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ABSTRACT

This report presents and discusses results from the final test in the Reactivity Initia-
ted Accident (RIA) Test Series, Test RIA 1-4, conducted in the Power Burst Facility
(PBF) at the Idaho National Engineering Laboratory. Nine preirradiated fuel rods
in a 3 x 3 bundle configuration were subjected to a power burst while at boiling water
reactor hot-startup system conditions. The test resulted in estimated axial peak, radial
average fuel enthalpies of 234 cal/g UO; on the center rod, 255 cal/g UO; on the
side rods, and 277 cal/g UO; on the corner rods. Test RIA 1-4 was conducted to
investigate fuel coolability and channel blockage within a bundle of preirradiated
rods near the present enthalpy limit of 280 cal/g UO, established by the U.S. Nuclear
Regulatory Commission. The test design and conduct are described, and the bundle
and individuai rod thermal and mechanical responses are evaluated. Conclusions from
this final test and the entire PBF RYA Test Series are presented.

FIN No. A6305—TFBP Severe Fuel Damage Studies



SUMMARY

The Reactivity Initiated Accident (RIA) Test
RIA 1-4 was conducted in the Power Burst Facil-
ity (PBF) at the Idaho National Engineering
Laboratory by EG&G ldaho, Inc. for the
U.S. Nuclear Regulatory Commission (NRC). The
objective of the test was to investigate ccolability
and channel blockage in a bundle of preirradiated
fuel rods operated near the present NRC limit of
280 cal/g UO; radial average peak fuel enthalpy
during an RIA event.

Nine fuel rods, preirradiated 1o a burnup of
5300 MWd/tU were tested in a 3 x 3 bundle con-
figuration. The shortened pressurized water reac-
tor (PWR) size test rods (0.914-m active fuel stack
length) were not prototypical of boiling water reac-
tor (BWR) fuel rods, but fuel rod behavior during
an RIA was expected to be roughly equivalent for
PWR and BWR rod types. Existing 3 x 3 bundle
hardware was used, which resulted in a coolant flow
area about 15% larger per rod than in a commer-
cial BWR 8 x 8 bundle. Starting at BWR hot-
startup conditions, the bundle was subjected to a
single power transient, resulting in axial peak, radial
average fuel enthalpies of 277, 255, and 234 cal/g
UOy for the corner, side, and center rods,
respectively.

Posttest examination revealed tha. all nine rods
had failed, although the cladding was not fully oxi-
dized and embrittled and there was no rod fragmen-
tation. Because of fast flow recovery after the power
burst, the cladding only oxidized locally. The clad-
ding oxidation and failures o..''rred mostly on the
sides of the rods facing the shroud walls. The clad-
ding failures were characterized by high-strain-rate,
brittle cracks and localized fuel and cladding

melting. Brittle failure of thinned and totally oxi-
dized cladding regions was not a major failure
mechanism for the RIA 1-4 rods. Rod 804-5, the
center rod, failed because of cladding meiting when
molten material from adjacent rods impinged upon
it.

Test RIA 1-4 was the seventh test in the PBF RIA
Test Series. The following questions were addres-
sed by the test program:

e  Will there be a loss of coolable core
geometry when light water reactor (LWR)
fuel is subjected to a radial average peak
fuel enthalpy of 280 cal/g UO,?

*  Will energetic molten fuel-coolant interac-
tions occur during a severe RIA and resuit
in the production of a significant pressure
pulse?

®  What is the mechanism and threshold en-
thalpy for failure of LWR fuel during an
RIA?

It was found, based on the PBF RIA test resulis,
that subjecting a fuel rod to a radial average peak
fuel enthalpy of 280 cal/g UO, may result in loss
of coolable core geometry. Pressure pulse genera-
tion does not seem to be a significant safety concern
during an RIA. The failure threshold for preir-
radiated fuel rods is as low as 140 cal/g UO, radial
average peak fuel enthalpy, and the failure is due
to high-strain-rate fracturing before the rod departs
from nucleate boiling. Previously unirradiated rods
fail at between 225 and 250 cal/g UO; by brittle
fracture of thinned and totally oxidized cladding
regions on quench.
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REACTIVITY INITIATED ACCIDENT TEST SERIES
TEST RIA 1-4 FUEL BEHAVIOR REPORT

INTRODUCTION

A major objective of the U.S. Nuclear Regulatory
Commission’s (NRC) Reactor Safety Research Pro-
gram is understanding the performance of light
water reactor (LWR) fuel under normal and acci-
dent conditions.!-7 The reactivity initiated accident
(RIA) has long been recognized as a potential source
of nuclear fuel rod failure and reactor core damage,
among the many possible accident conditions that
may occur during LWR operation. To minimize the
possibility of damage from postulated reactivity ini-
tiated accidents in commercial LWRs, NRC design
requirements have been imposed on reactivity con-
trol systems to limit “‘the potential amount and rate
of reactivity increase to assure that the effects of
postulated reactivity accidents can neither (a) result
in damage to the reactor coolant pressure boundary
greater than limited local yielding nor (b) suffi-
ciently disturb the core, its support structure, or
other reactor pressure vessel internals tc impair
significantly the capability to cool the core.”S NRC
also requires that the number o fuel rods that will
experience cladding failure during various RIAs be
estimated and a conservative source term, subse-
quent transport of activity, and resulting doses to
the public be calculated. In 1974, NRC established
280 cal/g UOj radially average peak fuel enthalpy
as a limiting criterion for RIAs in light water
reactors..

The axial peak, radial average fuel enthalpy
limitation ( < 280 cal/g UO3) is based on an NRC
staff review of pre-1974 RIA fuel behavior data.
The applicable RIA experimental data were ob-
tained several years ago ii. the SPERT? (Capsuie
Driver Core) and TREAT?Y test programs, which
investigated the behavior of single or small clusters
of fuel rods during room temperature and atmos-
pheric pressure conditions, no forced coolant flow,
and zero initial power. Similar tests have been con-
ducted in the Japanese Nuclear Safety Research
Reactor.® The NRC staff review indicated that

a. Special Power Excursion Reactor Test.

b. Transient Reactor Test Facility

failure consesquences were insignificant for total
energy depositions below 300 cal/g UOj for both
previously irradiated and unirradiated UOj fuel
rods subjected to rapid power excursions.
Therefore, an axial peak, radial average fuel en-
thalpy of 280 cal/g UO, was considered a conser-
vative maximum limit to ensure minimal core
damage and maintenance of both short- and long-
term core cooling capability.? The guidelines
regarding reactor coolant pressure boundary
stresses are assumed to be met if compliance with
the enthalpy limitation is satisfactorily demon-
strated. Additional calculations must be performed
to prove that the guidelines regarding offsite dose
consequences are met, Offsite dose consequences
must be calculated assuming that (a) any pressur-
ized water reactor (PWR) fuel rod that departs from
nucleate boiling fails and (b) any boiling water reac-
tor (BWR) rod subjected to a radial average peak
fuel enthalpy of 170 cal/g UO; or above fails.

Compliance with the NRC licensing criteria is
demonstrated by safety analyses performed by a
reactor licensee or vendor. Results of the safety
analyses must show the following:

1. “*Reactivity excursions will not result in a
radial average fuel enthalpy greater than
280 cal/g UO; at any axial location in any
fuel rod,

2. Maximum reactor pressure during any por-
tion of the assumed transient wiil be less
than the value that will cause stresses to ex-
ceed the Emergency Condition stress limits
as defined in Section I} of the ASME
Code,

3. Offsite dose consequences will be well
within the guidelines of 10 CFR 100."!

a. Axial peak, radial average fuel enthalpy is less than the
associated total energy deposition because of heat transfer from
the fuel to the cladding and coolant during the power transients,
and the relatively large fraction of the total energy that is due
to delayed fissions {10 to 20%, depending on the reactor design).



An RIA test program was completed in the Power
Burst Facility (PBF) at the Idaho National
Engineering Laboratory (INEL) to provide RIA
fuel behavior data under conditions more nearly
typical of power reactor operation than in the
previous SPERT and TREAT programs, thus
allowing assessment of the NRC criteria. Seven RIA
tests were conducted by the Thermal Fuels Behavior
Program of EG&G ldaho, Inc. as part of the NRC
Reactor Safety Research Program.g'lo These tests
have addressed the following key safety issues:

¢  What is the mechanism and threshold en-

thalpy for failure of LWR fuel during an
RIA?

The seven PBF tests were all conducted with coolant
conditions representative ol hot-startup conditions
for a BWR/6 reactor. The PBF RIA Series | tests
are listed in Table 1.

The purpose of this report is to (a) present test
results from tiie final RIA test (RIA 1-4) conducted
at PBF to assess the consequences of fuel rod failure
at fuel enthalpies near the NRC criterion of
280 cal/g UOj and (b) summarize the conclusions

e Will there be a loss of coolable core
. . from the PBF RIA Test Series.
geoinetry when LWR fuel is subjected to
u radial average peak fuel enthalpy of .
280 cal/g UO4? Expected Fuel Rod Behavior
™ .
During an RIA
¢ Will energetic molten fuel-coolant interac-
tics (vapor explosions) occur during a Fuel behavior during an RIA at hot-startup con-
se . ¢ RIA and result in the production of ditions can be separated into two time intervals dur-
a significant pressure pulse? ing which different mechanisms dominate the fuel
Table 1. PBF RIA Series | Tests
Radial Radial
Average Average
Fuei Power Total Energy Peak Fuel Maximum Local®
Fuel Rod Ennchment Buraup Peaking Deposition Enthalpy Fuel Enthaipy
Test Type (" U-23%) (:\_ﬂ‘e l_l._o Fv""’v'_ |-“_a! [ ] lﬂAp (_._d_‘( l“)zl D kﬁﬂ_]L"OJ'ﬁ ¥ (fmimm: )
RIAST-I 17517 PWR 58 0 1.076 250 183 208 Did not fall; first test on
Burer 1 RIA-ST-1 rod
RIAST I7x 17 PWR 58 o 1.078 130 250 s 10% of fuel washed oui;
Burst 2 second test on RIA-ST-1 rod
RiA-ST2 17x 17 PWR 5 0 1.076 345 260 290 15% of fuel washed out
RIAST 3 7% 17T PWR 58 0 L6 00 228 50 Did not tail
RIAST 4 15 x 15 PWR 20 0 1.4%0 69¢ m" 530 Completely & yed; pr
pulse of 1% MPa measured
RIA 11 Two Saxton 57 4600 1.1% LS 285 330 Compilete Mlow blockage
Two Savion 8 ] L 16 288 118 Severe failure, partial flow
biockage
RiA 12 Four Saxton b g S000 1130 240 185 218 One rod failed; three rods did
not fail
RIA 14 Ninc Saxton 52 £300 1130 295370,245° 277285234 140,300,265° 3 x 3 bundle; all failed

4. The maxinues fuel enthaipy al the axial and radial peak locations

b The fuel enihalpy ar the nme of fallure (=3 ms after the ume of peak power)

¢ Values for corner, side, and cemter fuel rods m bundle, respecti-ely




rod response. !1 During the first time interval, the
fuei rod is thermally isolated from the surrounding
coolant, and fuel heatup is the dominant
mechanism that controls fuel rod response. During
the second interval, the cladding temperature deter
mines fuel rod response.

Initially the fuel rod power is essentizlly zero, but
the fuel rod has a uniform radial av erage enthalpy
of 15 cal/g due to the 540 K temperature of the
coolant and fuel. As the fuel rod is subjected to the
power burst, it heats up and begins to expand ther-
mally. Figure 1 shows representative temperature
distributions in the fuel at various times during an
RIA. The temperature distribution peaked near the
fuel pellet surface in the fuel (shown in Figure 1)
because of self-shielding of the fuel. The self-
shielding resuits in a larger power density in the
outer regions of the fuel pellet, causing higher fuel
temperatures near the pellet surface. Some heat is
transterred out of the pellet surface, resulting in a
peak fuel temperature located just inside the fuel
pellet surface. About 1% of the power burst energy
is deposited in the cladding, resulting in a relatively
low initial cladding heatup rate. The high fuel
temperatures cause the fuei-cladding gap to close
because of thermal expansion of the fuel. As the
fuel-cladding gap closes, very large contact stresses
are produced, resulting in either cladding failure due
to high-strain-rate, brittle fracturing or tearing, or
plastic deformation in the form of cladding thin

ning. The failures are characterized by angular frac
tures through the cladding wall. The cladding
remains cold (600 K) during this phase and the
strain rate determines if the ciadding fails or
plastically deforms

If the internal rod pressure is lower than the
coolant pressure, or the rod has already failed, the
cladding deformation will be limited by the ther
mal expansion of the hot fuel. This radial defor
mation is about 1 to 3% in the axial peak region
and is negacive (i.e., collapses) at the cooler ends
of the fuel rod. If the rod pressure is higher than
the coolant pressure, relatively large strains are
PU\\IMC

The fuel continues to heat up and, depending on
the energy of the power burst, may begin melting
Because the peak fuel temperature occurs just in
side the fuel surface, fuel melting may cause a rapid
failure by melting the cladding. Peak fuel enthalpy
occurs when the fuel rod begins transferring more
heat out of the fuel than is produced by the delayed
neutrons. Film boiling begins at approximately the
same time that the peak fuel enthalpy occurs. The
onset of film boiling terminates the time in:erval
that fuel rod response is dominated by fuel heatup

T'he cladding temperature becomes the dominant
mechanism tor fuel rod behavior during the second
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phase of the transient. The cladding is thermally
isolated from the fuel until gap closure. After the
gap closes, heat is transferred to the cladding, which
acts as a heat sink while still relatively isolated from
the coolant. The rod begins film boiling accom-
panied by cladding heatup when the heat produced
in the fuel reaches the coolant. The high tempera-
ture of the cladding in a steam environment results
in oxidation, thickening and thinning, and melting
of the cladding.

The oxidation rate is maximum when the clad-
ding reaches its peak temperature, about 1 to 3 s
after the time of peak power. Cla_ding oxidation
ends when the fuel rod rewets. The rewet time
depends on the system hydraulics and varies be-
tween 3 and 25 s for the PBF tests. Rewet of the
fuel rod terminates the RIA sequence but can cause
fragmentation of the embrittled cladding and
powdering of the fuel. The fragmentation of the
fuel rod is important for assessing the postaccident
heat transfer capability of the damaged fuel rod.

Review of PBF RIA Test Results

The seven tests in the PBF RIA series consisted
ot four scoping tests with previously unirradiated
fuel rods and three tests using, for the most part,
irradiated rods. The RIA Scoping Tests consisted
of four separate, single-rod tests designated
RIA-ST-1, RIA-ST-2, RIA-ST-3, and RIA-ST-4.
Each test was conducted with a fuel rod assembled
from unirradiated PWK zircaloy cladding and fuel
(0.914-m active fuel length) enclosed in a cylindrical
flow shroud. The four unirradiated test fuel rods
were each subjected to one or more pow.er tran-
sients, resulting in maximum axial peak, radial
average fuel enthalpies ranging from 185 to
350 cal/g. The threshold for cladding failure of
previously unirradiated fuel rods was between
225 and 250 cal/g UO; axial peak, radial average
fuel emlmlpy.12

The suspected scenario of cladding failure of
previously unirradiated rods near the failure
threshold began with plastic flow of the cladding,
producing regions of cladding wall thickening and
thinning. The zircaloy was then oxidized by steam
and UO3y, and it became completely embrittled in
the thinner regions. Extensive cracking of the em-
brittled cladding occurred because of thermal
stresses during quench and rewet, following ~.30 s
of film beiling. Extensive fuel shattering along grain

boundaries occurred in the two fuel rods tested at
radial average peak fuel enthalpies of 250 and
260 cal/g, with up to 15% of the UO; fuel being
flushed from the flow shrouds.

A coolant flow excursion out of the flow shroud,
caused by rapid gamma and neutron heating of the
coolant, has accompanied all of the RIA power
bursts. Partial or total voiding of the flow shroud
by such a coclant flow excursion may potentially
influence the fuel-cladding heatup and failure.

Four individually shrouded, zircaloy-clad
Saxton? fuel rods were tested in Test RIA 1-2. The
rods were preirradiated to a burnup of
~.5000 MWd/tU. Two rods were operated with in-
ternal pressures equal to BWR beginning-of-life
conditions, and two rods were pressurized to reflect
BWR end-of-life internal pressures. Starting at
BWR hot-startup conditions, the rods were sub-
jected to a power transient resulting in an axial
peak, radial average fuel enthalpy of 185 cal/g
U0,.13

The rods reached cladding peak temperatures
ranging from 1520 to 1700 K during the transient,
with the high pressure rods reaching lower cladding
peak temperatures than the low pressure rods. The
failure in one of the low nressure rods consisted of
22 longitudinal cracks in the cladding. The crack-
ing that occurred was similar to brittle failures
observed due to pellet-cladding mechanical interac-
tion. The other low pressure rod did not fail. The
high pressure rods deformed slightly, with a max-
imum of 6.7% diametral strain and no rod failure.
Some wall thinning occurred as a result of the in-
crease in cladding diameter. There were no obvious
differences between the two low pressure rods that
would explain the failure of one rod and not the
other. However, the low pressure rod that did not
fail had been opened before the transient so a
plenum pressure sensor could be installed. The other
low pressure rod had not been opened following ir-
radiation in the Saxton reactor.

Two previously irradiated (4600 MWd/tU) and

two unirradiated fuel rods in separate flow shrouds
were used in Test RIA 1-1.14 All of the rods failed

when subjected to a single power burst resulting in
an axial peak, radial average fuel enthalpy of

a. A small, prototype PWR built by Westinghouse Electric
Corp. and located in Saxton, Pa.




285 cal/g UO;. The Test RIA 1-1 fuel rod behavior
included severe ciadding deformation, fuel and
cladding meiting, fuel swelling, and embrittled rod
fragmentation. The primary consequences of these
phenomena were loss of rod coolable geometry,
dispersal of UO; to the coolant, and coolant flow
blockages. Rapid thermal expansion of the fuel pro-
duced high-strain-rate failure of the cladding.
Melting of the UO; produced relocation of fuel out-
side the cladding, from regions of severe defor-
matio:: and rupture. However, the amount of
relocation varied (e.g., greater relocation of molten
fuel from the previously irraciated rods than the
unirradiated rods) and was limited by solidification
upon contact with solid fuel, cladding, or steam.
Oxide on the surfaces of the cladding retained
molten cladding material, further reducing fuel
relocation by limiting dissolution of the UO; by
molten zircaloy. Regions of cladding wall thinning
were severely embrittled by oxidation and con-
tributed to rod breakup znd debris formation dur-
ing quench. Rod fragmentation producad the largest
volume of fuel relocation and dispersal to the
coolant, leading to the coolant flow blockages and
some fuei loss to the PBF test loop.

The mode of rod failure was strongly affected by
prior irradiation. Fuel swelling induced by fission
gas assisted in the rapid but localized relocation of
molten fuel to the coolant and breakup of the fuel
rod. Complete coolant flow blockages developed in
the flow shrouds of the previously irradiated test
rods within the first few seconds of the transient;
however, only partial coolant flow blockages
formed within the flow shrouds of the previously
unirradiated test rods during the entire RIA tran-
sient. The differences in the time and catent of
coolant flow blockages between the irradiated and
unirradiated test rods were due to differences in the
amount of molten fuel swelling and intermixing of
molten fuel debris with solid fragments contributing
to the flow blockages.

The cylindrical flow shrouds in Test RIA 1-1 are
not representative of the coolant subchannel
geometry in an LWR fuel bundle. Thus, coolant
blockage behavior during a postuiated RIA in a
commercial LWR cannot be directly extrapolated
from the shroud flow blockage behavior found iu
Test RIA 1-1. However, the rapid (~0.5 to 1 s) fuel
dispersal to the coolant that occurred for the
previously irradiated rods suggests that a potential
exists for rapid loss of rod coolable geometry early
in an RIA transient near the NRC limit of

280 cal/g. Therefore, Test RIA 1-4 was conducted
to further investigate fuel coolability and channel
blockage within a bundle of preirradiated fuel rods
subjected to a peak fuel enthalpy of 280 cal/g.

Description of Test RIA 14

Test RIA !-4 was composed of a 3 x 3 array
(14.3-mm pitch) of fuel rods previously irradiated
in the Saxton reactor tc burnups of about
5300 MWd/tU. The rods were not opened prior to
PBF testing. The fuel rod bundle was positioned
within a zircaloy flow shroud by a series of four
grid spacers centered at 15, 320, 625, and 930 mm
above the bottom of the fuel region. A schematic
of the fuel rods and flow shroud assembly is shown
in Figure 2. Throughou! this report, the fuel rods
will be identified by the rod position numbers shown
in Figure 2. Fuel Rods 804-1, 804-5, and 804-6 were
each instrumented with two cladding surface ther-
mocouples. The other six fuel rods were not instru-
mented. The axial elevations are measured from the
botte n of the fuel stack. The coolant flow shroud
had cight axial flux wires, two self-powered neutron
detectors (SPNDs) and two seif-powered gamma
detectors (SPGDs). Test RIA 1-4 consisted of a
nonnuclear loop heatup, a nuclear power calibra-
tion and preconditioning phase, a shutdowr. for
replacement of Fuel Rod 804-2 with Rod 804-10 and
flux wire replacement, a second loop heatup, and
the power burst. A single power burst of about
50 ms in duration with a reactor period of 2.8 ms
and a peak reactor power of 37,000 MW was con-
ducted. The radial average peak fuel enthalpies
attained in the corner, side, and center rods of the
bundle were 277, 255, and 234 cal/g UO3, respec-
tively. Detailed descriptions of the test design and
conduct are given in Appendixes A and B, respec-
tively (all of the appendixes to this report are pro-
vided on microfiche attached to the inside of the
back cover). On-line data for Test RIA 1-4 are
presented in Appendix C.

This report presents an analysis, interpretation,
and discussion of the results from Test RIA 1-4 and
the PBF RIA test series in general. The ‘*Fuel Rod
Thermal and Mechanical Response’’ section
includes the calculated fuel rod behavior and the
bundle condition, bundle temperature distribution,
cladding failure characterization, and fuel condi-
tion. Single rod and bundle test results, and the
previously unirradiated and preirradiated fuel rod
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Figure 2. Schematic of RIA 1-4 fuel rods and flow shroud assembly with instrumentai

test results are compared in the “*Discussion’’ sec- posttest condition and energy depositic i of the test
tion. Conclusions involving reactor safety implica- tuel rods are presented in Appendixes L, E, and |

tions from the PBF RIA fuel behavior tests are Appendix G provides a description of documenta
presented in the “*“Conclusions’’ section. The meas- tion and computer tapes for Test RIA 1-4, and in-

urements and calculations used to characterize the structions for retrieving them.




FUEL ROD THERMAL AND MECHANICAL RESPONSE

Test RIA 1-4 was conducted to assess the conse-
quences of fuel rod failure at a fuel enthalpy neas
the NRC criterion of 280 cal/g UO» in a nine-rod
bundle. This section discusses the (a) predicted fuel
rod behavior for the RIA 1-4 bundle as calculated
for the specific test conditions and (b) overall bun-
dle condition, bundle temperature distribution, and
cladding and fuel condition determined from post-
test examination

Calculated Fuel Rod Behavior

Extremely rapid increases in fuel and cladding
temperatures occur in short periods of time during
a severe power burst. Although the magnitudes of
the calculated fuel and cladding temperatures and
associated stresses may not be entirely accurate,
insight into the expected mechanisms of cladding
and fuel rod damage can be obtained from a close
inspection of the the
increases, the temperature . utions, and the
cladding strain rates. The .1 Rod Analysis
Program-Transient (FRAP-T6)@ computer code

timing of temperature

a. FRAP-T6, INEL Code Configurat Control No. FO0404

was used to predict the transient behavior of the fuel
rods during the RIA 1-4 power burst. The code
calculates the variation with time of significant fuel
rod parameters, including fuel and cladding tem
perature, cladding hoop stress and strain, cladding
oxidation, and internal pressure. The measured
coolant pressure, inlet coolant flow rate, and fuel
rod power were input to FRAP-T6, together with
pretest measured physical dimensions of the fuel
rods and flow shroud. Details of the calculations
are given in Appendix D.

I'he energy measurements, qualified on-line data,
and reactor physics calculations used as input to
FRAP-T6 are discussed in Appendixes B, C, and F,
respectively. Figure 3 is a plot of the measured rod
peak power, shroud inlet flow rate, and shroud
coolant pressure during the first 0.6 s of the tran-
sient. A fuel rod peak power of 56 MW/m was
reached during the power burst for the corner fuel
rcds. A sharp increase in the coolant pressure from
6.45 to 8.4 MPa occurred as a result of rapid
heating of the coolant due to the extremely high
neutron and gamma flux during the power burst.
The rapid pressurization within the shroud expelled
about 30% of the coolant from both ends of the
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Corner rod peak power and FRAP-T6 calculated pellet-to-cladding gao width, cladding hoop strain, and

cladding hoop stiess during the first 100 ms of the RIA 1-4 power burst

sides of the rods facing the shroud walls. There are
many heat affected regions on the inside of the west
shroud wali, where molten material from
Rods 804-1, -4, and -7 contacted the shroud wall
(Figure 8). The west side of the bundle (Figure 7)
shows failur=s in all three rods at the 47.5-cm
elevation.

There appears to be material connecting
Rods 804-8 and 804-9 at the 47.5-cm elevation, as
viewed from the south side of the bundle. When the
vundle was disassembled, it was discovered that
Rod 804-8 was stuck to kod 804-5 at this elevation
Figure 9 shows the materials from Rods 804-8
and 804-9 on Rod R04-5. Apparently, molten
material from Rod 804-9 impinged on Rods 804-8
and 804-5, causing failures at the same elevation in
those two rods. All of the failures of Rod 804-8
were on the sides facing Rods 804-3 and 804-5. The
view of the east side of the bundle (Figure 7) shows
material from Rod 804-3 impinging on Rod 804-6
at the 53.5-cm clevation

Bundie Temperature Distribution. Cladding peak
temperatures were estimated for several elevations
of each rod by examining the cladding microstruc-

ture. The four broad temperature ranges that can
be characterized by microstructural changes are

(a) as-fabricated, stress relieved zircaloy at
I < 920 K; (b) eq.iaxed alpha zircaloy at
920 < T < 1105 K; (c) two-phase mixture of
alpha and beta zircaloy at 1105 < T < 1245; and
(d) beta zircaloy at 1245 < T < T melting (2125 K
for beta phase and 2245 K for oxygen-stabilized
alpha phase). A fifth criterion for determining clad
ding peak temperature from microstructure relates
to phase changes in the ZrOy with temperature
Below about 1850 K, beta-phase zirconium (zir-
caloy) reacts with oxygen to form a layer of ZrO,
(tetragonal form) and oxygen-stabilized aipha zir-
caloy [a(O)Zr]. When quenched to ambient
temperatures, che tetragonal form transforms to a
monoclinic structure (the stable form of ZrO»,).
Above 1850 K, the beta-phase zirczloy reacts to
form a layer of cubic ZrOy adjacent to the grow-
ing layer of a(O)Zr. Quenchirg produces a
monotectoid decomposition of the oxide, reducing
the cubic form to tetragonal oxide and alpha zir
caloy. The tetragon~! o~xide transforms to the
monoclinic form du quenching to ambient
temperatures. The room temperature microstruc
ture of the monotectoid material is characterized
by alpha-phase zircaloy appearing as a second phase
within the monoclinic ZrO,. The cladding peak
temperatures based on the various microstructures
are presented in Table 3
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Figure 9. Previously molten materials from Rods 804-8
and 804-9 on Rod 804-5,

The COBILD? computer code was used to
estimate the peak cladding surface temperatures
from the measured oxide thicknesses. The oxide and
a(O)Zr layer thicknesses were calculated using a
parabolic rate equation. The code requires a tem-
perature-time history to be input and varies the
magnitude or the profile until the measured layer
thicknesses are obtained. The cladding thermocouple
temperature profiles were input to COBILD. The
thermocouple at the 0.59 m elevation of Rod 804-6
was used for all elevations on all of the side rods,
the thermocouple at 0.59 m of Rod 804-1 was used
for all elevations on all corner rods, and the ther-
mocouple at 0.59 m of Rod 804-5 was used for all
elevations of Rod 804-5. The estimated uncertainty
in temperature of +80 K is due to photographic
magnification and measurement uncertainties of the
oxide and a{O)Zr layers. The calculated temperatures
are listed in Table 3.

Using the thermocouple profiles may lead to errors
in the calculated cladding temperatures. The

a. The COBILD code is described in Appendix F of
Reference 13.

cladding surface thermocouples have been observed
to quench early, thereby shortening the apparent
time at temperature of the cladding. An incorrect
time at temperature (specifically, a shorter time 2t
temperature) would lead to a higher calculated clad-
ding peak temperature for given ZrOy and «(0)Zr
layers. By comparing the COBILD calculated peak
temperatures with the temperature ranges from the
observed n..crostructures, the calculated tempera-
tures appear to be high, indicating that the ther-
mocouples probably quenched before the cladding.
The highest reasonable cladding temperatures are
presented in Table 3 under the column labeled
““Best-Estimate Cladding Peak Temperature.” Some
of the highest cladding temperature estimates were
reduced to match those from the observed
microstructures. Cladding peak temperatures that
fell witlin the limits set by the observed microstruc-
tures were not adjusted.

Eight of the nine rods subject to the transient had
cladding failures at ~0.42 m, and samples were cut
at this elevation for metallographic examination. The
cladding neak temperature should be highest on the
side of the rod facing the shroud because of self-
shielding effects. However, in many locations, high-
strain-rate failures occurred early in the transiert,
before the cladding reached peak temperature and
the fuel attained its maximum thermal expansion.
When the fuel continued to expand after cladding
failure, the cladding may have deformed away from
the fuel surface and may not necessarily have been
in close contact with the fuel at the orientation where
the fuel surface temperature was the hottest. The
orientation of failure is listed in Table 3 for each
elevation examined. When the failure was a high-
strain-rate failure, the highest cladding peak
temperature was oriented 180 degrees from the
failure. When the failure was characterized by fuel
and cladding melting, the highest cladding peak
temperature occurred at the orientation of the
failure.

Characterization of Cladding Failures. All of the
fuel and cladding failure mechanisms that occurred
during the RIA single-rod tests in PBF also occur-
red during the RIA 1-4 test. However, the extent and
severity of damage of the RIA i-4 rods was less than
expected, based on the results of the single-rod tests.
The general types of rod deformation and failures
observed are (a) high-strain-rate failures, (b) clad-
ding plastic deformation and melting, and (c) brit-
tle failure of highly oxidized cladding. The locations
and orientations of all rod failures for Test RIA 1-4
are listed in Table 4.



Table 3. Ciadaing peak temperature estimates for Test RIA 14

Temperature Best-Estimate
from Temperature Cladding Peak Orientation
(Rod) Elevation Orientation Microstructure from COBILD? lemperature of Failure
Sample (m) (degrees) (K) (K) (degrees)

(804-1)
M-12 0.512

1850
2100
2100

1850

2029

2100
1850
1850
2100

1850
1850
1850
I8R50

1850

(804-4)
M-43

1790
164!

1~

1716

1:‘-41
I8R50 -
1250

1250 <

1250 -




Table 3. (continued)

iemperature Best-Estimate

from Temperature Cladding Peak Orientation
(Rod) Elevation Orientation Microstructure from COBILD? I'emperature of Failure
Sample (m) (degrees) (K) (K) (K) (degrees)

M-64 0.484 e « 1863 1863 45
150 1863 1850
220 - ; 1813 1813
330 - 1639 1639

(804-7)
M-73

(804-9)
M-94 0.421 ) < < 1850
T 1850
1850
1850

(804-10)
M-2 0.426 ' < 1850

a. The estimated uncertainty of these temperatures is +80 K




Table 4. Locations of rod failures for Test

RIA 14
Elevaticn Orientation of
of Failuie Failure
Rod (m) (degices)
804-1 0.32 270
0.37 30
0.42 270
0.45 270
0.5! 250
0.53 0
0.59 270
8C4-3 0.28 90
0.33 170
0.48 130
804-1 0.41 290
.42 290
804-5 0.34 90
0.43 160
804-6 0.35 90
0.39 90
0.42 90
0.45 90
0.48 45
804-7 0.42 290
0.54 190
804-8 0.34 10
0.43 90
0.52 100
0.53 100
804-9 0.34 100
0.36 100
0.42 270
0.50 100
0.52 110
0.56 110
804-10 0.42 0
0.44 0

Multiaxial stresses at high strain rates are pro-
duced in zircaloy cladding during RIAs by the ther-
mally expanding fuel. The cladding is expected to

16

fail in regions where local stresses exceed the
ultimate strength. The mechaiacal anisotropy of
typical LWR cadding at low temperature (at the
a + fi two-phase zircaloy region and lower) limits
the abiliiy of the cladding to accommodate the
radial and tangential expansion of the fuel by clad-
ding radial wall thinning. The higher the strain rates
imposed on the cladding, the higher the temperature
required to achieve significant claddirg strain
without failure. The high-strain-rate failures ob-
server! in the RIA iests are characterized by through-
wall fracturcs exhibiting fracture angles of roughly
35 and 57 degrees. Those fracture angles are close
to the angles associated with the tensile {1121}
<1126 > and compressive {1011} <1012>2 twin-
ning modes operative in zircaloy at low (~1140 K)
cladding temperatures. The twinning modes require
a higher initiating stress than eithe; prismatic or
basal slip; however, the cladding texture in the test
rods indicates that deformation by prismatic or
basal slip is unfavorable. Sufficient stress is present
with the very high strain rates produced by the rapid
thermal expansion of the fuel during the RIA tran-
sient to make twinning deformation modes
significant. 14

Examples of the high-strain-rate failures are
shown in Figure 10. A higher magnification
photograph of one of the failures is shown in
Figure 11. The thicknesses of the oxygen-stabilized
alpha and oxide layers on the fracturc irfaces are
equal to the thickaesses of the layers on the out-
side surface of the cladding, indicating that the
failures occurred before initiation of film boiling.
Additional thermal expansion of the fuel after clad-
ding rupture plus fission product induced swelling
of the fuel resulted in opening of the cracks.

When the ultimate stress is exceeded 2 a higher
cladding temperature or lower strain rate, some
plastic deformation of the ciadding occurs.
Although the fracture shown in Figure 12 is similar
to the high-strain-rate failures shown in the previous
figures, there is some deformation of the fracture
tip.

At even higher c.adding temperatures, near the
zircaloy melting point, significant wali thickening
and thinning occurs without through-wall failures.

a. Standard Miller Indices notation for crystailographic direc-
tions and planes.
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Figure 10  High-strain-rate failu-es at three cross rections of the RIA 1-4 rods.
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Incipient cracks may be observed on the inside sur
face of the cladding at these areas. Brittle failure
of the cladding can occur at the thinned regions on
quench if the cladding experienced film boiling after
the deformation occurred and became heavily ox
idized at the thinned sections. Two photographs of
cladding with wall thinning are shown in Figure 13
There are brittle failures at the thin-wall regions at
other locations, but this was not a major failure
mechanism for the RIA 1-4 rods.

Limited melting of the cladding can occur when
the fuel surface temperature exceeds the melting
temperature of the cladding. Melting was observed
(Figures 14 and 15) at the fracture tips of some of
the high-strain-rate failures. The temperature of the
fuel rose high enough during the power transient
that melting of the cladding occurred after the high
strain-rate failure. In both cases, the molten zircaloy
relocated to the outside surface of the ciadding and
is still attached by means of the outside surface
ZrOy layer, which probably did not melt but
became very plastic

At higher peak fuel temperatures, pockets of
molten fuel form near the outside surface of the fel
pellets. Figures 16, 17, and 18 all show molten tuel
interaction with cladding. In Figure 16, the clad
ding first failed by high-strain-rate failure, as

evidenced by the ZrO5 layer on the fracture surface
on one side of the failure. Subsequently, localized
fuel and cladding melting and interaction occurred
A significant amount of material is missing at this
elevation and must have flowed to other elevaiions

after melting

Fission gases form bubbles in the fuel during
heating and especially during melting. When the
molten fuel intermixes with the molten cladding, a
highly porous, frothy mixture can be produced
(Figure 17). At the elevation shown in Figure 18,
the molten mixture was contained by an oxide layer,
probably mostly ZrO,. It is likely that th= excess
material shown in Figure 18 flowed down from the
outside surface of the cladding and solidified at this
elevation, with an oxide forming around the out
side of the drop

Fuel Condition. Several time-temperature depen
dent fuel phenomena were observed in the RIA 1-4
fuel rode that affect fuel rod performance and
specifically, rod failure. This sect’on discusses fuel
temperature, fission gas movement, bubble forma
tion and fuel swelling, grain boundary shattering,

grain growth, ‘uel melting, and fuel oxidation for
various radial nodes in the fuel pellets

Fuel Temperature Profile. In an RIA transient, the
time-temperature profile for each axial and radial
position in the fuel is different. During the RIA
transient, the fuel heats up much faster than the
cladding, and the fuel peak temperature is initially
located near the fuel surface. The calculated radial
temperature distribution across the fuel at the peak
flux location at times between 30 ms and 6.2 s is
shown in Figure 1 The fuel centerline, fuel surface,
and cladding surface temperatures for the first 25 s
of the transient (as calculated by FRAP-T6 for the
RIA 1-4 test conditions) are shown in Figure 5. The
highest temperature fuel region, near the pellet sur
face, reached a peak temperature at 30 ms into the
transient. The fuel temperature at the pellet surface
stayed above 2500 K for only 14 ms (Figure 4)
Table 5 shows the fuel radial nodes used in the
FRAP-T6 calculation, the time the peak tempera
ture was reached, and the total time above 2500 K
for the peak power elevation. The center of the
pellet remained above 2500 K for over 13 s

I'he calculated temperatures are somewhat high
as compared with those indicated by observed
microstructures. The FRAP-T6 calculations in
dicated that the whole pellet at the peak power
Yable 5. FRAP-T6 caiculated time at peak
fuel temperature

lime of
Racial Peak

Position

Total time
Temperature Above 2500 K

{mm) (s)

.00
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Figure 14. Melting observed at cladding fracture tip; Sample M-64 from Rod 804-6
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elevation reached melting temperatures. In actu
ality, there was very little molten fuel in any of the
RIA 1-4 rods, and only near the pellet surface. An
example showing a typical fuel structure is presented
in Figure 19. In general, the fuel microstructure
shows the highest fuel temperature close to the sur
face of the pellet (the radial location of the peak
varies slightly from sample to sample). The high
temperature gradient at this radial position resulted
in a urcumferential crack due to the differential
thermal expansion of the fuel. On either side of the
highest temperature position there is a band of fuel
with little restructuring. Although this fuel was
probably at high temperature (= 3000 K), it was
only at that temperature for a very short time
(<1 s). The remainder of the pellet was exposed to
high fuel temperatures (less than the fuel melting
temperature, however) for between 3 and 13 s

Fission Gas Movement. The fission process
generates ihe inert gases xenon and krypton at a rate
of ~0.3 gas atoms per [issioned uranium atom
Some of this gas is retained in the fuel, either in
the fuel matrix or coalesced into gas bubbles
resulting in fission gas swelling. The remainder of
the gas is released from the fuel into the fuel-
cladding gap. Fission gas swelling during an RIA
contributes to cladding failure due to overstress by
the fuel and foaming of molten fuel.

The amount of fission gas in the fuel matrix in
creases linearly with burnup until saturation occurs
at a low burnup. The higher the fuel temperature,
the lower the saturation level, and the sooner saturz
tion is attained. The fission gas in bubbles continues
to increase with increasing burnup even after the
fuel matrix has reached the saturation level. As the
temperature increases, the fission gas bubbles
migrate up the temperature gradient, and gas is

LS
eventually released from the fuel. 13,1€

The burnup of the RIA 1-4 rods from the
p.evious (Saxton) irradiation was 5300 MWd/tU,
and the retained fission gas was in the fuel mairix
T'he burnup from the PBF transient was on the

.5 v
order of 10 at. %, so only the effect of tempera

ture and not burnup was important for fission gas
movement during the transient

At low burnup and temperatures below 1373 K,
most fission gas remains in the fuel matrix and does
not significantly affect the fuel pellet volume. At
higher temperatures, the fission gas atoms agglo
merate and form fission gas bubbles. An example

showing small fission gas bubbles in the fuel matrix
1s given in Figure 20. Most of the large, angular
pores probably formed during fabrication and are
not due to bubble coalescence. The higher the fuel
temperature, the more mobile are the gas atoms
The fuel temperatures were high enough in Tect
RIA 1-4 that despite the short time at temperature,
considerable bubble coalescence and migration

occurred

When two bubbles collide, coalescence into a
single bubble occurs because a single larger bubble
has a lower surface energy than that of the two
original bubbles. Fission-gas bubble coalescence is
significant because an ~40% increase in volume
occurs by creating one larger bubble from two
smaller bubbles. At a higher temprrature, but below
the melting point of the fuel, the bubbles are ex
tremely mobile, and coalescence of small bubbles
into larger ones results in a large volume expansion
of the fuel (fuel swelling). Figure 21 shows a cross
section of Rod 804-1. The fuel swelling resulted in
a high-strain-rate failure of the cladding and subse
quent swelling of the fuel out into the coolant
cliannel

The gas bubbles move in a random pattern in a
solid that is free from temperature gradients and
mechanical stress. The bubbles move in a biased
direction as a result of a temperature gradient or
stress at speeds that depend on the bubble size. The

moving bubbles can become trapped at grain boun
"™

daries and defects such as dislocations. Figure
shows two sections of fuel where the fission gas
bubbles have been trapped at the grain boundaries,
one in a region where some grain growth has oc
curred, and the other in a region with no grain
growth. When the number and diameters of the
grain boundary bubbles are large enough, the bub
bles come in contact with one another, and the grain
boundary breaks open and forms a continuous net
work for fission gas release to the fuel-cladding gap
An example of a near-continuous network of fis
sion gas bubbles at the grain boundaries is shown
in Figure 23

Fuel Sharrering. Grain boundary fracturing of the
fuel (shattering) was observed only in the band of
fuel outside the high temperature zone, at the pellet
surface. !n this region, there was very little grain
growth and no coalescence of fission gases into bub
bles or migration to the grain boundaries. Analysis
of fuel shattering from previous PBF tests indicate
that the shattering at grain boundaries only occurs

in fuel that has reached temperatures greater than
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Figure 20. Fission gas bubbles in the fuel matrix
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Figure 23 Near-continuous network of fission gas

bubbles at fuel grain boundaries

1900 K, and the shattering occurs on quench 17
lhere may be an optimum gra.a size for shattering
to occur, because shattering is not prese.t in fuel
with significant grain growth. Because grain boun
dary fracturing occurs only on quench, it does not
substantially affect fuel rod performar e during a
high temperature transient. Example « fue. saat
tering are shown in Figure 24

Casumnar Grain Growth. A narrovw (~22-um wide)
region of columnar graimn growth was observed near
the high temperature region at several elevations

The columnar grains probably formed early in the Etched. bright field ; 8' G-0F
transient, when ihis region was at the highest fuel — \";
temperature. The columnar grains were formed by b. Fuel shattering near center of pellet 10 um
preferential pore migration up the temperature gra

dient for, in this case, a short time. As the location Figure 24, Fuel shattering in an RIA 1-4 fuel rod



of the peak temperature in the fuel moved, pores
stopped migrating to this location. Because the col-
uvmnar grain growth region was so small, it did not
significantly affect fuel rod performance. Examples
of the columnar grain growth are shown in
Figure 25.

Fuel Meiting. Only limited fuel melting occurred
in the RIA 1-4 test rods. The melting occurred in
small pockets at the high temperature regior: near
the pellet surface. The molten fuel usually contacted
the cladding, because it was close to the fuel sur-
face, and either melted the tips of a previous high-
strain-rate .ailure or resulted in a melt-through
failure of the clauding. Examples of fuel melting
that resulted in clad 'ng failure are shown in
Figures 16 and 17.

Gas bubbles are released when fuel melting
occurs. Figare 26 shows 2 localized area of fuel
melting. The melted area is nearly swept clean of
fission gas bubbles. The release of gas bubbles from
the fuel tends to reduce fuel swelling, but the
volume change upon melting tends to increase the
swelling.

ot -
Etched, bright field R0G 184
Ppm——————l
10 um

Figure 25

Fuel Oxidation. Oxidation of the UO; fuel can
occur when the fuel is exposed to steam for an ex-
tended period of time.!8:19 Only one of the loca-
tions examined of the nine fuel rods showed any
indication of fuel oxidation. Figure 27 shows an
overail photograph from the 0.312-m elevation of
Rod 804-1 and also a higher magnification
photograph of the fuel. The overall photograph
shows a uniform color and structure in the fuel;
therefore, the higher magnification photograph is
representative of all regions in the fuel. The
precipitates in the grains in Figure 27b have been
identified in other PBF tests as UgOyg. 18 The U4q0q
is unstable at temperatures above 1460 K but forms
upon cooling. The presence of UgOq at ambient
temperatures .ndicates an O/U ratio in the fuel of
between 2.0 and 2.25. The melting point of the fuel
is reduced and grain growth is increased with in-
creasing oxygen content.

Samples from Rod 804-1 at elevations 4.1 cm
below and 10.7 cm above the location in Figure 27
do not show fuel oxidation. The oxiaation seems
to be localized to the one elevation of Rod 804-1
and does not appear to have affected fuel rod per-
formance significan'ly.

Examples of columnar grain growth near the pellet surface
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Figure 26. Localized UO; fuel melt region nearly swept clean of fission gas bubbles.
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DISCUSSION

Test RIA 1-4 was conducted to determine fuel
rod coolability and channel blockage in a nine-rod
¢'uster during an RIA. Results from the test were
to be compared with results from the individually-
shrouded fuel rod tests to determine the difference
between single-rod and bundle behavior. Compar-
isons were also to be made between the preirradiated
rods in Test RIA 1-4 and previously unirradiated
rods tested at the same power levels. Table 6 reviews
the PBF RIA Test Series and results from the tests.
The corner rods (804-1, -3, -7, and -9) of Test
RIA 1-4 operated at about the same radial average
peak fuel enthalpy as the Test RIA 1-1 rods. All of
the RIA 1-4 rods were bounded in fuel enthalpy by
the RIA 1-1 and RIA 1-2 rods. These tests can be
used to compare fuel rod behavior in single-rod and
bundle tests. RIA-ST-1 and RIA-ST-2 rods were
operated at about the same radial average peak fuel
enthalpy as the RIA 1-4 side rods but were not
preirradiated and can be used to compare preir-
radiated and previously unirradiated rods. The
coolant flow area per rod in the RIA 1-4 test was
about 15% larger per rod than for the individually-
shrouded rod tests. The initial coolant mass flux was
about 9% larger per rod in the bundle test. This
change may have affected overall fuel rod perfor-
mance and will be considered in the comparisons
between test rods.

This section discusses differences in rod temper-
ature profile, overall rod condition, and type of
failure between single-rod and bundle test rods and
preirradiated and previously unirradiated test rods.

Comparison of Single and Bundle
Test Rods

Due to neutron flux depression across the bun-
dle, the peripheral rods in the RIA 1-4 bundle
showed a circumferential temperature gradient,
with the highest temperature occurring on the side
of the rod facing the flow shroud. The center rod
(Rod 804-5) had a more uniform circumferential
temperature distribution, similar to that observed
in the single-rod tests. The time in film boiling for
the RIA 1-4 rods varied from 6 to 9 s, compared
with 9 10 15 s for RIA 1-1 rods and 11 to 18 s for
RIA 1-2 rods. The shortened time in film boiling
was probably due to the increased coolant mass flux
in the bundle test.
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There was a significant difference in total damage
between the RIA 1-4 fuel rods and the preirradiated
single test rods. The final condition of the rods is
summarized in Table 6. The RIA 1-4 rods tested at
255 and 277 cal/g UO; radial average peak fuel en-
thalpies exhibited spotty oxide patches, little oxide
spalling, small axial splits in the cladding (<1 ¢m
in length), some small melt-through failures, and
no fracturing of the cladding or breakup of the fuel.
The center rod, tested at 234 cal/g UO3, had no
axial splits and failed only at locations where molten
material from adjacent rods impinged on it. The
RIA -1 single test rods that were preirradiated
showed cladding ruptures, wall thickness variations,
heavy cladding oxidation and fragmentation, and
fuel and cladding melting. Extensive fuel and clad-
ding fragmentation was observed. Complete
blockage of the flow shroud occurred because of
fuel swelling and foaming caused by fission gas
release at high fuel temperatures. The RIA 1-1 rods
h,  more damage than those rods in Test RIA 1-4,
probably because of the extended period of time in
film boiling. The peak fuel and cladding
temperatures were similar in the two tests, based
on the amount of molter fuel and cladding.
However, the longer time at high temperature in
Test RIA 1! resulted in more movement of the
molten matenial, more fission gas coalescence and
migration and the resulting fuel swelling and foam-
ing, and more oxidation of the cladding. The dit-
ference between the preirradiated bundle test
(RIA 1-4) and single-rod test (RIA 1-1) at
~280 cal/g UOj was probably due mainly to the
difference in coolant mass flux.

The larger coolant mass flux may have reduced
the deformation of the cladding and subsequent rod
breakup. It has been postulated that cladding wall
thinning by plastic deformation may be caused by
variations in the local coolant pressure associated
with the rapid heating of the coolant during the
transient. The larger coolant mass flux in the bun-
dle test probably reduced the local variations in
coolant pressure and, therefore, wall thinning in the
cladding. The breakup of the rod on quench occurs
at regions where the cladding is oxidized all or near-
ly all the way throush. At the power levels in test
RIA 1-4 and RIA 1-1, this only occurred in regions
of .ladding thinning. It is probable that the RIA (-4
bundle would have shown more of the damage seen
in the RIA 1-1 rods had the coolant mass flux been
smaller.



Table 6. Results of the PBF RIA Test Series

Radial
Average Peak
Rod Burnup Fuel Enthalpy
Test ~ Number (MWd/tU) (cal/g UOy)

Comments

RIA-ST-1 ST-1 0 185
Burst 1
RIA-ST-1 ST-1 0 250
Burst 2

RIA-ST-2 ST-2 0 260
ST-3 0 225
ST-4 0 350
801-1 4600 285
801-2 4600 285
801-3 0 285
801-5 0 285
802-1 5000 185
802-2 5000 185
802-3 5000 185
802-4 5000 185
804-1 5300 277
804-3 5300 2717
804-4 5300 255
804-5 5300 234
804-6 5300 255
804-7 5300 277
804-8 5300 255
804-9 5300 277

804-10 5300 255

Did not fail

Failure; oxidatisn of cladding, wall thickness
variations, ciadding embrittlement and
fragmentation

Failure; oxidation of cladding, wall thickness
variations, cladding embrittlement and
fragmentation

Did not fail

Completely destroved

Failure; flow blockage

Failure; flow blockage

Failure; flow blockage after transient
Failure; flow blockage after transient

Did not fail

Did not fail

Failure; many high-strain-rate cracks

Did not fail

Failure by high-strain-rate cracks and melt
through

Failure by high-strain-rate cracks and melt
through

Failure by high-strain-rate cracks and melt
through

Failure by molten fuel from adjacent rods

Failure by high-strain-rate cracks and melt
through

Failure by high-strain-rate cracks and melt
through

Failure by high-strain-rate cracks and melt
through

Failure by high-strain-rate cracks and melt
through

Failure by high-strain-rate cracks and melt
through




Comparison of Preirradiated and
Previously Unirradiated Test Rods

The previously unirradiated rods subj:cted to
about the same enthalpy as the RIA 1-4 side rods
were not instrumented; therefore, times in film boil-
ing could not be determined. The RIA-ST-1 and
RIA-ST-2 rods had oxide layers .milar in thickness
to those observed on the RIA 1-4 rods. However,
no fuel or cladding melting was observed in the
RIA-ST-1 and RIA-ST-2 rods except for the
uranium metal in the fuel-cladding interaction zone.
The RIA 1-4 rods showed locations of limited fuel
and cladding melting. Therefore, the RIA 1-4 rods
operated at higher fuel rod temperatures, but for
a shorter time period. The shorter time period was
probabiv due to the increased coolant mass flux.
The decrease in fuel conductivity with increasing
burnup may have contributed to higher tempera-
tures in preirradiated fuel compared with tempera-
tures ir. previously unirradiated fuel.

The two previously unirradiated rods subjected
to 250 and 260 cal/g UO3 in Tests RIA-ST-1 and
RIA-ST-2, respectively, showed massive oxidation,
oxide spalling, cladding splitting and fracturing,
wall thickness variations, and fuel and cladding
breakup. Approximately 10% of the fuel from the
RIA-ST-1 rod and 15% of the fuel from RIA-ST-2
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rod passed through 76-um fuel particle catch screens
and into the PBF !000. Gross ciadding wall thicken-
ing and thinning occurred in the RIA-ST-1 and
RIA-ST-2 rods. These rods did not block the
coolant flow channel with breakup of the rods.

The temperature ramp rate for the previously
unirradiated fuel and cladding was probabiy similar
to that for the preirradiated rods. However, the fuel
in the RIA -4 side rods swelled more than the fuel
in the RIA-ST-1 and RIA-ST-2 rods because of the
fission gas and fuel melting. This caused a higher
strain rate in the cladding and, consequently, brit-
tle, high-strain-rate failure of the cladding rather
than plastic deformation. In Test RIA 1-2, con-
ducted at 185 cal/g with previously irradiated rods,
only minimal plastic deformation occurred, and one
of the rods failed with 22 brittle, high-strain-rate
failures. In Test RIA 1-1, two previously irradiated
and two fresh rods were subjected to 285 cal/g. All
four rods showed limited meltiry of the fuel, clad-
ding embrittlement, high-strain-izte failures, plastic
deformation of the cladding. aid fracture due to
through-wall oxidation of thinned cladding regions.
It appears that near the failure threshold, the type
of rod deformation and failure on the initial power
ramp depends on whether the fuel has been
previously irradiated; but this effect becomes less
significant at higher energy levels.



CONCLUSIONS

This report has presented the analysis and inter-
pretalion of the thermal and mechanical response
of the Test RIA 1-4 nine-rod bundle. Calculated
and observed fuel rod behavior were discussed. This
section presents the conclusions from both the
RIA 1-4 test and, because this test was the last in
the series, the RIA Test Series as a whole.

The PBF RIA Test Series was designed to address
the following key safety issues:

®  Will there be a loss of coolable core
geometry when LWR fuel is subjected to
a radial average peak fuel enthalpy of
280 cal/g U0,?

®  Will energetic molten fuel-coolant interac-
tions (venor explosions) occur during a
severe KiA and result in the production of
a significant pressure pulse?

¢  What is the mechanism and threshold en-
thalpy for failure of LWR fuel during an
RIA?

Although only the scoping tests and three of the
planned programinatic tests were conducted, data
in all of these areas were obtained.

Coolability at 280 callg UO>

Eight fuel rods were tested at radial average peak
fuel enthalpies near 280 cal/g U0y, six of them
preirradiated and two previously unirradiated. All
of the rods failed. The two preirradiated and two
previously unirradiated rods in the single-rod tests
lost their rod-like geometries, and their shrouds had
flow blockages. The condition of the four preir-
radiated rods in the corners of the bundle test is not
applicable because of the larger flow area.
Therefore, based on PBF RIA tests, there may be
a loss ol coolable core geometry in a LWR if an
RIA occurs resulting in a radial average peak fuel
enthalpy of 280 cal/g U0,.

Energetic Molten Fuel-Coolant
Interaction

No significant pressure pulse was observed in any
of the PBF RIA tests as a result of energetic molten
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fuel-coolant interactions, except in the case of the
RIA-ST-4 test. This test was operatad at an energy
deposition three times greater than is possible in a
commercial reactor during an RIA. A large pressure
pulse of 34.6 MPa was measured near the pressure
source region, but only low magnitude pressures
were measured elsewhere in the in-pile tube and foop
piping. Based on these results, vapor explosions do
not seem to be a safety concern during an RIA.

Mechanism and Threshold
Enthalpy for Failure

Three different levels of fuel rod dumage need
to be addressed in establishing peak fuel enthalpy
limits below which there are no safety concerns as
a result of an RIA. Those levels are (a) fuel rod
failure threshold, (b) energy deposition that results
in loss of rod-like geometry, and (c) energy deposi-
tion that results in loss of coolable geometry. It is
important to know the initial rod failure threshold
for estimating the timing and amount of fission
product release to the coolant loop, and subsequent
offsite dose consequen.ces. The energy deposition
required for loss of rod-like geometry was the most
easily determined and correlated data in the PBF
RIA Test Series. Breakup of the fuel rods is impor-
tant to offsite dose consequences and subsequent
operation of the core after an RIA. The breakup
of the rod is not as dependent on test geometry as
is the loss of coolable geometry. Flow blockage dur-
ing or after an RIA is dependent on the flow chan-
nel surrounding the fuel rod. Neither the single-rod,
individually-shrouded tests nor the nine-rod bun-
dle test exactly duplicated the flow channels in a
commercial LWR fuel bundle.

The failure mechanism for preirradiated and
previously unirradiated rods is different. Preir-
radiated fuel rods failed during heatup, before the
rod departed fro n nucleate beiling, because of the
mechanical interaction between the pellet and clad-
ding. This failure occurred at a radial average peak
fuel enthalpy as low as 140 cal/g U0y, although two
rods subjected to 185 cal/g U0 did not fail. The
failure threshold of the previously unirradiated rods
was between 225- and 250-cal/g U0, radial average
peak fuel enthalpy. These failures occurred after the
cladding plastically deformed because of the pellet-
cladding mechanical interaction, oxidized com-
pletely through the wall in the thinned regions, and
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quenched. NRC criteria that any rod fails that
(a) departs from nucleate boiling in a PWR or (b) is
subjected to a radial average peak fuel enthalpy of
170 cal/g or above in a BWR, do not apply to either
case. Departure from nucleate boiling is not re-
quired for rod failure, and failures can occur at
energy depositions as low as 140 cal/g U0,.

The data from the RIA 1-4 bundle test were not
directly applicable in determining the failure
threshold for preirradiated rods in a bundle con-
figuration. The rod subjected to 234 cal/g U0,
failed only because molten material from higher
powei rods impinged upon it. The rods subjected
to 255 cal/g U0, failed by high-strain-rate and melt-
through failures. Because of the larger coolant flow
area, Test RIA 1-4 was not conservative; therefore,
in a bundie, the failure threshold would probably
be less than 255 cal/g U0,.

Brittle failure due to mechanica! interaction be-
tween the pellet and cladding was more prevalent
in preirradiated rods than in previously unirradiated
rods, near the failure threshold energy deposition.
The PBF tests were only conducted with low burnup
fuel rods. The failure threshold for high burnup
rods by brittle pellet-cladding mechanical interac-
tion failure may be even less.

Although the preirradiated rods had a lower
failure threshold than the previously unirradiated
rods, the previously unirradiated rods seemed to
lose rod-like geometry at a lower fuel enthalpy than
the preirradiated rods. This is because of the dif-
fevent failure mechanisms acting near the failure
threshold. The previously unirradiated rod sub-
jected to 250 cal/g U0 lost rod-like geometry, and
the rod at 225 cal/g U0 did not. The preirradiated
bundle test rods cannot be used to determine a
threshold for loss of rod-like geometry, because the
large coolant flow area shortened the total time in
film boiling and, therefore, the total rod damage.
The preirradiated rods subjected to 185 cal/g U0y
did not lose rod-like geometry. Both types of rods
exhibited brittle failure before departure from
nucleate boiling and plastic deformation, oxidation,
brittle fracture on quench, and loss of rod-like
geometry at 285 cal/g U0,.

Flow blockage in preirradiated rods occurred at
285 cal/g U0, radial average peak fuel enthalpy. The
blockage was mostly due to foaming of molten,
preirradiated fuel. Flow blockage did not occur dur-
ing the transient in any of the previously unirradiated
rod tests even though the rods lost rod-like geometry.
After the transient, when the flow was turned off,
blockage did occur in the flow shroud of the
previously unirradiated rods tested at 285 cal/g uUo,.
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This report presents and discusses results from the final test in the Reactivity
Initiated Accident (RIA) Test Series, Test RIA 1-4, conducted in the Power Burst
Facility (PBF) at the ldaho National Engineering Laboratery. Nine preirradiated
fuel rods in a 3 x 3 bundle configuration were subjected to a power burst vhile
2t boiling water reactor hot-startup system conditions. The test resulted in
estimated axial peak, radial average fyel enthalpies of 234 ¢al/g Li02 cn the center
rod, 255 cal/g UO> on the side rods, and 277 cal/g U0z on the corner rods.

Test RIA 1-4 was conducted to investigate fuel coolability and channel blockage
within a bundle of preirradiated rods near the present enthalpy limit of

280 cal/g UD2 established by the U.S. Nuclear Regulatory Commissien. Th~ test
design and conduct are described, and the bundle and individual rod thermai and
mechanical responses are evaluated. Conclusions from this final test and the
entire PBF RIA Test Series are presented. A
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