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I. INTRODUCTION

The behavior of defective fuel rods under hypothesized transient conditions
is an important aspect of safe reactor operation, since nearly all reactors contain
a small percentage (O.1% [1]) of defective fuel rods. Of particular importance is
the question of whether the behavior of defective rods is more violent or results
in significantly different physical degradation than the behavior of intact rods
operated under similar conditions. In this paper, the behavior of six defective
fuel rods, each operated in separate tests under postulated accident conditions,
will be summarized. Four of these rods contained defects which might be encountered
in normal power reactor operation, whereas two of the rods failed during high temper-
ature film boiling operation.

Essentially all potential reactor accidents involving the cores of light water
reactors (LWRs) are due to an imbalance between the heat generation rate in the
fuel and heat removal capacity of the coolant. The extreme cases have traditionally
been designated as the Toss-of-coolant (LCC) accident in which part or all of the
core coolant is lost, and the reactivity initiated accident in which there is a
rapid increase in power due to the ejection of a control rod. Between these two
extremes, LWR accidents resulting in off-normal power-cooling conditions are generally
termed power-cooling-mismatch (PCM) accidents.

The irradiation experiments reported here have been conducted by the Thermal
Fuels Behavior Program of EG&G Idaho, Inc., for the United States Nuclear Regulatory
Commission in the Power Burst Facility (PBF) at the Idaho National Engineering
Laboratory. Five of the rods were irradiated in PCM tests and one in a LCC test.
During these tests, the six rods lost cladding integrity prior to or during the
transient phase of the test due to either manufacturing defects or intentional rod
design and operation. Of the five defective rods tested under PCM conditions, one
(Rod IE-008, Test IE-1 [2]) had a hydride rupture below the region of the rod which
was in film boiling during the transient, two (Rod A-0021, Test PCM-3 [3] and Rod
IE-019, Test IE-5 [4]) contained defects (a pin hole and a small axial crack,
respectively) within the film boiling zone, and two (Rod 201-1, Test PCM-1 [5] and Rod
205-8, Test PCM-5 [6]) failed by cladding embrittlement within the film boiling
zone. Rod 312-3 was waterlogged before being subjected to LOC conditions in Test
LLR-3.

II. EXPERIMENT DESIGN AND PERFORMANCE

The zircaloy-4 clad, U02 fuel, PWR-type rods had fueled lengths of approximately
0.9 m and were tested in individual flow shrouds, with the exception of one 9-rod
bundle test (PCM-5). The PCM tests which used individually shrouded rods consisted
of four phases of operation: preconditioning (power cycling), a ramp to high power,
a one-hour period of steady state operation, and one or more coolant flow rate
reduction cycles to induce film boiling. During the preconditioning phase, fuel rod
peak powers were cycled between 0 and 40 kW/m at ramp rates between 0.2 and 0.9 kW/m
per minute. Following preconditioning, a rapid power ramp of approximately 3 kW/m per
minute was used to bring the fuel rod peak powers to about 49 kW/m for Rod A-0021
and to about 65 kW/m for Rods IE-008 and IE-019. These fuel rods were held at high
power for one hour, after which the coolant flow rate was reduced to produce film boiling.
Rod A-0021 was subjected to five brief flow reduction cycles, whereas the other
four rods were each subjected to only one cycle. For Rod 201-1, the peak power during
preconditioning was 50 kW/m and the peak power during film boiling operation was
78 kW/m. Rod 205-8 was taken directly into film boiling operation following power
calibration without any preconditioning. The maximum power of this rod during film
boiling was 59 kW/m=

Test LLR-3 consisted of five phases of operation: preconditioning, decay heat
buildup, blowdown, reflood, and quench. The maximum rod power during preconditioning



was i.'oout 34 kW/nu The decay heat buildup consisted of two hours of steady state
operation at this same power. The blowdown portion of the transient lasted approximately
35 seconds, followed by the initiation of refloo'1 Quenching of the fuel rods occurred
approximately 3 seconds after initiation of refl .od.

III. BEHAVIOR OF DEFECTIVE FUEL RODS

The behavior under PCM conditions of fuel rods containing small defects repre-
sentative of those occasionally found in the cladding of commercial reactor fuel
rods is separated into two categories: coolant access to the portion of the rod operating
in film boiling (A) does not exist or (B) exists. Fuel rods which failed due to
cladding oxidation during film boiling operation and continued to operate after failure
form a third (C) category of rod behavior under PCM conditions. The behavior of the
waterlogged rod tested under LOC conditions is also discussed (D) in this section,

A. PCM Testing Without Access cf Ccclant to P.sd Intsrisr in ci"H Boiling Region

Rod IE-008 was previously irradiated to a burnup of 15.1 MWd/kgU [2]. The
upper end cap was removed and replaced with an instrumented end cap containing a
pressure transducer. The rod was pressurized to 1.7 MPa with a 77.7" helium and
22O3» argon gas mixture. No incipient defects were found during pretest neutron
radiography and pulsed-eddy-current scanning of the fuel rod. The rod was subjected
to film boiling for 62 seconds, and cladding temperatures to 1560 K were experienced.

"osttest examination [7] of the cladding on Rod TE-008 indicated several cladding
ruptures between 0.25 and 0.38 m above the bottom of the rod caused by massive hydriding.
The film boiling zone was determined to be between the 0.54- and 0.69-m rod elevations,

Results of the test and postirradiation examination indicate that the hydriding
was caused by water leaking into the rod during the early stages of testing in the
PBF. The hydrided cladding cracked during the power ramp, perhaps due to pellet-
cladding mechanical interaction. Increased radioactivity measured in the coolant
indicated that fission products and some fuel or fuel-coolant reaction products
washed out of the rod through the cladding defects during the power ramp and subse-
quent steady state operation. The size of the molten fuel radius produced during the
subsequent steady state operation at a local power of 68 kW/m was twice that of an intact
rod of similar burnup and irradiated simultaneously at equivalent power in the same
test. This result suggests that the thermal performance of the rod was locally
impaired as a result of the hydriding and the ingress of water through the crack.
Neither ZrO2 on the cladding inner surface nor any evidence of UO2 oxidation (such
as U4O9formation) was observed in the film boiling zone, beginning 16 cm above
the hydride rupture location.

Even though water was present in the rod prior to the film boiling transient,
fuel swelling due to melting and fission gas agglomeration caused rod swelling and,
therefore, gap closure which apparently closed off pressure communication between
the region of the rod in film boiling and the coolant. Therefore, although the
power ramp degraded the mechanical condition and impaired the thermal performance
of the rod in the area of the rupture, the performance of the portion of the rod
which operated in film boiling was not noticeably altered from that of similar intact
rods in the same test.

B. PCM Testing With Access of Coolant to Rod Interior in Film Boiling Region

Rod A-0021 [3] was fabricated from unirradiated 110̂  fuel pellets and unirradiated
zircaloy-4 cladding. The rod was filled with a 93% helium and 7% argon gas mixture
to a pressure of 2O6 MPa. This rod was intact prior to testing, but laser welding
of thermocouples onto the cladding may have produced an incipient defect. Rod A-0021



survived the quench from film boiling, but the cladding of this rod unexpectedly
fractured in a brittle manner at 0.49 m above the bottom of the rod during posttest
handling at room temperature.

Rod A-0021 underwent five DNB transients. Although the final transient was
the most severe (maximum cladding temperature 1700 K, 55 seconds in film boiling),
two of the preceding transients were severe enouy,. (maximum cladding temperature
1050 K, 2 seconds in film boiling) to account for the measured cladding collapse [8,9],
whi h was similar to that of the intact rod which experienced DNB transients in
the same test. Apparently, coolant entered the rod after cladding collapse had occurred
on a previous DNB transient. Without the driving force of fuel melting and fission
gas agglomeration which had occurred in Rod IE-008, the U02 thermal expansion and
prior cladding collapse was not sufficient to tightly close the fuel-cladding gap.
As a result, the interior of the portion of the rod which was in film boiling was
accessible to the coolant.

.Postirradiation examination [3] of Rod A-0021 revealed significant ZrO2 formation
on the cladding interior surface from 0.42 to 0.63 m above the bottom of the rod. The
presence of ZrO2 is the result of a cladding-coolant reaction during the test and
indicates that steam entered the rod prior to completion of film boiling operation.
The thickness of the ZrO2 layer was 20 ym at 0.58 m and tapered down to 7 pm at 0.45 m.
The maximum thickness of the ZrO2 layer on the cladding inside surface was similar to
that on the outside surface. In addition, metallography revealed the presence of U^Og
precipitates with.n the UO2 fuel between 0.42 to 0.72 m from the bottom of the rod.

Rod IE-019 (Test IE-5) [10] was fabricated from unirradiated U02 and an
irradiated zircaloy-4 cladding tube. The peak cladding fluence was estimated to be
9.9 x 1020 n/cm2 ( >1 MeV). The rod was backfilled with a 77.7% helium and 22.3%
argon gas mixture and pressurized to 8.3 MPa (at room temperature) to study cladding
ballooning phenomena during film boiling operation. After 10 seconds in film boiling,
the cladding ruptured and the rod remained in film boiling for an additional 60 seconds
prior to reactor shutdown. Because the cladding ballooned, the coolant had access
to the region of the rod in film boiling.

Postirradiation examination [4] determined the cladding failure to be a narrow
axial crack about 0.2 mm wide and 2 mm long located 0.641 m above the bottom of the
rod within a region of 25% diameter increase produced by ballooning. The Zr02 layer
on the cladding inner surface extended 0.7 cm above and 5O7 cm below the cladding
defect. Precipitates of Ui+Os were also present within the fuel in this same region,

Both Rods A-0021 and IE-019 survived the quench upon rewetting, but fractured
during posttest handling. In neither rod was the cladding oxygen content, as measured
by the fraction of prior beta phase remaining in the cladding wall (Fw) or the
equivalent cladding reacted (ECR), sufficient to cause cladding embrittlement [11,12].
For Rod A-0021, Fw is 0.88 and the ECR is 6%; for Rod IE-019 these values are 0.75
and 12%, respectively. However, the embrittlement of these rods was enhanced by
the hydrogen content of the cladding (340 ppm for Rod A-0021, and 1000 ppm for
Rod IE-019), which modified the prior "jeta microstructure. The large hydrogen content
was a result of enhanced hydrogen pickup in the cladding in the stagnant stream
atmosphere inside the fuel rods in the neighborhood of the cladding defect.

Because the cladding defects in both Rods A-0021 and IE-019 were very small,
no measurable amount of fuel was lost from either rod, although radioactive fission
product release was measured from Rod IE-019. The consequences of operating these
two defective rods in PCM transients were not significantly different than those
experienced for intact rods under similar transients. The primary reason for the
similarity in behavior between defective and intact rods is that the rate of cladding



oxidation from H?0-zircaloy reaction (which occurs on cladding interior surfaces in
defective rods) is similar to that from U02-zircaloy reaction (which occurs on cladding
interior surfaces in collapsed, intact rods during PCM transients).

C= Continued Operation of Rods Which Failed During Film Boiling by Cladding Oxidation

Two fuel rods, Rods 201-1 and 205-8, failed during film boiling operation due
to oxygen embrittlement during Tests PCM-1 [5] and PCM-5 [6], respectively. After
failure, Rod 201-1 was operated for an additional 400 seconds. In the case of Rod 205-8,
the rod rewet, fractured, and continued to operate at 59 kW/m peak power, but no
longer in film boiling, for an additional 255 seconds.

The failures exposed the fuel column to coolant, but the exposure was limited
to the immediate neighborhood of the cladding fractures due to cladding collapse
onto the fuel stack which had occurred earlier in the transient. For instance, the
failure of Rod 201-1 was not sensed by the pressure transducer in the rod plenum
until the fuel-cladding gap opened during cccldov/n fell owing termination of the test.
Continued film boiling operation after rod failure led to fuel oxidation (LkOg
precipitates observed posttest) and increased fuel melt radii due to thermal insulation
provided by the heavily oxidized cladding. Fission product monitors indicated that
although some fuel rod breakup occurred during film boiling operation, most of the
fragmentation occurred upon rod rewetting at the termination of film boiling.
During the test, 24" of the fuel stack broke into pieces smaller than 76 urn and passed
through the particle screens in the ends of the flow shroud surrounding the fuel
rod.

Pieces of Rod 201-1 in which the cladding had been totally oxidized to 7.rO2
survived the quench intact. Also, pieces of fuel stack longer than 2.2 cm remained
intact after the test, despite fragmentation and total loss of the cladding. Even
though melt radii up to 85% existed in the fuel, no pressure pulse which might result
from an energetic molten fuel coolant reaction was measured. Fuel rod breakup during
continued film boiling operation beyond rod failure is explainable by continued
cladding oxidation.

The operation of Rod 205-8 in Test PCM-5 at high power (59 kW/m) after britt'.e
failure upon quenching from film boiling resulted in oxidation of the fuel as
evidenced by the formation of U^Og precipitates in the vicinity of the cladding
fracture. Because the rod had rewet, no further significant cladding oxidation occurred.
The more limited cladding oxidation in this rod compared with that in Rod 201-1
(Test PCM-1) resulted in relatively less rod breakup (0.6* fuel loss compared with
24%).

D. Waterlogged Rod Behavior During a LOC Experiment

Rod 312-3 was inadvertantly waterlogged (probably through a defective seal weld)
prior to the LOC phase of Test LLR-3. The rod ballooned symmetrically over a 25-mm
length near the power peak of the rod out to the inner diameter of the flow shroud
(51% diametral expansion) as a result of the pressure differential across the cladding
which developed about 12 seconds into the blowdown. The cladding failure was a narrow
(3 mm x 25 mm) crack. The fuel loss is estimated to have been less than 1" of the fuel
stack. The waterlogging caused the failure of this rod, whereas the three companion
rods in Test LLR-3 remained intact.

V. CONCLUSIONS

In PCM-type transients, the behavior of defective fuel rods depends primarily
on whether the coolant has access to the interior of the portion of the rod which
is in film boiling. If coolant access to the high-temperature rod interior does
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not exist, the consequences of operating a defective rod in a PCM transient are not
significantly different than those for intact rods in the same transient. The
defective rod will, of course, release fission products to the coolant through the defect
during the transient as well as during steady state operation.

Fuel rods containing small cladding defects which allow coolant access to the rod
interior within the region of the rod in film boiling are embrittled to a greater
extent during PCM transients than are intact rods. These defective rods survive
the quench upon rewet at the termination of film boiling, but fracture under posttest
remote handling conditions due to embrittlement associated with hydrogen and oxygen in
the cladding. Oxidation of the UO2 fuel to Ui+Qg also occurs in the high temperature
region of the rod accessible to the coolant. Nevertheless, the behavior of these
defective rods under the film boiling transient was not significantly different than
the behavior of intact rods operated under similar conditions.

Continued film boiling operation after rod fracture due to cladding oxidation during
a PCM transient leads to fuel oxidation to U4Q9. Despite the presence of fuel melting
up to 85% of the pellet radius, no energetic fuel-coolant reaction occurred.

The occurrence of cladding collapse early in the PCM transient limits the accessi-
bility of coolant to the rod interior. As a result, the behavior of a tightly collapsed,
defective rod in film boiling is similar to that expected of intact rods on the basis
of the extent of cladding oxidation, including rod fragmentation upon quenching
from film boiling operation.
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