated on the outside surface of the cladding, it
released from the rods upon opening, but rather may be that they initiated on the inside surface
were oxidized when the insides of the rods were and propagated in the axial as well as the radial
exposed to air or the impurities present in the direction. The higher temperature at this location
helium-argon fill gas, so that the elements may not compared with the location shown in Figure 21
hase been available to react with the zircaloy at resulted in significantly more oxygen-stabilized
high temperatures. alpha on the outside surface of the cladding and

on the surfaces of the crack. The oxygen-stabilized
alpha layer was brittle, and severe cracking of this

Character,zat,on of Rod 802-3 layer is apparent in the photographs. As the sam-i i

Failure pie polishing progressed, it became evident that
the cladding crack was a straight, through-wall -

crack. In Figure 22(d), four incipient cracks are
The failure of Rod 802 3 was characterized by evident on the inside of the cladding.

at least 22 longitudinal cracks, all less than I cm .

long and at random orientations, dispersed over The crack shown in Figure 23 (at 48 cm) occur-
the center two-thirds of the fuel rod. Seseral of the red at the location of a pellet.to-pellet interface, a
cracks were examined to determine the failure higF stress point in the cladding. The section of
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fuel rod was mounted longitudinally and the crack Expanding mandrel tests have been performed
was ground into. The two cracks in Figure 23(b) at Battelle Columbus LaboratoriesI9 on irradiated
coincide with the position where the fuel pellets rircaloy cladding samples. One of the specimens is
would probably contact the cladding. Again, it is shown in Figure 26. The major through-wall crack

g not clear w hether the through-wall crack show n in is at the same angle to the radial direction in the
Figure 23(c) initiated on the outside or inside sur- cladding as that observed in many of the cracks on
face it is highly probable that the cladding con. Rod 802-3. The edges of the crack are sharper in
tinued to deform after the failure occurred, by the out-of-pile expanding mandrel test, but the,

pellet-cladding mechanical interaction due to dif- crack was not oxidized after rod failure. Some
ferential thermal expansion between the fuel and incipient cracks were observed on the cladding
cladding, thereby opening up the crack. inside and outside surfaces [ Figure 26(d) and (e)]

from the purely mechanical stress put on the clad-
The crack at 37 cm (Figure 24) was mounted ding dering the expanding mandrel test. The

transsersely and ground completely through. The similarity in appearance between the failures and
view at the highest axial location shows the crack incipient cracks in the expanding mandrel tests
halfway through the cladding wall, beginning on and Rod 802-3 from Test Rf A l-2 indicates that
the outside surface and angling sharply toward the the failure of Rod 802-3 may have been due
inside The crack progressed through the cladding, strictly to mechanical overstressing of the clad-
becoming very wide (0.415 mm maximum) and ding. Howeser, as discussed presiously, there is
straight thrcugh the wall. The width of the crack no apparent reason for the stress on the cladding
was probably a result of deformation by pellet- of Rod 802-3 to hase been drastically different
cladding mechanicalinteraction subsequent to the from that experienced by the other low pressure
cracking. The crack esentually narrowed, and the rod, Rod 802-1.
lowest elevation view shows a remnant of the
crack at the outside surface. The total crack length The pretest rod geometry and the posttest
was 4.3 mm. mechanical properties of the zircaloy were

examined. The pretest geometry was characterized
No through-wall cracks were found in any of by oserall photographs, neutron radiographs, and

the other three fuel rods. However, during one profilometry. These data are presented in detail in
portion of the posttest examination, some incip- Appendix H. In general, no major differences

-

ient cracks were initiated on the inside surface of were observed in the overall appearance of the
the cladding from Rods 802-2 and 802-4. A small rods. The outer diameter of all rods was within
half-ring was cut from each of the rods and flat- 0.84% of the nominal diameter. The neutron
tened. All of the samples fractured axially down radiographs did not show any unusual distur-
the middle of the sample. The broken sections bances in the fuel stack, i.e., gaps in the stack or
were mounted and examined. Figure 25 shows unusual cracking. The pulsed eddy current (PEC)
numerous incipient cracks on the inside surface of scans did not indicate any incipien; racks on the
the cladding from Rod 502-3, which is typical of inner mrface of the cladding of any of the four
many of the locations examined on the rod before fuel rods before PDF testing; however, the PEC
posttest mechanical deformation. Similar cracking scans cannot detect defects less than 0.152 mm
occurred on the inside of the Rod 802-4 cladding deep (one-fourth of the cladding nominal wall
and, to a sery limited extent, on Rod 802-2 near thickness of 0.622 mm).
the fresh fracture surface. The inner surface
cracking was not observed at any other locations The microhardness of the cladding was mea-
on Rods 802 2 and 802-4 besides those that were sured for each rod to provide an indication of
mechanically deformed posttest. changes in mechanical properties that might affect

the rod failure threshold. The measured micro-
The oxidation of the fracture surfaces made it hardnesses are presented in Table 5 for locations

impossible to determine the fracture mode from near the outer surface, at the center, and near the,

the fracture surface appearance. The surfaces of inner surface of the cladding wall for several
the cracks were masked by the oxidation, making elevations of each nd. Generally, the nominal
the crack shape somewhat inisleading. The cracks room temperature hardness of as-received, stress

,

may have originally had sharp corners at the relieved zircaloy has been measured over a range
cladding inside and outside surfaces before the of hardnesses near 260 diamond pyramid hardness
oxidation. (DPH), and, as the cold-work begins to anneal
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Table 5. Microhardness of RlA 1-2 test rod cladding

Microhardness
f(DPIO

Elevation from
Rod llottom of Fuel Stack Outer Inner .

Number (cm) Diameter Center _ Diamete-

802-1 I3.8 295 223 223
288 223 223

802-1 52.4 357 182 235
357 174 235
357 - -

802-1 75.8 357 182 201

334 215 191
- 223 201

802-2 45.4 248 174 440
248 182 382
- - 475

802 2 78.4 201 182 191

201 191 191

802-3 35.9 475 248 728
- 248 728
- 248 607

802 3 45.4 278 191 338
410 201 338
278 182 338

802 3 48.4 334 211 728
514 211 728
557 201 557

802-3 67.2 278 182 557
278 191 991
557 182 514

802-3 Near crack 382 314 410
334 357 Along 514
314 334 crack 334

,

- 410 382

802-4 45.4 262 201 223
'

248 235 223
262 201 223
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close to the recrystallization temperature at 920 K hydrogen content for the four rods is given in
(the transformation from stress relieved to mised, Table 6. The three unfailed rods showed hydrogen
irregular shaped alpha grains or preequiaxed levels typical of those measured in the Saxton rods
alpha structure), the nominal hardness decreases before PBF irradiation. The hydrogen content in

3 to around 230 DPH. Full recrystallization the failed rod cladding was four times that
(920 < T < 1105 K) to an equiaxed alpha-phase obsersed in the unfailed rods. The hydrogen
structure, with no observable grain growth, pro- pickup probably resulted from operating the'~
duces an additional drop in the hardness to about failed fuel rod in filn- boiling..

190 DPH. The hardness values begin to increase
again, as the alpha plus beta two-phase structure
develops (1105 < T< 1245 K), to values equiva- The fuel was enmined to determine abnor-

m lities that would result m different thermallent to or greater than 280 DPH. Upon trans-
formation to the beta phase (zircalov temperatures expansion of the fuel m Rod 802-3 compared to

T > 1245 K), the nominal room temperature the other three fuel rods, especially Rod 802-I.

hardness of the matris increases to the range of The fuel structure at several elevations of all four

310 to 350 DPH or more, depending on the fuel r ds was examined. In general, there had been
exknsive m vement f the porosity in the fuel tooxygen content. The highest hardness values
tk W grain boundaries at the high power eleva-2measured have been associated with the oxygen-

stabilized alpha, with values rangint from 330 to tion of all rods. The fuel grain growth was slighty
800 DPH.20,21 The microhardness measured at greater in Rod 802-3 than m the other rods. The

the center of the wall of all samples from the Test Erajn diameters are listed m_ Table 7. The larger
RIA 1-2 fuel rods did not exceed the microhard- gram diameter indicates a slightly higher max-

ness for alpha plus beta structures. The higher smum fuel temperature m Rod 802-3 than m the

microhardnesses measured at the cladding inner ther rods. The small temperature difference and

surface, outer surface, and along the through-wall the resulting increase in thermal expansion of the

cracks in Rod 802-3 were due to the oxygen- fuel m y have affected the overall stress on the

stabilized alpha layer that formed on all cladding cladding of Rod 802-3. However, the crackmg m

surfaces exposed to the coolant or in contact with Rod %2 3 occurred mer a large adal kngW oW*

the fuel. In general, for a given microstructure, r d, meludmg regions where the fuel temperatures

Rod 802-3 did not exhibit exceptionally high were I wer than at the peak location of the other
-

microhardnesses. r ds, and the thermal expansion was less. There-
fore, relatnely small differences m, fuel tempera-

Hydrogen analysis was performed on one sam- ture could not be the major reason for the failure
pie from each of the fuel rods. The specification of one low pressure rod but not the other. Also,
for the original cladding tubes used for the Tast the larger grain size in Rod 802-3 may have been
RIA l-2 rods was 15 ppm hydrogen. After Saxton the result of degraded gap conductance in that rod
irradiation, the hydrogen content in the cladding following failure, when the helium-argon fill gas
was generally measured at about 40 ppm. The was' replaced by steam.

Table 6. Hydrogen content of Test RfA 1-2 fuel rod cladding
._

Elevation from
Rod _ Bottom of Fuel Stack Hydrogen Content

Number (cm) . (ppm)a

802-1 45.0 38,30
802-2 45.0 - 45, 37..

# 802-3 .45.0 ,183, 202
802-4 45.0 0, 7

*

a. Standards were run before each test; 100 ppm standard resulted in 97 ppm,30 ppm' standard resulted
in 34 ppm,100 ppm standard resulted in 84 ppm.
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Table 7. Fuel grain diameters of Test RlA 1-2 rods

Grain Size
(gm)

Elevation from
Rod flottom of Fuel Stack O uter Second Third

Nurnber (em) Edge to Edge to Edge Center

802-1 45.4 2.40 5.50 5.31 5.77
52.4 2.80 2.78 3.35 3.64
78.4 2.39 2.91 2.75 2.88

802-2 78.4 2.27 2.55 2.62 2.96
52.4 3.21 3.57 4.23 4.55
45.4 3.75 4. I 7 4.65 5.31

e

802-3 45.4 2.05 3. I 7 5.26 7.23
48.0 2.80 2.99 4.35 6.45
60.4 1.87 2.50 3.30 4.00
67.2 2.53 2.88 3.85 4.65

802-4 45.4 2.82 3.82 5.22 5.41
47.7 2.58 3.17 3.97 4.05

4

.
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EFFECT OF ROD INTERNAL PRESSURE ON ROD DEFORMATION

Investigating the effect of rod internal pressure 7c
on the deformation and failure of a fuel rod dur- 3 6 -'
ing an RIA was one of the main objectives of Test I 3 -

Rf A 1-2. Significant differences were observed in ? 4 -

the total deformation between the two unfailed, j 3 _,

high internal pressure rods and the one unfailed,
2 -

low pressure rod. The measured posttest deforma.
_S

' ~

tion of the fuel rods is characterized, and the time
of deformation and the possible deformation } O ~

modes are discussed in the following sections. .
-'

')O _7 _

i i e i

o 0.2 0.4 0.6 0.8 1

Measured Posttest Deformation t i ,,, ,, ,, (m)

The cladding deformation of the four fuel rods Figure 28. Diametra! cladding strain of Rod 802-2.

was characterized by diameter measurements and
visual examinatic 1, and correlated with cladding
peak temperstures. The cladding strain oser the
length of the rods is plotted in Figures 27 through

,
30. The maximum diametral strain for the high .c

pressure rods was twice that of the low pressure $ 6 ~

5 -rods. The twc rods with cladding thermocouples [
(Rods 802-1 and 802-2) showed more strain than .c d -

the rods without cladding thermocouples, with j 3 -

9 corresponding pressures. All four fuel rods t 2 -

collapsed near the ends of the rods. ; i -

b

; O -

- The temperature differences between the four g _, _

rods were presented in an earlier section. The high 5, , , , ,g
pressure rods operated at lower cladding peak 0 0.2 0.4 0.6 0.8 1

temperatures than the low pressure rods. The
g i ,,,,;,, (m)

failed rod with steam present inside operated at ,

the highest cladding temperature. It was found
, Figure 29. Diametral cladding strain of Rod 802-3.that the higher the maximum diametral stram, the

lower the cladding temperature.

7 7c c

3 6 - f 6 -

;
3 -

; s -

E 4 - E 4 -

E
; 3 -

E
g 3 -

% 2 - L 2 -

; I - o 1 -

5 0 - 5 0 -

,5 -i - Io
0 -1

' ' ' ' ' ' '-2 '. .

-2
O 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

~

Elevation (m) Elevation (m)

Figure 27. Diametralcladding strain of Rod 802-1. Figure 30. Diametralcladding strain of Rod 802-4.
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The observed deformation included ridging of ing as long as the cladding outside surface. The'

the cladding on the high pressure rods at intervals available internal pressure measurement obtained
I equal to the length of a fuel pellet, in addition to a for the high pressure rods during the test was

maximum of 6To increase in rod diameter. The presented in the section titled, " Rod Internal
ridging occurred from 23.5 to 55.4 cm and from Pressure." Because of the fuel-cladding gap

'

27.1 to 65 cm on high pressure Rods 802-2 and ciosure, the upper plenum was partially isolated
802-4, respectively. A limited amount of ridging from the heated section of the rod; therefore, no

*was observed on low pressure Rods 802-1 and direct information on local pressures and stresses
802-3. Overall photographs of rod sections and in the deformed region was available. Computer
macrophotographs of rod cross sections showing analysis, along with the available information on
the ridging are presented in Figures 31, 32, cladding temperatures, plenum pressures, and
and 33. The ridging correlated with the pellet postrest examinations, can be used to arrive at a

; interfaces of low pressure Rods 802-1 and 802-3, reasonable scenario for the deformation behavior
]. indicating that the fuel was tightly locked within of the rods.
'

the cladding. No shifting of the fuel stack occur-
red upon thermal contraction. A crack initiated on The calculated gap pressure, coolant pressure,
the inside surface of the cladding of Rod 802-3 permanent hoop strain, and cladding midwall
(shown in Figure 22) at the location of maximum temperature for the high pressure rods for the first
deformation. As this crack was polished through, 25 s of the test are shown in Figure 36. Nearly all

I it was found to eventually penetrate the cladding of the deformation was calculated to occur within
wall. The area of maximum deformation in the the first 3 s of the test and is due to the pressure

j high pressure rods did not correlate with fuel difference between the fuel-cladding gap and the
pellet interfaces, indicating that the fuel stack was coolant while the cladding is hot. As the gap
not locked with the cladding upon cooldown. The pressure drop; below the coolant pressure at 5 s,
deformation of Rod 802-2 is shown in Figure 32, the conditions for cladding collapse exist. The
and of Rod 802-4 in Figure 33. cladding does not deform, however, because the

cladding temperature has dropped appreciably by -t,

The cross section in Figure 32(b) shows that the that time.
j deformation also included some wall thinning.

The wall thickness as a function of orientation for Two cases were modeled for the transient: .

one axial location on Rod 802-2 and the thicknes- (a) the internal gas pressure was assumed to be in
ses for several axial locations on Rod 802-1 are equilibrium over the entire rod length (FRAP
plotted in Figures 34 and 35, respectively, withont gas flow model), and (b) the plenum was
Although the cladding wall thickness of assumed to be isolated from the heated section of
Rod 802-1 averages about 7.5?e higher than the the rod (FRAP with gas flow model). In the first
nominal thickness of 0.572 mm, the actual wall case, the calculated peak strain was only 3Te;

thickness does not deviate from the average instead of the 6To strain measured. The second
'

measured thickness at any location by more than case predicted failure of the rod at strains of 400To
6.3''o. Therefore, the initial wall thickness of the due to high local gap pressure ( ~200 MPa)in the
cladding of Rod 802-1 was probably 7.5?o greater high power section of the rod. The measured 6To
than the nominal pretest thickness. The wall strain in the high pressure rods indicates a partial
thickness of the cladding of Rod 802-2 at the peak isolation of the plenum from the heated section, as
power location (Figure 34) decreased by as much opposed to the complete isolation predicted by the
as 278'e from the nominal thickness. FRAP-T5 gas flow model. The low strains calcu-

lated without the gas flow model may also be due
t the mechanical properties routine in MATPRO,Deformation Modes
which is based on slow strain rate out-of-pile
data.I l liowever, the gas flow. model is also

There are several indications that the rod defor- suspect for an RIA since the model is based on *

mations and the failure of Rod 802-3 occurred steady state or slow transient data and not for very
I very early in the Rf A transient. As discussed in a fast transients,

previous section, the oxidation of the inside sur - '

face of the through-wall cracks _in Rod 802-3 Ridging of the cladding was observed at axial
indicated that the crack surfaces were in film boil- distances equal to the length of the pellets in all -

|
~

[
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rods. The ridging of the high pressure rods was The fuel pellets did not have a parabolic tem-
exaggerated and broadened by oserall deforma- perature profile during the time that the ridging
tion during the time when the rod internal pressure occurred during Test RI A l-2, although a very
was higher than the coolant pressure and the clad- steep temperature gradient did exist near the fuel

9
ding was hot. Cladding ridging is usually asso- pellet surface. Within the first 3 s, the fuel pellets
ciated with' deformation of the fuel pellets to an had a fairly flat profile through the pellet center,
hourglass shape because of a parabolic tempera- with the fuel peak temperature just inside the
ture profile through the pellet. Subsequent hard pellet surface. The type of pellet deformation that
contact of the fuei and cladding results in defor- would occur due to this temperature profile is not
mation of the cladding only at the location of the clear. Apparently, the ends of the fuel pellets are
pellet interfaces. still the first locations to contact the cladding.

O
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.
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CONCLUSIONS

Test Rl A 1-2 was a four-rod test operated to 6ro diametral strain). The low pressure
obtain peak fuel enthalpy near the failure rods deform to a lesser extent (1 to 2r ) as ao g
threshold as determined from the previous SPERT result of the continued thermal expansion
tests with preirradiated fuel ro.is. This report of the fuel, followed by stress relief of the
presented a discussion and analysis of the opera. hot cladding. Collapse occurs at the ends of ,

tion and consequences of Test RlA 1-2. the high pressure rods where the internal
gas is partially isolated from the rest of the

Conclusions determined on the basis of results rod due to gap closure, and the internal
from the posttest examination of the fuel rods, on- pressure never exceeds system pressure.
line data, and computer code calculations are that The fuel temperature and subsequent ther-

mal expansion of the fuelis less at the ends
1. One of the four fuel rods operated at an of the high pressure rods than in the mid-

axial peak, radial average fuel enthalpy of die, allowing collapse to occur. Collapse is
185 cal /g failed. This result is consistent observed at the ends of the low pressure
with the previously determined failure rods also. T he cladding continues to
threshold, in as much as the results from all oxidize for ses eral seconds after the
four rods fall within the statistical deformation occurs.
uncertainity of the limit.

3. The failure mode of Rod 802-3 was not
2. A scenario was determined for the behavior

conclusively identified. ljowever, theof a fuel rod subjected to an axial peak,
cracking that occurred is similar to thatradial average fuel enthalpy of 185 cal /g

during a hypothetical reactivity initiated pemg due to pellet-cladding mechanical
'"I" CI' "'accident. Rapid fuel heatup is followed by

gap closure, local deformation of the fuel e

pellet occurs due to the temperature 4 The present gas flow model in FRAP oser.
gradient through the pellet, and the clad- predicts the isolatioa of the hot region of
ding deforms (ridging) at the pellet inter- the rod from the plenum as a result of gap
faces as a result of fuel deformation. One closure. The axial temperature profile of
rod fails at this time. The cladding begins the rods was flatter than predicted,

to heat up. In 'he high pressure rods, the probably due to incorrect esaluation by the
internal pressure exceeds the coolant pres- RELAP4 code of the thermal-hydraulic
sure and the cladding deforms (as much as conditions during the RIA transient.
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