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ABSTRACT

Operational transients occur occasionally in light water reactors w hen minor mal-
functions of certain system components affect the reactor core. Potential effects of
such malfunctions include a loss of the secondary heat sink, an increase in system
pressure, and, in boiling water reactors (BWR), void collapse and a brief increase
in reactor power. This report presents the results of the operational transient Tests
OPTRAN 1-1 and OPTRAN 1-2 including a comparison of the data with posttest
calculations and the postirradiation examination results. The OPTR AN 1-1 tests sim-
ulated operational transients with reactor scram. Four progressively higher and broader
power transients at a constant coolant flow rate were performed. The first transient
simulated a BWR-5 turbine trip without steam bypass, with fuel rods operating near
BWR-6 core average rod powers. The second transient simulated a generator load
rejection without steam bypass, with fuel rods operating near core average powers.
The last two traasients were performed at higher core average peak rod powers than
safety analyses predict to be possible in commercial reactors to define failure threshold
margins.

Test OPTRAN 1-2 was performed to evaluate the piobability and extent of fuel
rod damage for the most severe BWR anticipated transient without scram (ATWS)
that results in boiling transition, a main steam line isolation valve closure transient *

without scram. Two sets of two fuel rods were tested. In each set, an unirradiated
fuel rod was used t neat the coolant to typical BWR conditions for each presiously
irradiated fuel rod. Following an extensive fuel conditioning period of cperation, y
a single power transient was performed that simulated the power history and coolant
conditions calculated for a main steam line isolation valve closure ATWS.

8

.
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EXECUTIVE SUMMARY

Anticipated nuclear power reactor transients are Six fuel rods were tested in the OPTRAN 1-1 lest*
deviations from normal plant operating conditions series. All six test fuel rods were originally
that may result from system component malfunc- fabricated by the General Electric Company (GE)
tions or reactor operating errors that may occur one and irradiated in the Northern States Power Com-
or more times during the service life of a reactor pany's Afonticello boiling water reactor (SRP 11*

and me normally accompanied by a control rod bundle) to burnups ranging from about 5000
scram. T.Wy are distinguished from accidents, to 22,000 AlWd/t. Four of the six fuel rods were
which have a meh lower probability of occurrence similar to GE4 or GES design rods, except for fuel
and may result in much more severe consequences. length (0.75 m) and plenum volume. Two of the test

'The effects of the anticipated system component fuel rods (901-2, and 901-4) were PCI remedy rods.
malfunctions raay include a loss of the secondary Each fuel rod was surrounded by an individual flow
heat sink, an increase in coolant system pressure, shroud, and four fuel rods and flow shroud assem-
and, in boiling water reactors, void collapse and a blies were symmetrically placed within the PBF test
brief surge in reactor power. Dryout and severe train for each OPTRAN 1-1 transient. Two of the
cladding temperature excursions are not expected fuel rods (901-1 and 9013) were tested in only the
during such transients and, therefore, the damage first of the four OPTRAN 1-1 transients, transient
mechanism of concern is cladding fracture due to OPTRAN 1-I A. These two fuel rods were replaced
pellet-cladding mechanical and chemical interac. with test rods 901-5 and 901-6 for the final three
tions (PCI). transients, OPTRAN1-1 B, C, and D. Test

rods 901-2 and 901-4 were used during all four
Fuel rod cladding fracture due to a PCI mech- OPTRAN 1-1 transients.

anism has been recognized as a problem since 1964.
Such failures are apparently induced by power in- The nuclear operation in the PDF fbr the
creases after a sufficiently high burnup is attained OPTRAN 1-1 test consisted of two extensive Tuct
to allow fission product release. There has been a conditioning phases and four power transients. The
strong incentive to find a remedy for these failures purposes of the fuel conditioning were to measure
because the present method of prevention is to ac- the ratio of test rod power to PBF core power and.

cept limits on rates of reactor power increase. These to carefully condition the fuel rods to a peak rod
limits are very expensive due to the lost power out- power of 27 kW/m, since the test rods had been ir-

s put during slow increases, especially for load follow radiated at the hionticello BWR core periphery at
operations. Afost investigators now accept the view ' average rod powers from only 9.9 to 12.7 kW/m.
that both the presence of aggressive chemical species The first OPTRAN 1-1 test transient simulated a
and high localized stresses are prerequisites for BWR turbine trip without steam bypass with the
power-ramp-induced PCI failures, irradiated fuel rods operating above typical BWR

core average powers (of 18 kW/m). The peak fuel
Severe core power increases are possible during rod power was increased from 24.3 kW/m

a variety of anticipated transients and yet the most to 90.3 kW/m in 0.32 s while maintaining a cons-
severe postulated anticipated transients have not oc- tant coolant flow rate.
curred in commercial reactors. Therefore, the U.S.
Nuclear Regulatory Commission (NRC) was uncer- Since two of the test fuel rods were replaced after
tain whether light water reactor fuel rods would fail OPTRAN 11 Transient A, a second fuel condi-
or can be damaged during such events. For antici. tioning operation to a peak rod power of about
pated transient conditions, the commonly used 30 kW/m was performed. The power history of
overheating fuel failure criteria may not be ap- OPTRAN 1-1 Transient B (30.9 kW/m"

propriate for PCI damage. Therefore, a series of to 201.5 kW/m in 0.66 s) simulated a BWR
in-pile fuel behavior tests designated OPTRAN 1-1 generator load rejection transient without steam
were condacted in the Power Burst Facility (PBF) bypass for fuel rods operating above BWR core-

# by EG&G Idaho, Inc., for the NRC to (a) deter- average peak tod powers except that the time dura-
mine the threshold at which light water reactor fuel tion of the transient was about twice that predicted
rods are hkely to fait during severe anticipated tran- by GE.
sients that result in a brief increase in reactor power
and (b) identify any fuel rod damage mechanisms OPTRAN 1-1 transients C and D were per-
that might occur. formed at' progressively higher transient powers

iii
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than the GE saf ety analysis predicted to be possi- saturated water conditions at the inlet of the test rods
ble in an effort to determine failure threshold was obtained by decreasing the coolant Gow rate.
margins. The peak fuel rod power was increased Boiling transition occurred on both OPTRAN 1-2 test

,

from 28.9 to 240.5 kW/m in about 0.74 s during rods. No test fuel rod failures occurred during the
Transient C and from 24.4 to 264.0 kW/m in OPTRAN 1-2 transient.
0.96 s during Transient D. No fuel rod failures oc-
curred during the OPTRAN 1-1 transients. It is important to note that, based on the results '

of ORIGEN2 calculations, the iodine inventory in
hlany of the anticipated transients may be the test fuel rods at the time of the OPTR AN tran-

postulated to occur with a failure of the automatic sients was very nearly the same as it was at the end
scram system and are then called anticipated tran- of the Alonticello irradiation.
sients without scram (ATWS). The potential for fuel'

rod damage may be higher for ATWS events than Posttest analyses of the behavior of the
for anticipated transients with scram because dryout OPTRAN 1-1 ano OPTRAN 1-2 fuel rods were per-
and severe cladding temperature excursions up to formed to gain insight into the timing and magnitude
1050 K can occur during an ATWS. Thus in addi- of the measured fuel rod elongation and their rela-
tion to the PCI mechanism for cladding failure, tionship with respect to PCI and possible PCI crack-
cladding oxidation and embrittlement and cladding ing of the cladding. The analyses of the OPTRAN 1-1
collapse and waisting (collapse into gaps between and 1-2 fuel rods were performed in two parts. The
the fuel pellets) may occur during an ATWS. steady-state fuel rod analysis computer code

FRAPCON-2 was used in the first part to calculate
Test OPTRAN 1-2 was performed to evaluate the fuel rod behavior during the irradiation in the

probability and extent of fuel rod damage for the Alonticello reactor and the preconditioning in PBF.
most severe BWR ATWS that results in boiling Then, the transient fuel rod analysis code FRAP-T6
transition. Two irradiated fuel rods were tested in was used to calculate the behavior of the fuel rods
tandem with two unitradiated highly enriched fuel during the transients. Computer code calculations of
rods. The purpose of the unirradiated rod in each the test fuel rod elongations during the four
set was to provide coolant conditions for the ir- OPTRAN 1-1 transients, and calcufations of both the
radiated test fuel rod typical of the coolant condi- fuel rod elongations and cladding surface *empera- +

tions existing near the axial flux peak region of a tures for the OlrTRAN 1-2 transients were in very
commercial BWR core. good agreement with the measurements.

s
The nuclear operation for Test OFTRAN 1-2 con- The posttest calculations indicate that the test fuel

sisted of an extensive fuel rod conditioning phase and rod initial conditions established by the steady-state
a single power transient. The power transient that was irradiation and preconditioning play important
performed simulated a main steam isolation valve clo- roles in fuel rod behavior during transients. The
sure transient without scram at near-typical coolant steady-state irradiation of the fuel rods in the
pressure, quality, and flow rate conditions that are Alonticello Reactor was performed at low power
calculated to exist during such an ATWS. The pur- and, therefore, the fuel experienced a small amount
poses of the fuel conditioning were to measure the of swelling. In addition, the amount of fission pro-
ratio of test rod power to core power and to care- ducts accumulated on the grain boundaries was
fully condition the preirradiated fuel rods to a peak small. The fuel experienced additional densification
power of 29 kW/m. The Alonticello BWR irradia- during preconditioning because the fuel tempera-
tion was at an average rod power of 9.2 kW/m for tures during preconditioning were higher than
Rod 902-2 and at 7.8 kW/m for Rod 902-4. During during the steady-state operation. The total densi-
the OPTRAN 1-2 transient the peak test rod power fication was calculated to be larger than the swell-

*
was increased from 27 to 294 kW/m, at a maximum ing experienced by the fuel. Also, the cladding was
ramp rate of 300 kW/m/s. The test rod power was calculated to experience very little creepdow n dur-
then reduced to 10 kW/m in about 32 s and was held ing the steady-state irradiation. Therefore, at the
constant at 10 kW/m for the next 1170 s. end of the steady-state irradiation and precondition- '

ing, the gap between the cladding and fuel was cal-
The test rod shroud outlet coolant conditions were culated to be larger than the as-fabricated gap. The

initially maintained below saturation temperature to fuel-to-cladding gap just prior to the transient was
,

|
obtain a thermal-hydraulic power calibration of the calculated to be larger for the OPTRAN 1-2 fuel '

test rod and heater rod powers. Prior to the transient, rods than for the OPTRAN 1-1 fuel rods because

iv
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the OPTRAN 1-2 fuel rods experienced a smaller fuel rods would not fail from PCI during similar com-
amount of sw elling. Thus, even though the peak tod mercial transients. Alternatively, if peak hoop stresses
powers reached during the OPTRAN 1-2 transient were found to be approximately equivalent, further
were higher than for OPTRAN 1-1 Transient D, assessments of transient fission product releases dur-*

the calculated cladding hoop stress was higher for ing both situations by a code like FASTGRASS
OPTRAN 1-1 Transient D than for OPTRAN 1-2. would be required.
Based solely on calculated stresses, the test rods.

used in OPTRAN 1-1 would be more likely to The postt:st calculation 3 indicat6 that only small
develop PCI cracks than the test rods used in amounts of fission products accumulated at grain
OPTRAN 1-2. boundaries at the end of the steady-state operation

and preconditioning. The low fission product accum-
The calculations indicate that Rod 901-1 did not ulation at grain boundaries resulted because the time-

experience any radial PCI. The hoop stresses in weighted average rod powers at the hionticello core
Rod 901-1 were due to differential pressure and the periphery ranged between only 7.8 and 12.7 kW/m,
maximum calculated hoop stress was equal to compared with a BWR 8 x 8 core-average rod power
-54.6 h1Pa. Rod 901-6 was calculated to experience of 18 kW/m. Peak centerline fuel temperatures were
increasingly harder radial PCI during transients B, calculated to be between 900 and 1200 K during the
C, and D. It experienced the maximum calculated hionticello irradiation, compared with core-average
hoop stress of 188.0 h1Pa during transient D. commercial maximum temperatures between 1400
Rod 902-4 experienced a maximum calculated hoop and 1600 K. The lower OPTRAN fuel temperatures
stress of 110.2 h1Pa. The calculated permanent hoop leo to slower diffusion of fission products within UO2
strains remained negative for all the test rods. Because grains and prevented appreciable gas bubble ac-
Rod 901-6 experienced the maximum hoop stress of cumulation at fuel grain boundaries. Formation of
188.0 h1Pa for less than 1.0 s, it was unlikely to have connected porosity and interlinked bubbles at grain
any PCI cracks developed in this rod. faces was also inhibited. Thus, there was little possi-

bility of a burst-type release of corrosive fission pro-
The peak hoop stress values for OPTRAN 1-1 ducts upon pellet expansion and microcracking during

Transient D and OPTRAN 1-2, while seemingly the OPTRAN power transients. Commercial fuel rods
low, are difficult to place in proper perspective. Had operated at or above average core powers would be,

the OPTRAN rods been irradiated at significantly expected to release considerably larger portions of
higher powers in 51onticello, fuel swelling (and pos- their gaseous inventories under comparable circum-
sibly cladding creepdown) would have occurred to stances. The differences in fuel temperatures and pro-,
a larger extent. The fuel-to-cladding gap sizes would spective gas releases could be quite important in
have been smaller going into the OPTRAN tran- exceeding hn iodine concentration threshold for stress-
sients, so cladding hoop stresses would have been corrosion cracliing during the OlrrRAN tests,
larger during the transients. Accordingly, it is
recommended that FRAPCON-2/FRAP-T6 calcu. Because no test rods failed and because test rod
lations be repeated for core-average and peak-power instrumentation was limited by the necessity of pre.
BWR rods so that quantitative estimates of the low serving internal chemistries, the majority of the test
base-power influences can be made. fuel rod damage information had to be provided by

postirradiation examinations (PIE). The hot cell
Even then, predictions on PCI crack formation for techniques used for the PIE included pulsed-eddy-

higher power rods could not be made without com- current (PEC) scanning for cladding cracks and rod
parisons to hoop stresses in situations where PCI diameter changes, gross and spectral gamma scans for
cracks did form. 'Ihe Studsvik Demo-Ramp 11 and fission product distribution, composition analyses on
Trans-Ramp I projects were performed on repre- extracted gap / plenum gases, fuel burnup measure-
sentative BWR rods and did induce incipient cracks ments, flattening of cladding clamshell segments to-

from higher power irradiations of less than a one- expose any incipient cracks, fractographic investiga-
minute duration. FRAPCON-2/FRAP-T6 calcula- tions by scanning electron microscope, and determina-
tions should also be performed for an appropriate tions of cladding deformation and phase,

subset of these rods. It is likely that FRAP-calculated transformations by metallography.
hoop stiess values during the Studsvik experiments
would be much larger than FRAP-calculated stresses Results of pretest visual examination of the
for a peak-power BWR rod during OFTRAN 1-1 and OPTRAN fuel rods indicated no signs of exposure
1-2. If so, a strong conclusion could be made that to a severe power excursion except that the two test

v



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ -

rods from OPTRAN 1-2 were bowed over most of rod. This investigation revealed only one isolated
their 75-cm fueled length. (The two fresh heater defect that could be classified as an incipient crack.
rods were failed as expected). The PEC insestiga- The defect was found on Rod 902-4, an
tions, which have a detection threshold for cladding OPTRAN 1-2 rod. The defect was longer than -

cracks that are < 10% of the 0.86-mm wall typical PCI-induced cladding perforations and it
thickness, indicated no incipient cracks propagating demonstrated a mixture of ductile and brittle frac-
from interior cladding surfaces on the seven ture nodes. Despite these discrepancies, PCI and .

OPTRAN rods scanned. No permanent hoop stress-corrosion cracking cannot be completely
strains (ridges) at pellet length intervals were ob- disregarded as potential causes for the observed
served and the OPTRAN 1-2 rod PEC scans indi- defect. However, because higher cladding hoop
cated that waisting of ductile cladding into stresses were calculated for the OPTRAN 1-1 Tran-
interfacial gaps did not occur. sient D, than for OPTRAN 1-2, PCI cracks would

have been more likely to occur on Rod 901-6. This
The normalized gamma activity measurements in- suggests that the incipient crack found on

dicate that no axial migration of cesium or iodine Rod 902-4 may have been a fabrication defect.
occurred as a consequence of the OPTRAN power3

'

spikes. However, transient release and radial redis- hietallographic examinations show that during
tribution of fission products cannot be discounted. the dryout phase of the OPTRAN 1-2 test cladding
The iodine inventory in the test fuel rods at the in- material was transformed to beta-zircaloy and,
itiation of the OPTRAN transients was very nearly therefore, cladding temperatures in excess of 1234 K
the same as it was at the end of the hionticello ir- were obtained. This is considerably higher than the
radiation. Iodine freed from the UO lattice could maximum calculated cladding surface temperature2
have reached and reacted with the cladding without of 1007 K.
moving along the rods.

The results of the OPTRAN 1-1 and I-2 experi-
Gases occupying the gap / plenum regions of each ments are very encouraging. No fuel rod cladding

OPTRAN fuel rod were withdrawn for composi- failures occurred and only one isolated defect that
tion and volumetric analyses. Results from the rod could be classified as an incipient crack could be
plenum gas analysis were as expected, with the rods found. For fuel rods with average powers during

,

undergoing the mildest OPTRAN 1-1 transient in- irradiation up to 12.7 kW/m it can be concluded
dicating the lowest fission gas release and the rods that for anticipated transients, represented by the
undergoing the OPTRAN 1-2 transient indicating OPTRAN 1-1 and OPTRAN 1-2 tests, fuel rod

*the highest fission gas release. OPTRAN 1-2 had damage will probably not occur. Unfortunately,
a higher fission gas release than OPTRAN 1-1 conclusions cannot be reached regarding anticipated
Transient D because the fuel centerline temperature transients nor anticipated transients without scram
was considerably higher for OPTRAN 1-2 than in general because of the low average irradiation
OPTRAN 1-lD (calculated values of 2070 K com- power in hionticello for the OPTRAN 1-1 and
pared with 1789 K). The measured fission gas OPTRAN 1-2 test fuel rods and because of the prior
release percentage measured for the OPTRAN tests statistics for these experiments (only eight fuel rods
cannot be applied to typical commercial fuel rods were tested). However, GE is of the opinion that
undergoing similar transients because the base ir- fuel rod failures caused by PCI are just as likely
radiation powers of the OPTRAN fuel rods were to occur if the rods have not been operated at high
much lower than commercial average rod powers. power. GE claims that this was recently confirmed
Consequently, commercial fuel rods operated at or during the Super Ramp Program where fuel rods
above core average powers could be expected to that had a peak base irradiation power of 27 kW/m
release considerably larger portions of their gaseous failed at about the same ramp power levels as fuel
inventories under comparable transient which had a peak base irradiation power of -

circumstances. 17.7 kW/m.

Cladding clamshell investigations were focused Clearly, the issue of PCI cladding failures during .

on searching for and characterizing incipient cladd- anticipated transients can only be totally resolved
ing cracks. About 60% of the cladding length was by additional OPTRAN-type tests using high-
examined on each OPTRAN fuel rod. Three clam- burnup test rods irradiated at BWR core-average
shell sections were extracted from each OPTRAN and peak powers.

vi
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EXPERIMENTAL RESULTS OF THE OPERATIONAL
TRANSIENT (OPTRAN) TESTS 1-1 AND 1-2 IN THE

POWER BURST FACILITY-

INTRODUCTION,

Anticipated nuclear power reactor transients are water reactor operation has received considerable
deviations from normal plant operating conditions attention throughout the world. Such failures are
that result from system component malfunctions or apparently induced by power increases after a suf-
reactor operator errors that may occur one or more ficiently high burnup is attained allowing fission
times during the senice life of a reactor and are nor- product release. There has been a strong incentive
mally accompanied by a control rod scram. They to find a remedy for these failures because the pre-
are distinguished from accidents, which have a sent method of presention is to accept limits on
muc5 lower probability of occurrence and may rates of reactor power increase. These limits are ex-
result in much more severe consequences. The Elec- pensive due to the lost power output during slow
tric Power Research Institute (EPRI) has selected increases, especially for load following operations.
37 categories of anticipated and unanticipated boil. Experiments have been performed in the IIalden,
ing water reactor (BWR) malfunctions and 41 Studsvik, NRU, GETR, RISO, RCN-Petten, BR-2
categories of pressurized water reactor (PWR) mal- and BR-3 reactors.4-9 Niost investigators now ac-
functions on the basis of transients defined in the cept the view that both the pres.cnce of aggressive
United States Nuclear Regulatory Commission chemical species and high locali2cd stresses are
(USNRC) assessment of accident risks in U.S. prerequisites for power-ramp-induced pellet-
nuclear power plantsI and data from utilities for cladding-interaction failures.I0 llowever, pellet-

,

transients that have actually occurred.2 These tran- cladding-mechanical-interaction failures have also
sients have been assigned a frequency of occurrence occurred during severe power ingreases due to high

.

per reactor year from 0.02 0.14 to 1.41 1.89 strain. rate tearing of zircaloy, cladding.Il
for BWRs and from 0.01 0.09 to 1.69 2.44 for-

PWRs. Severe core power increases are possible during
a variety of anticipated transients and yet the most

The effects of such malfunctions may include a severe postulated anticipated transients have not oe-,

loss of the secondary heat sink, an increase in curred in commercial reactors. Therefore, the
coolant system pressure, and, in BWRs, void col- USNRC was uncertain whether light water reactor
lapse and a brief surge in reactor power. The most fuel rods can fail or be damaged during such events.
severe postulated BWR-5 anticipated transient is a For anticipated transient conditions, the commonly
generator load rejection without steam bypass, used fuel failure criteria are overheating criteria;
characterized by a peak transient pos cr spike of up departure from nucleate boiling ratios (DNBR) for
to 495% of rated power for about one second. Dry- PWRs and minimum critical power ratios (MCPR)
out and severe cladding temperature excursions are for ilWRs. These overheating criteria may not be
not expected during such transients and, therefore, appropriate for PCI damage. Therefore, a series of
the damage mechanism of concern is cladding frac- in-pile fuel behavior tests labeled operational tran-
ture due to pellet-cladding mechanical and chemical sient (OPTRAN) 1-1 were conducted in the Power
interactions (PCI). Burst Facility (PBF) by EG&G Idaho, Inc., for the

USNRC to (a) determine the threshold at which
The first indication that zircaloy-clad UO rods light water reactor fuel rods are likely to fail dur.2~

might be susceptible to failure due to a pe!!ct- ing severe anticipated transients that result in a brief
cladding interactive mechanism inherent to the fuel increase in reactor power and (b) identify any fuel
and cladding materiak was obtained in 1964 by the and damage mechanisms that may occur. The PDF
General Electric Company (GE)in the "fligh Per- data, along with other test data, will be used by the-

formance UO Pr gram," jointly sponsored by the USNRC to assess the failure probabilities used in2
United States Atomic Energy Commission and licensee dose calculations for anticipated transients.
E U R A T O Nf.3 Since that time, the phenomenon of These results may also impact other questions such
PCI-induced cladding failure during normal light as: (a) should a reactor be derated following a
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severe anticipated transient, (b) should PCI- At cladding temperatures in excess of the
damaged fuel be removed following a transient, and recrystalization temperature (s920 K), cladding col-
(c) should regulations be imposed to limit pellet- lapse onto the fuel stack and into fuel pellet inter-1

J '

cladding interaction in irradiated fuel rods? faces has been observed in presious PBF tests, but
cladding collapse has not caused failure. At higher

Many of the operational transients may be post- temperatures ( > l100 K), cladding oxidation of the
ulated to occur wah a failure of the automatic scram outer surface due to zircaloy water reaction and of -

system and are then termed anticipated transients '
the inner surface due to zircaloy-UO2 reaction

without scram (ATWS). The probability of failure becomes appreciable. As oxygen diffuses into the
: of a light water reactor scram system per demand inner and outer cladding surface, the zircaloy
j is in dispute, but the likely range is from undergoes a metallurgical phase transformation
4

104 to 10-6 per scram. The range of probabilities from the beta phase to ZrO and oxygen-stabilized2
{ for the occurrence of an ATWS based on an an'

, alpha phase. Onfy the central beta phase retains the
i ticipated transient wnh a probability of occurrence integrity and strength of the cladding wall, due to

4 to 10-6 per reactor the brittle nature of the ZrO3 and oxygen-stabilizedof once per reactor ) car is 10
year ATWS events were elevated m, status with the alphuircaloy layers. Zircaloy oxidation would not
publication of NUREG-0460. Volumes I and 11 in be expected to result in cladding failure at the clad-
1978. This report resiewed available information on ding temperatures and durations in boiling transi-,

the subject and incorporated analyses performed by
tion calculated to occur for even the most severe

the vendors. A later solume of the report suggested BWR ATWS.
that resolution of the ATWS concern should rest
on engineering evaluation and judgment of the ap-
propriateness of alternative plant modifications,

; rather than quantitative risk analyses.

The potential for fuel rod damage is higher for Test OPTRAN 12 was performed to evaluate
| IlWR ATWS events than for BWR anticipated tran the probability and extent of fuel rod damage for
I sients with scram. The most severe IlWR ATWS, the most sesere IlWR ATWS that results in boiling

according to ser. dor safety analysesl2 would result transition. Two irradiated fuel rods were tested in
in reactor power increases up to 745% of the rated tandem with two unirradiated highly enriched .

power for a short period of time followed by low- heater rods. The purpose of the unirradiated rod
magnitude power oscillations for 20 min before the in each set was to proside coolant conditions for

I reactor is made subcritical by boron injection. Peak the irradiated test fuel rod typical of the coolant
,

i cladding temperatures up to 21050 K for N80 s are conditions existing near the axial flux peak region
predicted. This scenario suggests several fuel rod of a commercial llWR core. Following an exten-
damage mechanisms: (a) pellet-cladding mech- sive fuel conditioning operation, a single power
anical interaction (PCI), (b) boiling transition cauk transient was performed that simulated a main

i ing cladding oxidation and embrittlement; and steam isolation valve closure tramient without
(c) cladding collapse and " waisting" (plastic flow scram at near-typical coolant pressure, quality, and
of hot, ductile cladding into interpellet gaps on un- flow rate conditions that are calculated Io exist dur-

! pressurized rods). ing such an ATWS.
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EXPERIMENT CONFIGURATION

This section brie 0y describes the fuel rods used, orifices, installed at the heater rod shroud outlets, pn>-,

the fuel rod instrumentation and mounting in the test sided a means of reducing the coolant flow for the
assemblies, and the test trains used in the test rods by up to $5r prior to the power transient.e

OPTRAN 1-1 and OPTRAN 1-2 tests. A detailed The sariable orifice design was necessary to obtain
discussion of these items can be found in the required low now rates for the test fuel rods,'

Appendix A. without causing severe failure of the much higher
power heater rods prior to the transient.

OPTRAN 1-1 Fuel Assembly
OPTRAN 1-1 Test Train and
InstrumentationSix fuel rods were tested. All six fuel rods were

originally fabricated by GE, and irradiated in the
Northern States Power Company's hionticello boil- A Battelle Pacific Northwest Laboratory four-
ing water reactor (SRP 11 bundle) to burnups rang- rod test train, w hich positions and supports the four
ing from about 5,000 to 22,000 SlWd/m t u . Four fuel rods in the in-pile tube (IPT), was used for the
of the six fuel rods were similar to GE-4 or GE-5 in-pi:e OPTRAN 1-1 test series. The IPT flow tube
design rods, except for fuel length (0.75 m) and directed the coolant from the IPT inlet dow n to the
plenum solume (which was scaled to the fuel lower pienum and up into the fuei rod now shrouds.
length). Two of the fuel rods incorporated design Each fuel rod was fised rigidly to the shroud at the
modifications to improse their PCI resistance. Each top cf the fuel red and was free to expand axially
fuel rod was surrounded by an indisidual flow downward against a linear variable differential
shroud, and four fuel rods and shroud awemblics transformer (LVDT) that measured the asial grow th
were symmetrically placed within the PilF test train of each rod. Thee.75 m fuel rods and shrouds were
for each transient. Figure 1 is a cross section of the positioned so that the axial midplane of the active
fuel assembly showing the fuel rods and shrouds. fuel stack was at the same elevation as the axial
Two of the fuel rods (901 1 and 901-3) were tested midplane of the PilF driver core fuel rods (0.91 m
in only the first of four OPTRAN 1-1 transients, long). The fuel rods were centered in the shroud

'

tramient OPTRAN I-I A. These two fuei rods were with two sets of centering screws located at
replaced with replacement rods 901-5 and 901-6, t 254 mm from the fuel midplane.
respectisely for the final three OPTRAN 1-1
transients. In addition to the LVDTs, instruments were pro-

vided to measure coolant conditions, fuel rod
OPTRAN 12 Fuel Assembly Po*'c', na rission product release. The test rods

were not opened prior to the PDF tests to preserve
internal rod chemistries, so they contained no in-

Test OPTRAN 12 was conducted with two strumentation. Flux wires, fiwion chambers, and
BWR 8 x 8 fuel rods fabricated by GE and ir- self. powered neutron detectors (SPNDs) were used
radiated in the Northern States Power Company's for neutron detection while flowmeters and ther-
Alonticello BWR and two unitradiated 8 x 8 fuel mocouples measured specific coolant conditiou in
rods fabricated by EG&G Idaho, Inc. The two ir- each flow shroud. Prewures were measured by
radiated fuel rods were of typical GE4 or transducers mounted both imide and outside the
GE5 design, except for fuel length (0.75 m). The IPT head. Figure I illustrates some of the instru-
two unirradiated heater fuel rods were enriched to ment locations.
10 wtr 235U to provide sufficient power to pro-o,

duce the required coolant conditions. OPTRAN 12 Test Train and
InstrumentationEach fuel rod was surrounded by a coolant flow

*

shroud. The outlets of the heater-rod flow shrouds
wcre connected by tubing to the inlets of the irradiated A llattelle Pacific Northwest Laboratory four.
test rod flow shrouds as shown in Figure 2. A rod test train was aho used for OPTRAN 1-2. The
schematic of each pair of fuel rods and the coolant test fuel rods were positioned so that the asial
flow path is shown in Figure 3. Remotely operated midplane of each actise fuel stack was at the same

3



Fuel rod.nbroud assembly
positiont

.

Quadrant 1 Rod 9011 (9015) The 0-degree position
Quadrant 2 - Rod 9012 for each flow
Quadrant 3 Rod 901-3 (901-6) shroud or
Quadrant 4-Rod 9014

.

fuel rod is toward the
Replacement Rod 9015 centerof theasembly
Replacement - Rod 9016 I l

SPND string N zr water tube

Flux wire g Flux wire
N O

Maximum shroud
diameter

. Fuel rod

SPND
A

O '

O /c"ission
FFission

mb 'chamber 01 02

(O D'
Flow shroudSPND y

Stainless
steelinsert *

04 03

Clux wire Flux wire
.

SPND string

'#8
+ 49.38 mm --

l-igure 1. Crosucetional siew of OPIRAN 1 1 test anernbly.

elevation as the axial midplane of the PilF core fuel radiated fuel rods each had three external cladding
rods ( 4 mm) and each rod was centered in each thermocouples. Flux wires, fission chamber, and
flow shroud. Each fuel rod was fixed rigidly to the SPNDs were used for neutron detection. Flow-
shroud at the top and the rod was free to expand meters and thermocouples measured the coolant
axially dow nward against the fuci tod axial growth conditions in each flow shroud. Pressures were
measurement transducer. In addition to Ihe INDTs, measured with transducers mounted both imide and
instruments were provided to measure coolant con- outside the IP r head. Figure 3 illustrates the loca-
ditions, fuel rod pow er, fission product release, and tion of some of the instruments.

*cladding temperatures. Specifically, the two ir-
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Figure 2. Cross-sectional view of OPTRAN 1-2 test assembly.
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TEST CONDUCT AND TIME-DEPENDENT MEASUREMENTS

This section describes the OPTRAN 1-1 and core-average powers (of 18 kW/m). The peak fuel
OPTRAN 1-2 tests, including details on the test rod power was increased from 24.3 kW/m to
operating sequence, power levels, and the fuel rod 90.3 kW/m in 0.32 s, while maintaining a constant
steady-state and transient-power histories. Following coolant flow rate during the power transient. The
the discussion of test conduct is a description of PBF was able to almost exactly reproduce the spec-
measured time-dependent fuel rod axial growth for ified power history, as illustrated in Figuie 5, which
each of the OPTRAN 1-1 transients and a discussion compares the two powers. Following the first tran-
of the measured fuel rod axial growth and measured sient, the loop was cooled and depressurized, the

"t'est trdin removed from the in-pile tube, andcladding temperature for the OPTRAN 1-2 transient. /
Rods 901-1 and 901-3 with their shrouds were

OPTRAN 1-1 Test Conduct removed and replaced with Rods 901-5 and 901-6
with their shrouds, respectively. Rods 901-1

The nuclear operation in the PBF consisted of and 901-3 were removed after the first transient for
two extensive fuel conditioning phases and four postirradiation examination so that the cladding
power transients. The purpose of the fuel condition- could be examined for incipient PCI cracks on the
ing was to measure the figure of merit (ratio of test inside surface after just one transient.
rod pow er to PBF core power) and to carefully con-
dition the fuel rods to a peak rod power of The second fuel conditioning was performed to
27 kW/m,(s20 kW/m average), since the test rods condition the fuel rods to a peak rod power of
had been irradiated at the Afonticello BWR core N30 kW/m. The conditioning consisted of a 2-h
periphery at average rod powers of only 9.9 power ramp to 26 kW/m, a 10-h power ramp to
to 12.7 kW/m. Because of safety restrictions, the 30 kW/m, and a 12-h hold at 30 kW/m. Single-phase
transient pulse as recorded by reactor power in. coolant conditions were also maintained during this
strumentation had to stay within a prescribed fuel conditioning phase. The iodine inventory in the
envelope. It was important that an accurate correla- test fuel rods at the time of the OPTRAN transients
tion be obtained between core power and test rod was very nearly the same as it was at the end of the
power prior to the transients so that test rod power Afonticello irradiation. Calculations performed for
could be automatica':y adjusted during the power test rod 901-6 using the single-rod code ORIGEN2
transient. The fuel conditioning consisted of a slow indicate that the total iodine inventory in a test fuel
power ramp pith single-phase coolant conditions rod operated at 8.39 kW in hionticello for 1101 days
to a rod power of N27 kW/m. Af aximum rod power would be 0.0651 g. After 1666 days of decay after
ramp. rates were held to 0.5 kW/m/ min up to the hionticello irradiation, followed by the precon-
25 kW/m and 0.35 kW/m/h from 25 to 27 kW/m. ditioning between transient OPTRAN 1 lA and
Each of the two fuel conditioning phases extended OPTRAN 11B, the total iodine inventory was
over s28 h. The first fuel conditioning contained 0.%38 g.
five periods of steady reactor power operation to
measure the PBF core thermal power. Figure 4 con- The power history of the second transient (30.9 to
tains the fuel rod power history during the entire 201.5 kW/m in 0.66 s) simulated a BWR generator
OPTRAN 1-1 test series. load rejection transient without steam bypass for

fuel rods operating above BWR core-average peak
Instruments used to determine fuel rod power rod powers, except that the time duration of the

during fuel conditioning were: shroud coolant in. transient was about twice that predicted by GE.
let and outlet thermocouples, shroud ficwmeters,
shroud differential coolant thermocouples, and the The third and fourth transients were performed
system pressure. Details of the calculations are given at progressively higher transient powers than GE
in Appendix B, Section 2-1. The uncertainty of the safety analyses predicted to be possible in an effort
rod powers in Figure 4 is 2 2.1 kW/m (two sigma). to determine failure threshold margins. The peak

fuel rod power was increased from 28.9 to
The first OPTRAN 1-1 test transien: simulated 240.5 kW/m in about 0.74 s during the third tran-

a BWR turbine trip without steam bypass with the sient and from 24.4 to 264.0 kW/m in 0.96 s dur-
irradiated fuel rods operating above typical BWR ing the fourth transient.
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figure 5. Comparison of specified and measured peak rod power puke dur:ng OpTRAN 1-ID.

The four progressisely higher and broader power OPTRAN 1 1 transient experiments. Therefore, the
transients shown in Figure 6 were conducted at damage mechanism of primary concern is cladding

. power ramp rates as high as 550 kW/m/ s. The two fracture due to pellet-cladding mechanical and
sigma uncertainty in the peak salves in 1 igure 6 are chemicalinteractions. After the fuel pellets contact
estimated to be 9.5 e for A,13.$r for 11, I t r for the cladding during the transients, the fuel rodso e

C, and 10.3r for D. Details of the calculations are 'vegin to inercase in length with the fuel pellet stack.o

gisen in Appendix 11. The power-time histories For these reasons cladding temrerature was not
specified for the first two transients (Transients A measured during the OPTRAN 1-1 transients and
and 11) approximate the results of a conservatise the primary time-dependent measurement was fuel
analysis of various llWR-5 anticipated transients rod axial growth,
performed by GE, using the ODYN computer code.
The last transient was conducted at the phpical 'The measured axial growth for fuel Rod 901-1
limits of the PilF. Approximately a 2-h hold at during OPTRAN 11 Transient A is shown in
steady pow er preceded each transient. The nominal figure 7. Contact between fuel and cladding ap-
pretransient coolant temperature, flow rate, and parently occurred at 0.68 s when cladding clonga.
pressure conditions during each transient were lion began. Ily 1.1 s, the fuel rod had grown

3550 K,525 cm /s, and 7.93 MPa respectisely. The 0.28 mm in the axial direction, after which the rod
finion product detection system registered no in- began to decrease in length.
dications of rod failure at any time during
OPTRAN11. The measured axial growth for Rod 901-6 dur-

,

ing OPTRAN 1-1 Transient Ilis shown in Iigure 8.

OPTRAN 11 Time Dependent Contact between the fuel and cladding apparently

- Results """ed at about u s at wm unw ac ciong&
tion began. The peak cladding growth of 0.64 mm
occurred at 1.3 s and then began to decrease.

Dryout and severe cladding temperature escur-
sions are not expectM during anticipated transients The measured axial growth for Rod 901-6 dur-
with scram suct. as those simulated during the ing OPTRAN I l Transient C is shown in Figure 9.
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Contact between the fuel and cladding apparently The purpose of the fuel conditioning phase was
occurred at about 0.6 s, as in Transient 11, when to measure the figure of merit (ratio of test fuel rod
measured fuel rod elongation began. The peak clad- power to core power) and to carefully condition the
ding growth of 1.02 mm occurred at 1.49 s and then irradiated fuel rods to a peak power of 29 kW/m *

the fuel rod length began to decrease, since the Alonticello IlWR irradiation was at
The measured axial growth for Rod 901-6 dur- aver Se rod powers of 9.2 kW/m for Rod 902 2

and 7.8 kW/m for Rod 902-4. -ing OPTRAN 1-1 Transient D is show n in
Figure 10. Contact between the fuel and cladding
again occurred at about 0.6 s when measured fuel Alaximum test rod power ramp rates were held to
rod elongation began. The peak cladding growth 0.5 kW/m/ min up to 26 kW/m and 0.35 kW/m/h
of 1.81 mm occurred at 1.9 s, after which the fuel for rod powers in excess of 26 kW/m. The fuel con-
rod length began to decrease. ditioning phase was performed with single-phase

' " " ' " " ' ' "d * "' ' "''""' ' h' ' d ""*'''OPTRAN 1-2 Test Conduct

The nuclear operation for Test OPTRAN 1-2 The power transient simulated a llWR main
consisted of an extensive fuel rod conditioning steam isolation valse closure ATWS for irradiated
phase and a single power transient. An approx- fuel rods operating slightly abose llWR core-
imately 1-h power ramp and an approximately 3 h average peak rod powers. Prior to the power tran-
hold at steady reactor power preceded the transient. sient, the test rod peak powers were increased to
The nonnuclear operation consisted of two loop 27 kW/m during a | I/2-h ramp and held constant
heatups and a radionuclide tracer injection in the for about 2 h. The test rod shroud outlet coolant
loop to characterize fission product transport conditions were initially mdintained below satura-
behasior. The test operation is shown schematic- tion temperature to obtain a thermal-hydraulic
ally in Figure 11. The uncertainty in the power in power calibration of the heat'er rod and test rod
Figure 1I is i 1.7 kW/m (2 sigma). pow ers. -
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Saturated water conditions at the inlet of the test tain coolant conditions during the transient since
: rods were then obtained by decreasing the coolant the heater rod flow increased when the orifices were
: flow rate while keeping the variable orifices closed. opened, and also to simplify timing the opening of
'

fleater rod inlet coolant conditions were $50 K inlet the orifices with respect to the power transient. GE
3temperature, 300 cm /s shroud flow rate, and analyses for a main steam isolation valve closure4

7.93 Nf Pa coolant pressure. Prior to the power tran- ATWS indicate that the coolant pressure will rap-,
*

: sient, the variable orifices were fully opened to reduce idly increase from 7.24 h1Pa to a peak of
the test rod inlet coolant flows by about 55%. s8.% h1Pa and then decrease to s7.24 h1Pa over

a 20-s time span. Since the PilF loop is not capable
During an actual !!WR main steam isolation of simulating such a rapid pressure surge, a fixed-

; valve closure ATWS, the recirculation pumps would pressure of 7.93 h1Pa was maintained during the
trip off and the core inlet flow rate would decrease test. This pressure was chosen because it is near the

'

by about 60% over a if-s time span. The flow was time-weighted average coolant pressure calculated
reduced prior to the PilF transient to better main- by GE during the transient. In addition,7.93 hlPa

13
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is equal to the midrange pressure set points of OPTRAN 1-2 Test Results
7.79 to 8.07 hlPa for opening the safety / relief -

valves of a BWR. The recirculation pump trip set The measured relative cladding clongation for

po nt is also 7.93 hlPa. OPTRAN 1-2 test Rod 902-4 is shown in Figure 13."
.

Contact between the fuel pellets and cladding ap-
parently occurred at about I s when the fuel rod

The PBF programmable reactor control system length began to increase. The cladding clongation
,

d was used to obtain the power transient shown in reached a maximum of 5.6 mm at 4.5 s. This is
Figure 12. The transient fuel rod power history was twice the axial elongation that occurred during
based on GE analysis for a fuel rod operating at OPTRAN 1-1 Transient D even though the max.
maximum power. During the transient the peak test imum powers were not that much different for
rod power increased from 27 to 300 t25 kW/m. OPTRAN 1-2 and OPTRAN 1-ID,294 kW/m and, ,

at a maximum ramp rate of 300 kW/m/s. The rod 262 kW/m respectively. The difference in axial
power was then reduced to 10 kW/m in about 32 s elongation between the two experiments probably

i and was held constant at 10 kW/m for the next resulted because boiling transition occurred during
sil70 s. OPTRAN 1-2 and cladding temperatures reached

940 to 1070 K, while boiling transition did not oc-
cur during the OPTRAN 1-1 transients,

Fission product release to the PBF loop coolant
was observed by the fission product detection The measured thermocouple response indicates
system (FPDS) during preconditioning and follow- that boiling transitions on Rod 902-4 occurred at
ing the OPTRAN 1-2 transient. During precondi- 446 mm above the bottom of the rod but did not
tioning of the fuel rods, an indication of apparent occur at either 546 or 646 mm. The measured tem-
rod failure was seen on three different instruments. perature response at 446 mm for Rod 902-4 is
Approximately 20 isotopes showed increases in shown in Figure 14. The maximum measured out-
coolant activity at the same time. The modest con- side cladding surface temperature was 950125 K.
centration levels of the isotopes, however, are in- Thermocouples attached to Rod 902-2 indicated
dicative of a small cladding breach. Neither of the that boiling transition occurred at both 446 and
test fuel rods failed and, therefore, one or both of 646 mm above the bottom of the rod but boiling
the heater rods were responsible for the measured transition did not occur at 546 mm. The maximum .

radiation levels that indicated the pietransient leak measured outside cladding surface temperature for
and posttransient failure. Rod 902-2 was 1070131 K at 446 mm.

*
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POSTTEST ANALYSIS

Posttest analyses of the behavior of the Figure 15 shows the axial power profiles used to -

OPTRAN 1-1 and OPTRAN 1-2 fuel rods was per- analyze steady-state irradiation of the three rods.
formed to gain insight into the timing and Rods 901 l and 901-6 were irradiated in the lower
magnitude of the measured fuel rod elongations and portion of the Monticello core and Rod 902-4 was . ,

their relationship with respect to PCI and possible irradiated in the upper portion of the core.
PCI cracking of the cladding. The analyses of the Figure 16 shows the axial power profile used to
OPTRAN 1-1 and 1-2 fuel rods were performed in analyze preconditioning performed in the PBF for
two parts. The steady-state fuel rod analysis com- all three rods.
puter code FRAPCON-213 was used in the first part
to calculate fuel rod behasior during the steady-

The FRAPCON-2 code was modified to delete
state irradiation m the Monticello reactor and the the cladding creepdow n calculations because the test
preconditionmg m PBF. Then, the transient fuel rod fuel rod cladding is recrystalized zircaloy (a mealed

I was used to calculate the
.

analysis code FRAP-T6 at 575 K for 2 to 2-1/2 h).16,17 Recrystalized zir-
behavior of fuel rods subj,ected to the operational caloy experiences very little deformation due to
transients described in the preceding section. The creepdown and this was confirmed by the cladding
FRACAS-Il subcodel5 was used m all the outer diameter measurements during pretest chat-
FRAPCON-2 and FRAP-T6 analyses. The acterization of Rods 901-1,901-6, and 902-4. For
FRACAS-Il subcode has fuel and cladding defor- example, the cladding outer diameter of Rod 902-4
mation models that are designed to analyze PCI

decreased duri irradiation in the Monticello reac-
during operational transients or ATWS events. In for by 0.08%,I which is significantly smaller than
the sollowing subsections, the FRAPCONg anal' the 0.973% calculated by the cladding crespdown
yses results for Rods 901-1 and 901-6 m the model in FRAPCON-2.
OPTRAN 1-1 experiment and Rod 902-4 in the
OPTRAN 1-2 experiment are discussed first and ,

then the FRAP-T6 analyses results for these rods Rod 901-1 was modeled with five equally spaced

are presented. axial nodes. Table 2 gives the FRAPCON-2 calcula-
^

tions for densification, swelling, maximum temper-
atures, and local burnups experienced by the fuel

FRAPCON-2 Calculations for at each of its axial nodes during steady-state irradia-
Steady-State Irradiation and tion and preconditioning. During steady-state ir- -

Preconditioning radiation, the maximum fuel temperature was the
lowest at Node I and the highest at Node 5. There-
fore the fuel experienced minimum swelling at

In order to properly calculate the transient Node I and the maximum swelling at Node 5. The
behavior of the OPTRAN fuel rods, the steady-state volumetric strain due to densification and swelling
behavior of the fuel rods during the commercial is three times the percentage change in radius listed
reactor irradiation and the PBF preconditioning had in Table 2.
to be analyzed. The FRAPCON-2 code was used
for these steady-state calculations. Each of the three
rods, 901-1, 901-6, and 902-4, were subjected to During preconditioning, the maximum fuel

three different power levels during steady state ir- temperature was the lowest at Node 5 and the

radiation. The time-averaged values of these power highest at Node 3. The local burnup at the end of

levels were used in the FRAPCON-2 analysis. preconditioning was maximum at Node 5 and min-
imum at Node 1.Table I gives the time-averaged power levels ex- ,

perienced and the burnup attained by the three fuel
rods in the FRAPCON-2 analyses that simulated Rod 901-6 was also modeled with five eq ially
steady-state irradiation in the Monticello reactor, spaced nodes. Table 3 gives FRAPCON-2 calcula-

*Table I also gives the maximum average power tions for densification, swelling, maximum temper-
Ievels and the time at those power levels used in the atures, and local burnups experienced by fuel at
FRAPCON-2 analysis which simulated the precon- each of its axial nodes during steady-state irradia-
ditioning of the three fuel rods in the PDF. tion and preconditioning.

16 |
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Table 1. Power levels and burnups during steady. state irradiation and preconditioning for
Rods 9011, 901-6, and 902-4

.

Steady-State
Irradiation

Preconditioning.

Average
Fuel Average Power Burnup Maximum Average Time
Rod (kW/m) (GWd/mtu) Power (LW/m) (h)

901-1 10.96 12.823 21.6 15.2

901-6 11.15 13.060 24.00 25.I

902-4 7.81 9.I12 21.60 16.0

.
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Table 2. Densification, swelling, and local burnups for Rod 901-1

Steady. State Irradiation
Preconditioning

Change in Radius Due to
Maximum Maximum Local

Node Densification Swelling Temperature Temperature Burnup
Number (%) (%) (K) (K) (GWd/mtu)

1 0.264 0.074 826 1350 8.897

2 0.264 0.160 918 1428 12.232 .

3' 0.2M 0.188 976 1433 14.339

.

4 -0.431 0.243 1023 1306 15.611

5 -0.501 0.255 1060 1127 16.339,

;

I8



Table 3. Densification, swelling, and local burnups for Rod 9016

* Steady-State Irradiation
Preconditioning

Change in Radius Due to
Afaximum htaximum Local.

Node Densification Swelling Temperature Temperature Burnup
Number (%) (%) (K) (K) (GWd/mtu)

1 -0.264 0.073 824 1434 8.897
2 -0.264 0.159 914 1517 12.143
3 -0.264 0.187 973 1522 14.253,

4 -0.431 0.241 1019 1385 15.5141

5 -0.501 0.253 1056 1189 16.235

Rod 902-4 experienced film boiling and there. radiation in the Afonticello reactor. In addition, the
fore, this rod was modeled with nine axial nodes preconditioning was performed at power too low
to accurately calculate the extent of the film boil. for radial PCI to take place and eliminate pellet ec-
ing region on the cladding outside surface. Table 4 centricity. Thus, the causes of an early axial PCI
gives FRAPCON-2 calculations for the densifica- were not eliminated before the transient tests began
tion swelling, maximum temperatures, and local and therefore it is likely that these rods experienced
burnups for Nodes I,3,5,7, and 9. The swelling early axial PCI during the transient testing.
experienced by Rod 902-4 was smaller than that ex-
perienced by Rods 901-1 and 901-6 because FRAP-T6 Calculations for Rod 901-1. Rod 901-1
Rod 902-4 had a smaller burnup. was subjected to one power pulse, transient A in*

Figure 6, that simulated a BWR turbine trip without
The maximum calculated fuel temperatures were steam bypass. The calculated peak fuel rod power

< 1060 K during steady-state irradiation of all three increased from 23.82 kW/m to 88.28 kW/m in.

rods considered here. Therefore, the fuel swelling 0.32 s.Then,in the following 0.32 s,it dropped to
model FSWELLI9 in FRAPCON-2 calculated very 22.08 kW/m. The peak fuel rod power in the
little swelling, implying that a small amount of fis- FRAP-T6 analysis was 4% lower than that meas-
sion products were accumulated at the fuel grain ured in the test because no axial node was located
boundaries. Thus, little release of fission products at the elevation of the largest axial power ratio.
to the gap would be expected during transient
testing. The experimental observations regarding the ax-

ial and radial PCis suggest that an axial PCl took
^

The FRAPCON-2 results indicate that none of place earlier (i.e., at lower power) than the radial
the three fuel rods experienced radial PCI during PCI, and it took place at @.68 s.
the steady state irradiation in hionticello or precon-
ditioning in PBF. A fuel rod at the beginning of The values of the variable DIFGAP given in
life (i.e., unirradiated fuel rod) generally has ran- Table 5 were selected such that an axial PCI would
dom pellet stacking, pellet cocking, cladding ovali- take place in the calculations at all the axial nodes

,

ty, cladding eccentricity, pellet chipping, and/or simultaneously at 0.68 s in the transient. The vari-
pellet hourglassing that cause axial PCI to take able DIFGAP is a ratio of the pellet-cladding gap
place earlier (i.e. at lower power) than radial PCI.20 at the beginning of axial PCI to the as-fabricated
Once radial PCI takes place, then the fuel pellets pellet-cladding gap.21 This is required input because*

become concentric and from that time onward, ax. there is no modelin the code for the timing of the
ial and radial PCI will take place at nearly the same onset of early axial PCI. If the axial PCis were
time (or power). The OPTRAN test fuel rods did begun at lower power during preconditioning, then
not experience any PCI during the steady-state ir- the values of the variable DIFGAP would be larger.
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Table 4. Densification, swelling, and local burnups for Rod 902-4 '

Steady-State Irradiation -

Preconditioning
Change in Radius Due to

Sfaximum Afaximum Local
Node Densification Swelling Temperature Temperature Burnup

Number (8*e) (%) (K) (K) (GWd/mtu)

1 -0.264 0.129 884 II74 I1.194
2 -0.2 M 0.107 868 1401 10.602
3 -0.2M 0.102 854 1429 10.089

4 -0.264 0.060 804 1360 8.292
5 -0.264 0.009 751 1087 6.395

,

Table 5. Values of variable DIFGAP for the transient analysis of Rod 901-1
.

Axial
Node DiFGAP

1 0.337

2 0.067

3 0.053

4 0.121

5 0.211

.

s
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Figure 17 shows the radial power profiles for the reaching the maximum, the cladd:ng elongation
Rod 901-1 fuel pellet that had an enrichment of decreased at the rate of 0.28 mm/s, while the cor-
2.87%. Two radial power profiles are shown, one for responding calculated result was 0.22 mm/s. The
fresh fuel and another for fuelirradiated to the bur- measured results show that axial PCI continues.

nup of 12.9 GWd/mtu. These radial power profiles beyond 4.0 s causing the cladding to continually
were calculated using a computer subcode, FLXDP, shrink while the calculated results indicate that the
which was extracted from the FRAPCON-2 code.13 axial PCI ended at 2.60 s. One possible explanation,

The radial power profile for the irradiated fuel has for this discrepancy is that an axial PCI might have
a greater slope than that for the fresh fuel that will started during preconditioning at peak power lower
cause lower fuel centerline temperatures in the ir- than 23.82 kW/m.
radiated fuel and consequently smaller elongation of
the fuel stack. The radial power profile for the ir- The calculated results indicate that no radial PCI
radiated fuel was used for the FRAP-T6 analysis. took place. The maximum calculated hoop stress

was due to the difference between coolant pressure
A limitation of the subcode FLXDP in and internal gas pressure and was equal to

FRAPCON-2 is that it calculates the radial power -54.6 MPa.
profile for an irradiated fuel pellet as a function of
its enrichment and the number of hours of irradia- FRAP.T6 Calculations for Rod 901-6. Rod 901-6
tion but not as a function of burnup. Therefore, was subjected to three consecutive power pulses,
FLXDP calculated the same radial power profile for Transients B, C, and D, shown in Figure 6. Tran-
the transient analysis of all three rods since they were sient B simulated a generator load rejection without
irradiated for the same length of time in the Mon- steam bypass transient for fuel rods operating at
ticello reactor, even though Rod 902-4 had a lower

above average BWR rod powers. Transients C and D
average burnup than Rods 901-1 and 901-6. Similar"

were performed at progressively higher powers in an
ly, FLXDP calculated the same radial power profile attempt to determine the failure threshold.
for all the axial nodes of a fuel rod even though local
burnup varied up to a factor of 2, as shown in

me& pe uel r d power m.crmdTables 2 through 4. Additionally, the same radial
power profile was used for the transient analysis of fr m 37.13 kW/m to 204.75 kW/m m 0.45 s during

all three rods because FRAP-T6 uses the same radial
transient B. Then, m the following 0.44 s, fuel rod*

power profile for all the axial nodes. power decreased to 18.7 kW/m.

The results of the posttest analysis for Transient The results of the posttest analysis for Tran--

A are presented in Figures 18 and 19, and are sum. sient B are presented in Figures 20 through 22 and
marized in Table 6. Figure 18 shows FRAP-T6 summarized in Table 6. Figure 20 shows the FRAP-

calculations for average and peak fuel temperatures T6 calculations for average and the maximum fuel
and rod power. The maximum fuel centerline centerline temperature and rod power for
temperature was 1226.0 K at Node 3 at 1.2 s and Rod 901-6 subjected to the transient B. The peak
it lagged the maximum power by 0.31 s. The max. rod power at the beginning of the transient (0.0 s)
imum calculated cladding surfase temperature was was 30.74 kW/m and the corresponding maximum
576.4 K, implying that film boiling did not occur. calculated fuel centerline temperature was 1369.8 K.

The maximum calculated fuel centerline tempera-
A comparison between measured and calculated ture was 1612.2 K at 1.48 s and it lagged maximum

relative cladding elongation is presented in Figure 19. power by 0.44 s. Film boiling was not predicted to
The measurements indicate that axial PCI began no occur. The maximum calculated cladding outside
later than 0.68 s and that the rate of increase in clad. surface temperature was 584.5 K.
ding axial elongation was 0.78 mm/s. FRAP-T6-

calculations indicate that the rate of increase in clad- The maximum calculated fuel centerline
ding elongations was 0.77 mm/s, which is in good temperature at 0.0 s was higher than the maximum

, agreement with the measurements. The maximum fuel centerline temperature experienced by
measured relative cladding elongation was 0.28 mm Rod 901-1 because at time 0.0 s, Transient B had
during the 1.1- to 1.2-s time period. The maximum a higher steady-state peak power (30.74 kW/m)
calculated relative cladding elongation was 0.2% mm than the corresponding power for Transient A
at 1.2 s. The measured results indicate that after (23.82 kW/m). Therefore, the calculations indicate

21
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' Table 6. Summary of FRAP-T6 results for OPTRAN transient tests

Masimum Maximum Maximum Maximum Maximum Peak .

Transient Peak Cladding Relative Relative Clad Clad Volume . |'
i

Average Peak Fuel Centerline surface Fuel Stack Clad Hoop Hoop Averaged

Rod Transient Burnup Rod Power Temperature Temperature Elongation Elongation Strain Stress Temperature Enthalpy i

Number Number (MWJ/mtu) (kW/m) (K) (K) (mm) (mm) (% m/m) (MPa) (K) (cal /g) i
.

L

901-1 A 12.82 88.28 1226 576 0.2% 0.2% 0.136 -54.6 894 46

901 6 B 13.06 204.75 1612 585 1.554 . 0.783 0.248 85.0 ' 1129 67

901-6 C 13.06 224.20 1670 588 2.377 1.128 0.252 114.8 1178 72

901-6 - D 13.06 262.10 1789 590 3.971 1.728 0.298 188.0 1279 si !

l

902-4 - 9.11 294.00 2074 958 4.853 4.763 0.269 110.2 1399 97 i
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that Rod 901-6 experienced both axial and radial Transient c. The peak fuel rod power increased
PCI at 0.05, while Rod 901-1 experienced only ax- from 28.79 kW/m to 244.2 kW/m in 1.02 s dur-
ial PCI. ing Transient C. Then, in the following 0.80 s, the

peak power decreased to 28.59 kW/m..

The comparison between measured and com-
puted relative cladding elongation is shown in The results of the posttest analysis for transient C
Figure 21. Based on the measured results the values are presented in Figures 23 through 25 and sum-,

for the variable DIFGAP were selected such that marized in Table 6. Figure 23 shows the FRAP T6
an axial PCI would take place during the calcula- calculations for average and maximum fuel center-
tions at all the axial nodes simultaneously at 0.62 s line temperatures and rod power for the period dur-
in the transient. The calculated cladding elongation ing which Rod 901-6 was subjected to Transient C.
increased at a rate of 1.35 mm/s, while the cor- The maximum calculated fuel centerline tempera-
responding measured value was 1.36 mm/s. The ture was 1670 K at 2.62 s and it lagged the max-
maximum relative calculated elongation was imum power by 1.60 s. Film boiling was not
0.78 mm at 1.44 s, while the corresponding meas- predicted to occur. The maximum calculated clad-
ured result was 0.64 mm at 1.3 s. The calculated ding surface temperature was 588 K.
ratc of decrease in cladding elongation was
0.22 mm/s, while the measured value is 0.23 mm/s. The comparison between measured and calcu-
The calculated results indicate that the relative clad- lated relative cladding elongation is shown in
ding elongation was -0.04 mm at 5 s and the axial Figure 24. The calculated axial PCI started at
PCI was released. The measured results show that 0.82 s, while the corresponding measured result was
the relative cladding elongation was -0.36 mm at

0.62 s. The calculated cladding elongation increased
5 s, the axial PCI was not released, and the clad-

at the rate of 1.55 mm/s, while the correspondingding continued to contact the fuel.
measured result was 1.46 mm/s. The maximum
relative calculated elongation was 1.128 mm at

The calculated results for hoop strains indicate that 1.82 s, while the corresponding measured result was
the central three nodes experienced radial PCI. The

1.02 mm at 1.49 s. The calculated rate of decrease
maximum calculated hoop strains were experienced

in cladding elongation was 0.26 mm/s, compared
at axial Node 2 and are shown m Figure 22. The max-

with a measured value of 0.29 mm/s. Both the,

imum calculated hoop strain was 0.248% at 1.4 s.
calculations and measurements indicate that axialThe maximum hoop stress was 84.97 MPa. The cal'
PCI did not release until 5 s.

culated permanent cladding hoop strains were small
- and remained negative at all the axial nodes.

The calculated hoop strains indicate that the cen-

The calculated cladding hoop strain and stress tral three nodes experienced radial PCI. The max-

results may be higher than the actual ones because imum calculated hoop strain occurred at Node 3

of a limitation of the fuel compliance model in and is shown in Figure 25. The maximum calculated

FRAP-T6. The fuel compliance model in FRAP-T6 hoop strain was 0.25% at 1.62 s. The maximum

takes into account two phenomena that affect the calculated hoop stress was 114.8 MPa. The calcu-

calculation of the maximum cladding hoop strain dur- I ted permanent cladding hoop strains were small

ing radial PCl: the compliance of cracked fuel pellets and remained negative at all the axial nodes.

and cladding ridge formation.22 The crack voids in
fragmented fuel accommodate some fraction of the Trans/ent D. The peak fuel rod power increased
thermoelastic pellet deformation and make the pellet from 26.50 kW/m to 262.1 kW/m in 1.0 s during
more compliant under the restraint of the cladding Transient D. Then, in the following 0.8 s, the peak
during PCI. The fuel compliance model in FRAP-T6 power dropped to 38.89 kW/m.
is based on the experimental results for fuel rods hav-+

ing dished pellets, while the OPTRAN test rods had The results of the posttest analysis for Tran-
flat-ended pellets. As dished-ended pellets are likely sient D are presented in Figures 26 through 28 and

, to produce bigger ridges during radial PCI than those summarized in Table 6. Figure 26 shows the FRAP-
produced by flat-ended pellets, FRAP-T6 may have T6 calculations for average and maximum fuel
overestimated the hoop strain results for Rod 901-6. centerline temperatures and rod power for the
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period when Rod 901-6 was subjected to Tran- The experimental observations regarding the ax-
sient D. The maximum fuel centerline temperature ial and radial PCIs indicate that an axial PCI took
was 1789 K at 3.2 s and it lagged maximum power place earlier (i.e., at lower pow er) than radial PCI,
by 1.8 s. Film boiling was not predicted to occur. and it took place at %1 s. In addition, the precon..

The maximum calculated cladding surface temper. ditioning was performed at a power too low to elim-
ature was 590 K. inate pellet eccentricity. Thus, the causes of an early

axial PCI were not eliminated before the transient,

Calculations indicate that Rod 901-6 experienc- test began. Based on the test results, values for the
ed axial and radial PCIs simultaneously at 1.2 s dur- variable DIFGAP were specified such that the
ing Transient D. The comparison between com- calculated axial PCI would take place at all the ax-
puted and measured relative cladding elongation is ial nodes simultaneously at I s.
shown in Figure 27. The calculated results indicate
that the cladding elongation increased at the rate The high-temperature PCI capability of the
of 1.381 mm/s while the corresponding measured FRACAS-II :.ubcode was used because Rod 902 4 ex-
result was 1.91 mm/s. The maximum relative cal' perienced film boiling during OPTRAN 1-2
culated eloagation was 1.73 mm at 2.4 s, w hile the experiment.
corresponding measured result was 1,81 mm at
1.9 s. The calculated rate of decrease in cladding

The comparison of the measured and calculatedelongation was 0.31 mm/s, while the measured
cladding temperatures is shown in Figure 30. The

result was 0.47 mm/s. The calculated axial PCI
thermocouples at 546 and 646 mm on Rod 902-4

release time did not agree with the measured value
did not indicate boiling transition occurrence, while

6 s.
the thermocouple at 446 mm did indicate boiling

" "#""#"#' #"'#"'" "*
The central three nodes were calculated to ex- E#"

* "" *" #""# *
perience radial PCI. The maximum calculated hoop 8 .'""

* * #' #* * " " " " * * Istrains were experienced at Node 3 as illustrated in
** #'#*" " " #** "" ##

Figure 28. The maximum calculated hoop strain was
cula cla

0.30% at 2.0 s. The calculated maximum permanent ng oupe tempuatum was M8 K at
4 e mme anon. & mahum measundcladding hoop strain was 1.41 10 % at Node 3. The

cla ng su am tempuatum at 6Mmm*

maximum calculated hoop stress was 188 MPa.
elevation was 940 K. The calculated maximum in-
side cladding surface temperature was 1007 K at the

FRAP.T6 Calculations for Rod 9024. Rod 902-4
293-mm elevation at 4.0 s. The measured and cal-was subjected to the power pulse shown in Figure 12*

culated cladding temperatures are in good
that simulated a closure of the main steam isola-

agnement.tion valve without scram in a boiling water reac-
tor. The calculated peak rod power increased from
26.90 kW/m to 294 kW/m in the first 2.7 s. Then, Figure 31 shows a comparison of calculated and

in the following 0.7 s,it dropped to 50 kW/m. The measured relative cladding elongation versus time dur-

peak fuel rod power in the FRAP-T6 analysis was ing the first 10.0 s of the transient. The calculated

slightly lower than that in the test because no axial results indicate that the maximum relative cladding

node was located at the elevation of the largest ax- elongation was equal to 4.76 mm, compared with a

ial power ratio. measured elongation of 5.6 mm. The maximum
measured relative cladding elongation is 18% greater

The results of the posttest analysis of Rod 902-4 than the corresponding FRAP-T6 calculation,

are presented in Figures 29 through 32 and sum-
marized in Table 6. Figure 29 shows the FRAP-T6 -The calculated results indicate that Rod 902-4
calculations for the average and the maximum fuel may have experienced radial PCI at axial Node 4-

centerline temperature and rod power for at 2.0 s and radial PCI at the first seven axial nodes
Rod 902-4. The peak rod power at 0.0 s was by 3.00 s. The maximum hoop strains occurred at
26.90 kW/m and the corresponding maximum cal- axial Node 4 and are shown in Figure 32. The max-

,

culated fuel centerline temperature was 1257.0 K. imum hoop strain was 0.269% at 2.78 s. The max.
The maximum fuel centerline temperature was imum calculated hoop stress was 110.2 MPa at axial
2070.4 K at 5.21 s and it lagged maximum power Node 3. The calculated permanent hoop strain re-
by 2.51 s. mained negative at all the axial nodes.

1
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Discussion of Calculated Results ysis. This is illustrated by the observation that
although Rods 901-1 and 901-6 had the same

.

The posttest calciilations indicate that the initial am unt of burnup, Rod 901-1 did not experience ( |
radial PCI while Rod 901-6 did experience radial jconditions established by the steady-state irradiation

. . PCI. At the beginmng of the transient, Rod 901 1
,

and precc...,,,,N play important roles in cladding ;
.

was subjected to the lower steady-state peak power
deforn .ition during transients. Results from the tran-

(23.82 kW/m) while Rod 901-6 was suojected to the -

sient t talysis (FRAP-T6) can be explained by review- hi@ sdNm W Nwer (30.74 kW/m),
ing the results for the pnor steady-state analysis

, Therefore, Rod 901-6 experienced higher fuel
(FRAPCON-2). The steady-state arradiation of the

centerline temperature than that experienced by
fuel rods m the Monticello reactor was performed at

Rod 901-1 at the beginning of transient. In fact, the
low power so the fuel experienced a small amount fuel centerline temperature experienced by
of swelling. In addition, the amount of fission pro-

Rod 901-6 at 0 s was higher that that experienced
ducts accumulated on the grain boundanes was small. by Rod 901-1 during the whole transient.
The fuel densified during the Monticello irradiation
and then experienced additional densification during The comparison of cladding elongation shows the
the PBF preconditioning because its temperatures dur- calculated magnitudes of the maximum relative
ing preconditioning were higher than those during cladding elongation are within 22% of the cor-;

i steady state. The total densification was larger than responding measurements. The calculated times for
the swelling experienced by the fuel. In addition, the the maximum relative cladding elongation taking
cladding expenenced very little creepdown during the place are within 26% of the corresponding meas-
stcady-state irradiation. Therefore, at the end of the urements. This comparison of cladding clongations
steady state irradiation and preconditioning, the gap indicates that an early axial PCI model is essential
between the cladding and fuel was larger than the as- in calculating cladding deformation during initial
fabricated gap. This gap was larger in Rod 902-4 than PCis.
in Rod 901-6 , because the fuel in Rod 902-4 ex-
perienced a smaller amount of swe!!ing. Therefore, Rod 901-6 experienced the maximum calculat.?d

,

' during transient analysis Rod 901-6 experienced hoop stress of 188 MPa during Transient D. Be-
higher cladding hoop stress than that experienced by cause this hoop stress was present for less than a

~
the Rod 902-4. second, it was not likely to have caused any PCI

cracks. The maximum hoop stresses in other test
The initial steady-state power at the beginning of rods were lower than 188 MPa. Therefore, PCI

an anticipated transient is important in PCI anal- cracks would not be expected in any of the test rods. -

i

i

I

i
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POSTIRRADIATION EXAMINATION RESULTS

As discussed earlier, the primary objective for the visual survey. The external surfaces of the
OPTRAN 1-1 and 1-2 tests was to determine the ex- OPTRAN l-1 rods had many marks from bundle
tents of fuel rod damage from transient phenom- disassembly following irradiation in the Monticello
ena. Because no test rods failed and because rod BWR and from handling in preparation for PBF
instrumentation was limited by the necessity of testing. However, these rods showed no signs of ex-
preserving internal chemistries, the majority of posure to severe power excursions. In particular,
damage information had to be prosided by postir- the rods withdrawn after the relatisely mild
radiation examinations (PIE). The hot cell techni- OPT,RAN 1-I A transient (901-1 and 901-3) were

' ques used included pulsed-eddy-current scanning 'inaistinguish ble from the four rods in place for the
for cladding cracks and rod diameter changes, gross last three power spikes. Moreover, no unusual
and spectral gamma scans for fission product dis- features were observed on the pressurized
tributions, composition analyses on extracted developmental rods (901-2 and 901-4) that ex-
gap / plenum gases, fuel burnup measurements, flat- perienced all four OPTRAN 1-1 transients.
tening of cladding clamshell segments to expose any
incipient cracks, fractographic investigations by By contrast, the OPTRAN 1-2 test rods displayed
scanning electron microscope, and determinations one distinct difference from their pretest ap-
of cladding deformation and phase transformations pearances. Rods 902-2 and 902-4 were found to
by metallography. have bowed over most of their 75-cm fueled lengths,

as shown on Figures 33 and 34. The data from
Any fuel rod damage which may have occurred functional cladding surface thermocouples

during the OPTRAN tests was probably due to demonstrate that a boiling transition occurred on
PCI, both mechanical and chemical in nature. both rods during OPTRAN 1-2, and bowing can
When fuel pellets expand thermally in response to ' be caused by asymmetrical dryout around a rod
large power surges, gap closure can occur and large circumference. However, metallographic results dis-
hoop stresses can be imposed upon the adjacent cussed later in this section indicate that film boil-
cladding. If sufficient amounts of chemically ag- ing was restricted to upper rod portions only.
gressive fission products are simultaneously released Therefore, much of the observed bowing cannot be
from the UO matrix, stress-corrosion cracking is attributed to transient coolant behavior.2
thought to initiate fractures on interior cladding sur-
faces. Therefore3 the PIE of OPTRAN fuel rods in addition, all eight OPTRAN rods were sys-
was heavily weighted toward detecting and tematically examined for PCI X marks-Liiders
characterizing small cladding defects. bands that converge as cracks propagated by hoop

stresses penetrate cladding walls. No obvious can-
This section presents the significant information didates were spotted, but Iwo locations on

produced by the posttest investigations. Detailed Rod 901-3 were further evaluated for complete
descriptions of the remote methods and a more assurance. As expected, metallography confirmed
comprehensive treatment of the findings are con- that these somewhat suspicious indications were
tained in Appendix E. Although OPTRAN 1-1 merely abrasion marks.
and 1-2 simulated considerably different transient
scenarios, the PIE techniques employed were essen-
tially identical and all eight test rods were examined
as a single group. The PIE results are reported in Pulsed Eddy Current
a task format, rather than by test, in order to con- |nVeStigationSvey an appreciation for the respective transient
severities.

The second phase of the nondestructive PIE was
t check the OPTP AN fuel rods for cladding cracksVisual Inspections
and wall thickness variations from PCI-induced
damage. Each rod was scanned at 5-degree cir-

After transient testing, the shrouded OPTRAN cumferential increments with a conventional
fuel rods were transported to hot cells, extracted driver / dual pickup eddy-current coil arrangement,
from their flow shrouds, and given a prompt photo- However, square-wave excitation pulses (1 kHz) are
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used on this system instead of the standard con- The most important fission products with respect
tinuous sinusoidal driver wave at a tunable discrete to stress-corrosion cracking are iodine and cesium,
frequency. Due to the spread of frequency compo- Iodine is widely believed to be the main corrosive
nents within the square wave, the pulsed eddy cur- agent, and it is likely to be released from UO as.

2
rent (PEC) approach is simultaneously usitive to cesium iodide-especially when the fuel has ac-
a wide variety of defect types. The detection thresh- quired significant bu nup. Therefore, axial migra-
old for cladding cracks is <10% of the 0.86-mm tion of these volatile species during the OPTRAN,

wall thickness, as discussed in Appendix E. power excursions would indicate that iodine was po-
tentially available in the gaps for attack of highly

No incipient cracks propagating from interior clad. stressed cladding. (Note that such findings would
ding surfaces were found on the seven OPTRAN rods not necessarily mean that the iodine was in a chem-

scanr.ed. (Unfortunately, Rod 902-4 was bowed too . ically reactive form.) liowever, information on ax-
much to fit the PEC scanner fixture.) Furthermore, ial fission product relocation cannot be directly
the PEC chart recordings registered no periodic defect obtained from the axial concentration profile for
signals at pellet-length intervals, so the fuel thermal each radionuclide. Instead, each plot of interest
expansion that tends to concentrate stresses on clad. must be normalized to the distribution of a stable,

ding near pellet interfaces apparently created no per. nonmigratory fission product with a similar half-
manent hoop strains (ridges). Similarly, the absence life.

of pellet; spaced defect signals from Rod 902-2 con- The measured 131 1 activity at each axial position
firmed visualimpressions that no waisting of ductile

_ was divided by the corresponding 95Zr count. Both
claddmg mto mterfacial gaps took place during the

are short-lived radionuclides due exclusively to PBFhigh-temperature boiling transition phase of
irradiation, and the zirconium is generally stableRAN 1-2.
within a UO matrix under relatively mild transient2
conditions. The plots from five OPTRAN 1-1 rods

The PEC apparatus also contains opposing generated by this normalizat on process are
~

LVDTs for rod diameter and bowing information, displayed in Figure 35. Their cverall flat shapes
which confirmed the lack of ridging on the mean that no appreciable axial nigration ofiodine
OPTRAN 1-1 rods. The LVDTs should also have occurred with respect to the PBF power profile dur-

- provided data on two-point buckling or uniform cir- ing OPTRAN 1-1. Regrettably, the 3Il within theI
numferential collapse w here dryout had occurred on two OPTRAN 1-2 rods had decayed beyond detec-
the OPTRAN 1-2 rods. However, failure of one tability before isotopic spectra could be taken.
LVDT early in the scanning of Rod 902-2 an.1 the

,

inability to mount Rod 902-4 prevented obtaining An altogether different result was attained by nor-
meaningful assessments on these two types of clad- malizing the 137Cs profiles to 154Eu, a fission pro-
ding deformation. duct particularly resistant to relocation. As shown by

Figure 36, this long-lived cesium isotope (30-year half-

Gamma Scans life) has migrated toward whichever was the cooler
end of each segment m the Monticello BWR.
(Rods 901-1, -3, -5, and -6 were bottom segments

Gross and spectral gamma activities were while Rods 902-2 and 902-4 occupied the topmost
measured on all eight OPTRAN fuel rods. Gross position.) Because the PBF neutron 'ux was sym-
(total count) scans were performed first, and the metric about each fuel stack midpoint, these findings
profiles generally reflected the axial positions of the suggest a long-term migration in Monticello rather
rods within the Monticello segmented assemblies, than any transient effect in PBF. This hypothesis is
(See Appendix E.) The gross profiles were primarily further supported by Figure 37, where the relatively

I34used to set rod elevations at which isotopic infor- recent Cs concentrations (two-year half-life) have
'

mation was subsequently extracted. The measured been normalized to the same 154Eu counts.11 ts, sir-
95Zr,95Nb,103Ru,131g,140Ba,and 140La signals tually none of the cesium created late during am-
were primarily from the brief PBF preconditioning mercial irradiation has moved with respect to the
period; 334Cs,137Cs,and 154Eu were almost to- Monticello flux profile.*

tally created during commercial irradiation; and
106Rh and I44Pr were due to neutron flux from When viewed together, the normalized gamma ac-
both reactors. tivity measurements indicate that no axial migration

37
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of cesium and iodine occurred as a consequence of explained by fission fragment recoil and knockout
the OPTRAN power spikes. Nevertheless, transient during steady-state operation.) hieanwhile,
release and radial redistribution of fission products Rods 901-5 and 901-6, in place for the last three

- cannot be discounted from these results, lodine freed OPTRAN 1-1 transient 3, show similar release values
from the UO lattice could have reached the gaps and to Rods 901-2 and 901-4, which remained in PBF for2
reacted with cladding without moving along the rods, all four power spikes. OPTRAN 1-2 was apparently

- which would not be detected by axially oriented much more severe in terms of transient duration and
i gamma-measurement methods, peak fuel temperatures, since percentage releases for

Rods 902-2 and 902-4 were nearly an order of mag-,

.

Rod Gas Determinations nitude larger than the OFTRAN 1-1 rods.

The reader is cautioned not to apply these meas-
Gases occupying the gap / plenum regions of each ured fission gas release percentages to typical com-

OPTRAN fuel rod were withdrawn for composi- mercial fuel rods undergoing similar transients.
tion and volumetric analyses. The mixture was pre- Larger portions of the OPTRAN gas inventories

} dominately helium fill gas in all cases, but varying would certainly have escaped the fuel pellets had
'

amounts ofinert fission gases were also extracted. not the base irradiation powers been so low. As de-

| These measurements and important quantities de- monstrated by Table 8, the time-weighted average
rived from them are presented in Table 7. Details rod powers at the hionticello core periphery ranged

i on calculational methods and related assumptions between 7.8 and 12.7 kW/m, compared with a
are contained in Appendix E. BWR 8 x 8 core-average rod power of 18 kW/m.,

Volume-averaged fuel temperatures during steady-
The values in the " inventory released" column of state irradiation were typically 800 K for the

j Table 7 correlate quite well with transient exposure. OPTRAN rods-200 K below the average fuel tem-
*

The smallest release percentages were measured on perature at 18 kW/m. Peak centerline fuel temper-

j Rods 901-1 and 901-3, which experienced only the atures were between 900 and 1200 K in Afonticello,
! mild OPTRAN 1-1 A excursion. (Note that much of while core-average commercial maximum temper-

the fission gas extracted from these two rods can be atures are typically between 1400 and 1600 K over

i
i
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Table 7. Rod gas analysis results

Total -

Inert
Void Total Gas Atomfo Gases Imentory

Rod Burnup Volume Withdrawn Released Released .

3 3 3Number (GWd/mtu) (cm ) (std. cm ) Kr Xe (std. cm ) (g,)

901-1 12.9 14.4- 13.4 0.24 1.83 0.28 0.13
901-2 5.0 13.8 37.93 0.07 0.51 0.22 0.27

901-3 21.9 13.8 13.4 0.33 2.79 0.42 0.11
901-4 5.1 14.1 35.la 0.15 0.78 0.33 0.39

901-5 11.6 13.7 13.3 0.53 4.14 0.62 0.32
901-6 13.1 13.3 12.8 0.44 3.40 0.49 0.22

902-2 10.7 15.5 19.3 2.56 19.43 4.24 2.37
'

902-4 9.0 14.1 15.7 1.94 14.84 2.63 1.75

a. Pressurized rod designs.

Table 8. OPTRAN base power / temperature historiosa

Volume- Peak -

#

Time-Weighted Averaged Centerline
Irradiation Average Rod Fuel Fuel

Rod Time Power Temperature Temperature Burnup .

Number (days) (kW/m) (K) (K) (GWd/mtu)j

901-1 1101 11.0 825 1080 12.8
'

901-2 327 12.4 855 1150 10

. 901-3 1891 10.2 800 1025 21..
t

,1

1 901-4 327 12.7 860 1165 5.I

901-5 1101 9.9 790 1015 11.6

901-6 1101 11.2 820 1075 13.I

'

902-2 1101 9.2 775 970 10.7

902-4 1101 7.8 745 895 9.I
,

a. Power histories were supplied by GE. Approximate fuel temperatures were interpolated from FRAPCON 11
code calculations for Rods 901-1,901-6, and 902-4.

40
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- a rod lifetime. (PBF preconditioning was performed After each fuel sample was dissolved, aliquots
at 21 to 24 kW/m, but for such short times that ef- were removed for counting of isotopic gamma emis-
fects on gas release can be ignored.) sions. Many fission products were detected, but cal-

ibrated 137Cs concentrations were used to estimate
*

The low OPTRAN fuel temperatures slowed dif-.
fusion of fission products within UO, grains and I cal burnups due to the 30-year half-life and ex-

prevented appreciable gas bubble accumulation at cellent counting statistics. Results tabulated in^

fuel grain boundaries. Formation of connected por- Appendix E are plotted against GE calculations on*

osity and interlinked bubbles at grain faces would Figure 38. (Sample positions were factored into the

also have been inhibited. Thus, no matter w hat the GE values by interpolating between axial nodes.)

burnup, there was little possibility for a burst-type Despite some difficulty in thoroughly homogenizing

release upon pellet expansion and microcracking . s lutions before aliquot extractions and in correct-

during the sudden OPTRAN power ascensions. The ing f r axial migration, the observed agreement is

fission gases first had to escape the fuel grains, quite good. Moreover, the data scatter is sym-

which is not an instantaneous process-even at pek metrically distributed, so there is no evidence of a

transient temperatures of >2000 K. OPTRAN 1-2 bias error. Therefore, the OPTRAN burnup

lasted barely long enough to achieve measurably measurements suggest that the GE calculations were

significant release amounts with these initial con- highly accurate and in no way responsible for the

ditions. Consequently, commercial fuel rods oper. figure-of-merit problems.

ated at or above core-average powers could be
expected to release considerably larger portions of Cladding Clamshell investigations
their gaseous mventories under comparable tran.
sient circumstances.

These differences in fuel temperatures and pro- The primary motivation for performing the
spective gas releases could be quite important with OPTRAN tests was to assess probabilities for rod
regard to exceeding an iodine concentration thresh- failure and cladding damage during the various
old for stress-corrosion cracking during the BWR transients simulated. Since no rods were
OPTRAN tests. Recent modeling studies with breached during the OPTRAN 1-1 and 1-2 tests,
Argonne National Laboratory's FASTGRASS code postirradiation examinations focused on searching

*

indicate that atomic iodine end cesium iodide mi- for and characterizing incipient cladding cracks.
grate through the UO2 matrix inside fission gas The standard technique for finding such defects is
bubbles during steady-state irradiation.23 Release to cut lengths of fuel rod, split each length axially
fractions of these key volatile species thus corres- with two opposing longitudinal cladding slits, open-

pond well with the noble gases. Transient iodine / each length for UO removal (thus the term clam-2
iodide and gaseous fractional releases are also shelling), mechanically flatten each cladding half-
predicted to be comparable. Interlinked gas bub- section, and visually detect any interior cladding
bles at fuel grain faces and edges provide direct surface cracks that were widened and deepened by
release pathways and also encourage microcrack- the flattening process.
ing by reducing adhesion between grains.

Figure 39 shows that three clamshell specimens
Burnup Measurements were extracted from each OPTRAN rod, with the

exception of Rod 901-3 from which one sample was
The measured figure of merit (ratio of test taken. Each clamshell was typically 15 cm in length,

assembly power to PBF driver core power) was gen- so s60% of the fueled cladding length was exam-
erally lower than expected from reactor physics ined. Furthermore, this coverage was biased toward
estimates for each group of OPTRAN test rods. the PBF power peak (fuel stack midpoint) where
Burnup data figured prominently in these calcula- PCI crack formation was most likely, so few (if any)-

tions, since remaining 235U concentrations and defects escaped discovery.
neutron poisoning by fission products are essential
considerations. Because GE did not feel its Figure 40 illustrates interior clamshell surfaces

,

Monticello burnup calculations were accurate to before flattening from the mid-length regions of five
better than il5% at the core periphery, burnup representative OPTRAN rods. Clamshells C-5

i samples were sectioned from all the OPTRAN rods and C-9 display similar appearances, despite the
| to investigate this potential source of figure-of-merit developmental zirconium cladding - liner in

error. Rod 901-2 and proprietary fuel additive in
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Rod 901-4, respectively. Both surfaces are generally Scanning Electron Fractography
lustrous with mottled patches and well-defined
pellet interface demarcations, which is probably a

Current technology offers no ideal methods for
consequence of the small 5-GWd/mtu burnups. By-

precisely identifying PCI-induced cladding damage.
contrast, Clamshell C-7 from Rod 901-3

The large hoop stresses and fission product releases
.

(22 GWd/mtu) is darkened extensively and inter-
. . . . considered by many to be essential for cladding

f cial p siti ns cann t be distmguished. Clamshell
crack initiation and propagation do not leave a uni-,

C-15 from Rod 901-6 (13 GWd/mtu) is quite
que signature. Nevertheless, brittle fracturing has

simdar to C-7, but the surface is more renective and
been observed in connection with rod failures after

a few pellet end locations can be resolved. Thus, commercial operation, test reactor projects, and
the OPTRAN 1-1 specimens show changes from the out-of-pile simulations. Zirealoy cladding can
imt ally metallic appearances that correlate well with normally accommodate hoop stresses from fuel
N1onticello exposure. therma! expansion by way of clastic and plastic

deformation. Laboratory experiments with simu-
Alternatively, Clamshell C-18 from Rod 902-2 lated fission products suggest, however, that cracks

(11 GWd/mtu) shows distinct axially-oriented will nucleate on interior cladding surfaces under
markings that may have been created during tran- high stress fields in a chemically corrosive environ-
sient exposure. This type of feature was observed ment. Thus stress-corrosion cracking is widely felt
to varying extents on all of the OPTRAN 1-2 clam- to be the dominant mechanism in PCI-induced fail-
shells but not on any of the OPTRAN 1-1 ures. In any case, examinations of fracture surface
specimens. These axial patterns and their concen- morphologies-commonly performed on a scanning
tration near the PBF power peak suggest electron microscope (SEN1)-have become the pri-
longitudinal pellet cracks that may have opened dur- mary means for classifying and characterizing PCI
ing the OPTRAN 1-2 power excursion. If so, the damage.
dark marks are probably the residue of released fis-
sion products. After flattening, each of the PCI defect can-

didates was punched from the clamshell where it
All 22 pairs of clamshell samples were flattened was found. The punched sample was then bent

to enlarge any incipient cracks until detectable with backward in an attempt to propagate any incipient-

the hot cell periscope. This produced no suspicious cracks through the cladding wall so that the frac-
features on most specimens, but reflective indica- ture surface could be viewed directly. At least one

. tions of fresh extended fractures were found on four of the mating halves was then mounted on a stage
clamshells. As displayed on Figure 41, only Clam- stub for SEN1 imestigations. The preparation of the
shell C-20 from Rod 902-4 contained an obvious Sample C-8 SEN1 specimen is illustrated by
crack, which was located near the bow apex at the Figure 42.
37-cm rod elevation (25 cm above the fuel stack
base). Flattening appare.uly lengthened the preex- The postflattening cracks in Samples C-8 and C-20
isting portion to over I cm, per the difference in concentrated stresses as expected during the bending
darkening between the middle and ends of the operation, so no difficulty was encountered in exten-
crack. Clamshell C-8 showed a similarly shaped ding these defects until the entire fracture surfaces
structure 31 cm from the rod bottom, though its were exposed. No success was achieved, howeser, in
length was only 2 mm. Clamshells C-5 and C-9 inducing fractures through the reflective areas on
each presented a pair of bright but shallow features Samples C-5 and C-9. These samples were eventually
after flattening at approximately the 46-cm rod fractured, but not through the defect candidates. This
elevations. They resembled superficial gouges or still allowed the specimen portions containing the
abrasions more than cracks, but were positioned at desired regions to be mounted for SEN! study. As de-

,

pellet interfaces near the PBF power peak on their tailed in Appendix E, SEN1 examinations of the
respective rods-prime sites for PCI. induced de- anomalous areas and surrounding interior cladding
fects. Consequently, these shallow anomatics could surfaces showed only shallow gouges or abrasions that
not be disregarded and were also selected for fur- were ineffective as stress risers during flattening and*

ther study. bending. Thus, Samples C-5 and C-9 could no longer

#
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j be considered for incipient PCI cracks, and frac- from brittle fracturing plus cleavage feathers-tiny
; tographic analyses were limited to C-8 and C-20. stair-step plateaus where the fracture direction was
; not precisely parallel to preferred crystallographic

Fractographic highlights of Sample C-8 from cleavage planes. Small particulates of unknown origin .

j OPTRAN 1-1 Rod 901-4 are presented in Figure 43. and composition are also prevalent on the preexisting
| Virtually all features can be readily recognized as tear crack surface.
I ridges and dimple ruptures associated with ductile
L. fracturing under tensile stress. No brittle inter- and A mixture of ductile and brittle fracture modes

~

f transgranular fractures are esident. Aforeover, the is termed quasi-cleavage in failure analysis
I crack morphology is identical within the incipient por- literature.24 Regrettably, this classification provides

tion exposed by flattening and over the region opened no insights in the PCI context, nor does it explain
by mechanical bending. the presence of the particulates. N1any fractographic

studies have been performed on failed commercial
The absence of brittle fracture signs on sample C-8 fuel rods and on test rods from both in-pile and out-

does not totally exclude incipient crack formation of-pile experiments. Where stress-corrosion crack-
; solely by large hoop stresses during OPTRAN 1-1. ing could be identified as the primary damage

Howeser, without corrosion-induced crack nucleation mechanism, few (if any) signs of ductile fracturing,

. sites, the cladding should have accommodated pellet were detected among the brittle characteristics.
1 expansion stresses by uniform elastic and plastic Cleased cladding grains were generally flatter and

deformation. Furthermore, it is difficult to under- more sharply defined than over the incipient region
stand how purely mechanical PCI processes could be shown in Figure 46. Storeover, concentrations of
responsible for the C-8 defect without creating a few particulates are not commonly reported on fracture
incipient cracks elsewhere inside the OPTRAN 1-1 surfaces. Therefore, w hile the Sample C-20 defect
rods- existed in some form before clamshell Gattening,.

comparisons to other fractographic results do not,

j lt is far more likely that the C-8 defect was due permit assigning direct responsibility for incipient
to flattening stresses that were not uniformly dis- crack formation to stress-corrosion cracking and
tributed. The SEAL photomacrograph in Figure 43 PCI during the OPTRAN 1-2 transient.
shows a distinct inward bulge and matching exterior

,

cladding surface depression, so the cladding may The C-20 incipient crack does not resemble
have been indented slightly at this position before typical PCI-related cladding damage in other im-
Mattening. In any event, there is no reason to ascribe portant respects. While fuel rods have failed from
the small C-8 crack to transient PCI phenomena. PCI-induced processes at only a single location. -

many incipient cracks are frequently found on sub-
Fractographic analysis of Sample C 20 from sequent destructive examinations. So, had condi-4

OPTRAN 1-2 Rod 902-4 was more difficult, because tions been conducive to stress-corrosion cracking,

a mixture of fracture modes was obsersed. In the during OPTRAN 1-2, more than one isolated defect
SEN1 photomacrograph in Figure 44, Gattening of would have been detected inside t'ie two test rods.
Sample C-20 propagated the crack through most of in addition, the C-20 incipient crack approached

| the cladding wa'l thickness. Here flattening stresses I cm in length, which is unusually long. Although
'

were almost certainly focused by a preexisting clad- this crad was extended somewhat by flattening,
ding discontinuity, unlike Sample C-8 where flyten- PCI. induced cladding perforations generally resem-

; ing seems to have only initiated the small crack. The ble pinholes.

] bottom two micrographs in Figure 45 show marked
'

differences in fracture morphology across the transi- Despite these discrepancies, PCI and stress-
tion from the incipient region to the portion mech- corrosion cracking cannot be completely disre-
anically extended by Mattening and bending. While garded as potential causes for the C-20 defect. The,

' some tear ridges and dimple ruptures are apparent existing PCI-damage data base consists almost to-
throughout the upper incipient surface, these ductile tally of actual and simulated results from power- i

; features occur in considerably higher concentration ascension and load-following events. Cladding j
,

: below the transition. Furthermore, the incipient frac- stresses build slowly under these circumstances and '

ture has an appreciably softer texture than the paralici ample time is available for enhanced fission pro-
1 tear ridges of the extended region. The 4400X close- duct releases, nuc! cation of 'iumerous crack sites,

up fractograph in Figure 44 suggests that this texture and crack propagation from combined stress fields
difference is due to relatively Gat transgranulas facets and chemical corrosion.

|
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By comparison, the OPTRAN 1-2 Test imposed occurred. Accordingly,1.9-cm longitudinal metal-
large cladding stresses suddenly, with only a few lographic samples were sectioned from Rods 901-1,
seconds for aggressive chemical behavior. Conse- 901-2, 901-4, 901-6, and 902-4 (two samples) to
quently, a small number of well-developed cracks search for permanent hoop strains. However, no.

would be predicted from a nucleation-and-growth ridges, wall thickness variations, and other types of
viewpoint. Furthermore, the short time at elevated permanent cladding deformation were detected,
fuel temperature during OPTRAN 1-2 and the ab- which confirmed the nondestructise PIE results in,

sence of connected fission product release pathways this regard.
from low base irradiation powers would have
tended to inhibit cladding corrosion. So, perhaps Because a boiling transition and cladding
some ductile fracturing should be expected among temperature increase was measured on each of the
partially developed brittle fracture features after the OPTRAN 1-2 rods, some amount of enhanced
brief OPTRAN 1-2 Test. cladding oxidation was predicted. Had dryout oc-

curred for a sustained interval near the C-20 sam-
Another possibility is that PCI-induced stresses ple, oxygen embrittlement could have been partially

might have initiated the C-20 crack without assis- responsible for exposing the crack during flatten-
tance from corrosive fission products. Out-of-pile ing. As detailed in Appendix E, the mating half of
experiments at Argonne National Laboratory the C-20 SEM sample was mounted for examina-
(ANL) have recently induced mixed brittle and duc- tion of the cladding microstructure adjacent to the
tile fracturing on several stressed cladding samples crack. However, no microstructural changes were
from the Big Rock Point BWR.25 The observed detected and signs of significant oxygen embrittle-
fractures propagated from the outside inward- ment were definitely absent. Identical metallo-
apparently from ferrule compression-so residual graphic results were found on the longitudinal
fission products on the interior cladding surfaces sample taken just above Sample C-20 (mount
were not involved. Transmission electron micro- T-2193), which included cladding 2 to 5 cm from
scopy indicated that oxygen segregation, ZrO3 the defect elevation. Consequently, formation of
phase formation, and dislocation immobilization the Sample C-20 incipient crack was not influenced
were responsible for the "pseudocleavage-plus- by elevated cladding temperatures.
fluting" morphology on brittle portions of fracture

~

surfaces. Nevertheless, the upper portion of Rod 902-4 was
affected by cladding temperature increases. Al-

The applicability of the ANL results to the C-20 though the upper boiling transition boundary was
crack may be limited, however, by differences in not determined, the lower boundary was found-

cladding strain rate and stress intensity, as well as N25 cm above the C-20 crack position in metallo-
by the presence of moderate burnup fuel pellets. graphic sample T-2194, between Samples C-21
Furthermore, a fracture mechanism independent of and C-22. (The sectioning diagram, Figure 38,
fission products would still not explain why only shows that mount T-2194 was s60 cm above the
a single large crack formed in the Iwo OPTRAN 1-2 bottom of Rod 902-4.)
fuel rods. Thus, stoicheiometric variables like clad.
ding fabrication flaws cannot be excluded from Mount T-2194 and its range of zircaloy micro-
consideration. structures are presented on Figures 45

(areas 1,2, and 3) and 46 (area 4). As shown by
th etched, p I rized-light metallography, area IMetallographic Findings
was completely transformed to beta zircaloy dur-

,

ing the dryout phase of the OPTRAN 1-2 transient.
One item of interest was whether or not cladding Area 2 was over half bet,-zircaloy at temperature,

hoop strains exceeded the elastic-to-plastic yield most of the remainder was alpha- plus beta-zircaloy
points during the OPTRAN 1-1 and I-2 transients. two-phase mixture (1103 K to 1243 K), and a thin
External cladding ridges are sometimes found near layer of equiaxed alpha-zircaloy (920 K to 1103 K)
fuel pellet interfaces after long-duration PCI ex- lies along the exterior cladding surface. Area 3, at
periments, especially on rod designs with un. a slightly lower rod elevation, was composed of
chamfered, dished pellets that exaggerate the approximately equal proportions of the three allo-
" hourglass" effect. The OPTRAN fuel pellets had tropic forms. Area 4 was mainly equiaxed alpha.
Ilat ends and chamfers, so any ridges would indicate zircaloy with a thin layer of two-phase mixture at
that particularly large fuel thermal expansion had the pellet interface position, but Figure 46 illustrates
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how the interior cladding surface had been walls, so the phase transformations shown for
transformed to beta-zircaloy only 2 mm higher on areas 2 and 3 of Figure 45 were effectively frozen
mount T-2194. (This axial temperature gradient is in place. Because outer cladding temperatures lag-
minor by comparison to the gradient of at least ged behind those at interior surfaces, growth of the .

external ZrO layer and inward diffusion of oxygen140 K that existed across the 0.86-mm cladding wall 2
at positions 2 and 3.) Nevertheless, no intrusions were less than the well-developed beta-zircaloy

,

of oxygen-stabilized alpha-zircaloy are present with- grains next to fuel pellets would suggest. Cladding ,

in the prior beta-zircaloy fields, so oxygen uptake ductility is also a strong function of temperature,'

2 uel and exterior cladding surface so external portions would have been relativelyffrom the UO
ZrO layer was negligible. Consequently, the clad- resistant to deformation during the boiling transi-

2:
1 ding was not embrittled after cooldown so no em- tion. Even at area 1, where the entire wall was
i brittlement fractures occurred during flattening of transformed to beta-zircaloy, the outer surface

Samples C-21 and C-22. would has e been in a high-ductility regirne for a few
;

seconds at most-irisufficient time for plastic flow
High-magnification photomicrographs were into pellet chamfer gaps. This explanation pre-

made at each of these four areas to determine clad- sumably applies elsewhere over the dryout regions
ding temperatures from external ZrO2 layer of the OPTRAN 1-2 test rods, because no waisting
thicknesses. However, the thicknesses contained and embrittlement w ere detected during nondestruc-
considerable variation at each location. Further- tive testing and elamshell-flattening efforts.
more, the thicknesses on average were indis- A final feature of interest on Figures 45 and 46
tmguishable from those on mount T-2193, which

. the presence of an m. terior surface concavity coin-is
was located w ell below the boiling transition region. cident with the pellet interface position on each

'

'

Therefore, temperature / thickness correlations fromi cladding wall composite. These smooth, semicir-
isothermal kinetic experiments could not be legit. cula eprns as are n t rela @o waisting, which
imately applied. The difficulties encountered in this thickens the cladding wall at pellet junctions and

,

effort were probably related to the large cross-wall
pr duces mdentations on the exterior cladding sur-thermal gradients and the brief duration of the
face. Under oblique lighting, the area 4 concavity

dryout, w hich would also have confounded evalua-
n Figure 46 resembles a corrosion pit with prefer-

I tions of better oxide thickness data,
ential attack along grain boundanes, so these

atums migM & ndeadon sb fg nads.Despite hasing no accurately estimated maximum
Their tmy size (by comparison to the incipient crack

, , ,

cladding temperatures, the microstructures of I wer on R d 902-4) may be due to growth tennina-
mount T-2194 dictate that the cladding at this eleva- ,

tion when cladding temperatures climbed during the
tion was quite ductile during the dryout period, boil, g transition. Recent Karlsruhe research m-m
Since Rod 902-4 was unpressurized, the 7.93-MPa dicates that the en,t cal iodine concentration fori
PHF coolant system pressure would have exceeded stress-corrosion cracking increases strongly with
the internal rod pressure throughout OP TRAN 1-2.

temperatures, such that realistically asalfable todme
Thus,inward cladding deformation was predicted amounts :all below the damage threshold at
to occur, particularly waisting into pellet chamber 2 b" " "" ** ##"

released early durm.b "*'
,

gaps.26 Yet, no evidence of waisting, ridges, and g OPTRAN 1-2 to nucleate cor-
wall thickness changes was found. However, these
metallographic results do not exclude two-point ' .sion 5 tes at this elevation, but crack propagation'

nught have been preempted by the cladding tem.
buckling and uniform circumferential collapse over paatum inmast

I the dryout regions, since these types of cladding
deformation leave no telltale local indications. Nevertheless, occurrence of stress-corrosion crack-

ing in Rod 9024 remains speculative, even in small
The unusually large thermal gradients, the neg- isolated locations. Ilad these ccmcasities been caused ,

ligible oxygen embrittlement, and the absence of by corrosive fission product attack, they should also
waisting on mount T 2194 can all be explained by base been detected on mount T-2193 (near the inci-

; the short boiling transition duration. T he functional pient crack). Furthermore, many well-developed
'

; cladding surface thermocouples 70 mm above the incipient cracks would have been located below the
i fuel stack midpomts on Rods 902-2 and 902-4 both boiling transition where cladding temperatures were

indicated dryout for si! s. Fuel temperatures ideal for stress. corrosion cracking. Therefore, the sig-
;
' evidently dropped rapidly before thermal equilib- nificance of the concavities with respect to PCI-
j rium could be reached across adjacent cladding induced cladding damage is unknown. |

|
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DISCUSSION

The major focus of the OPTRAN 1-1 and 1-2 average rod power of 18 kW/m. Peak centerline-

tests was to evaluate the probability and extent of fuel temperatures were calculated to be between
fuel rod damage during anticipated transient es ents. 900 and 1200 K during the Monticello irradiation,
The OPTR AN 1-1 transients were representative of compared with core average commercial maximum

,

anticipated trans.ents with scram including temperatures between 1400 and 1600 K. The lower
BWR turbine trip without steam bypass, and load OPTRAN fuel temperatures led to slower diffusion
rejection without steam bypass. The OPTRAN 1-2 of fission products within UO grains and prevented2
test was representative of the most severe BWR appreciable gas bubble accumulation at fuel grain
ATWS, the main steam isolation valve closure. boundaries. Formation of connected porosity and
Coolant conditions during an ATWS are such that interlinked bubbles at grain faces was also inhibited,
boiling transition can occur and high cladding Thus, there was little possibility of a burst-type
temperatures can be reached, whereas boiling tran- release of corrosive fission products upon pellet ex-
sition is not reached and cladding temperatures do pansion and microcracking during OPTRAN power
not increase significantly during anticipated tran- transients. Commercial fuel rods operated at or
sients with scram. Even when cladding temperatures above average core powers would be expected to
do increase significantly during an ATWS, the dura- release considerably larger portions of their gaseous
tion of the temperature excursion is brief (a few inventories under comparable circumstances. The
seconds). Therefore, the mechanism for possible differences in fuel temperatures and prospective gas
cladding failure in both an anticipated transients releases could be quite important in exceeding an
with scram and an ATWS is pe!!ct-cladding mech- iodine concentration threshold for stress-corrosion
anical interaction. cracking during the OPTRAN tests.

Based on the measurements of axial rod elonga- The posttest calculational results indicate that the
tion and the posttest analysis, early axial PCI occur- initial conditions for the operational transients
red during OPTRAN1-1 transients and established by the steady-state irradiation and pre-
OPTRAN 1-2. The reasons for the early axial PCI conditioning are extremely important. The steady-
during the transients are that the OPTRAN test rods state irradiation of the fuel rods in the Monticello
did not experience any PCI during the steady-state reactor led to only a small amount of calculated fuel
irradiation in the Monticello reactor and the precon- swelling because of the low power. Also, the fuel
ditioning in the PBF reactor was performed at power was calculated to experience additional densifica-
too low for radial PCI to take place and eliminate tion during preconditioning because precondition-
pellet eccentricity. Thus, the causes of early axial PCI ing fuel temperatures were higher than steady-state
were not eliminated before the transient tests began. fuel temperatures. In addition, the cladding was
As a result of early axial PCI, the axial elongation calculated to experience very little creepdown dur-
of the test rods was larger than would be expected ing the steady-state irradiation. Therefore, at the
without early axial PCI. The significance of early axial end of steady-state irradiation and preconditioning,
PCI with respect to fuel rod behavior is that (a)it the gap between the cladding and fuel was larger
affects the calculation of permanent hoop strain if than the as-fabricated gap. The calculated gap in
radial hoop strain takes place, and (b) axial stresses Rods 901-1 and 901-6 at the last of precondition-
may affect the cladding failure due to PCI.28 Since ing was smaller than that in Rod 902-4 because
none of the OPTRAN test fuel rods failed, only the Rod 902-4 had lower burnup and therefore ex-
calculations of the permanent hoop strain during perienced less fuel swelling. As a consequence, the
OPTRAN 1-2 were affected for this test program. calculated hoop stress for Rod 901-6 during tran-

- sient OPTRAN 11 D was much larger than the
The posttest calculations indicate that only small calculated hoop stress for Rod 902-4. Based solely

amounts of fission products accumulated at grain on calculated stresses then, the test rods used in
boundaries at the end of the steady-state operation OPTRAN 1-1 would be more likely to develop PCI

,

and preconditioning. The low fission product ac- cracks than the test rods used in OPTRAN 1-2.
cumulation at grain boundaries resulted because the
time-weighted average rod powers at the Monticello The peak hoop stress values for OPTRAN 1-1
core periphery ranged between only 7.8 and Transient D and OPTRAN 1-2, while seemingly

.

12.7 kW/m, compared with a BWR 8 x 8 core- low, are difficult to place in proper perspective. Ilad

|
|

|

I



_-.

J

the OPTRAN rods been irradiated at significantly Gases occupying the gap / plenum regions of each
higher powers in Monticello, fuel swelling (and OPTRAN fuel rod were withdrawn for composi-
possibly cladding creepdown) would have occurred tion and volumetric analyses. Results from the rod
to a larger extent. The fuel-to-cladding gap sizes plenum gas analysis were as expected, with the rods *

would hase been smaller going into the OPTRAN undergoing the mildest OPTRAN 1-1 transient in-
transients, so cladding hoop stresses would have dicating the lowest fission gas release and the rods
been larger during the transients. Accordingly, it undergoing the OPTRAN 1-2 transient indicating .

is recommended that FRAPCON II/FRAP-T6 cal- the highest fission gas release. OPTRAN 1-2 had
culations be repeated for core-average and peak- a higher fission gas release than OPTRAN 1 l tran-
power BWR rods so that quantitative estimates of sient D because the fuel centerline temperature was
the low base-power influences can be made. considerably higher for OPTRAN 1-2 than

OPTRAN 1-1 (calculated values of 2070 K com-
Even then, predictions on PCI crack formation pared with 1789 K).

for higher power rods could not be made without
comparisons to hoop stresses in situations where
PCI cracks did form. The Studsvik Demo-Ramp 11 The measured fission gas release percentage
and Trans-Ramp I projects were performed on re. measured for the OPTRAN tests cannot be applied

preser.tative BWR tods and did induce incipient to typical commercial fue! rods undergoing similar

cracks from high power irradiations of less than a transients because the base irradiation powers of the

one-minute duration. FRAPCON ll/FRAP-T6 cal. OPTRAN fuel rods were much lower than commer-

culations should also be performed for an ap. cial average rod powers. Consequently, commercial

propriate subset of these rods. It is likely that fuel rods operated at or above core average powers

FRAP-calculated hoop stress values during the could be expected to release considerably larger por-

Studsvik experiments would be much larger than tions of their gaseous inventories under comparable

FRAP-calculated stresses for a peak-power BWR transient circumstances.'

rod during OPTRAN 1 1 and I-2. If so, a strong
conclusion could be made that fuel rods would not Cladding clamshell inv estigations were focused on
fail from PCI during similar commercial transients.

searching for and characterizing incipient cladding
Alternatively,if peak hoop stresses were found to cracks. About 60% of the cladding length was ex-
be approximately equisalent, further assessments

amined on each OP'fRAN fue! rod. Three clamshell
of transient fission product releases during both sections were extracted from each OPTRAN rod.
situations by a code like FASTGRASS would be This insestigation revealed only one isolated defect -

required. that could be classified as an incipient crack. The
defect was found on Rod 902-4, an OPTRAN 1-2

The majority of the fuel rod damage information rod. The defect was longer than typical PCI induced
from the ONRAN 1-1 and OPTRAN 1-2 tests was cladding perforations and it demonstrated a mixture
provided by PIE. The PIE of the OPTRAN fuel rods

of ductile and brittle fracture modes. Despite these
was heavily weighted toward detecting and charac- discrepancies, PCI and stress-corrosion cracking can-
terizing small cladding defects characteristic of pellet- not be completely disregarded as potential causes for
claddmg interactions. the observed defect. Ilowever, because higher clad-,

ding hoop stresses were calatated for the
Results of pretest visual examination of the OPTRAN 1-l transient D than for O TRAN 1-2,

OPTRAN fuel rods indicated no signs of exposure PCI cracks would have been more likely to occur on
i

to a severe power excursion except that the two fuel Rod 901-6. This suggests that the incipient crack
4

rods from OPTRAN 1-2 were bowed over most of found on Rod 902-4 is a fabrication defect.a

their 75-cm fueled length. The PEC investigations,
which have a detection threshold for cladding cracks '

that are < 10% of the 0.86-mm wall thickness, in- Metallographic examinations show that during
dicated no incipient cracks propagating from interior the dryout phase of the OPTRAN 1-2 test, cladding
cladding surfaces on the seven OPTRAN rods scann- material was transformed to betavircaloy and clad- ,

ed. No permanent hoop strains (ridges) at pellet length ding tsmperatures in excess of 1243 K were reached.
Intervals were observed and the OPTRAN 1-2 rods This is considerably higher than the maximum
PEC scanned indicated that no waisting of ductile calculated cladding surface tcmperature of 1007 K
cladding into interfacial gaps took place over the high- and the maximum thermocouple measured value of
temperature boiling transition region. 1070 K.
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The results of the OPTRAN 1-1 and 1-2 ex- in general because of the low average irradiation
periments are very encouraging. No fuel rod clad- power in Monticello of the OPTRAN 1-1 and
ding failures occurred and only one isolated defect OPTRAN 1-2 test fuel rods and because of the poor
that could be classified as an incipient crack could statistics for these experiments (only eight fuel rods*

be found. It can be concluded that fuel rods with were tested). Ilowever, GE is of the opinion that
average powers during irradiation up to 12.7 kW/m fuel rod failures caused by PCI are just as likely
subjected to an anticipated transient, represented to occur if the rods have not been operated at high.

by the OPTRAN 1-1 tests, will probably not fail, power. GE claims that this was secretly confirmed
and the only significant damage expected may be during the Super Ramp Program where fuel rods
fuel rod bowing (fuel rod bowing may have resulted which had a base irradiation power of 27 kW/m
from the geometric constraints of the OPTRAN failed at about the same ramp power levels as fuel
hardware). Unfortunately, conclusions cannot be which had a peak base irradiation power of
reached regarding anticipated transients nor ATWS 17.7 kW/m.

.

.
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CONCLUSIONS

The OPTRAN 1-1 transients tests were per- from a manufacturing defect. Again these results '

formed to (a) determine the threshold at w hich light must be qualified because the test rods wcre ir-
water reactor fuel rods are likely to fait during radiated at powers about one-third lower than the
severe anticipated transients that result in a brief average rod power in a commercial BWR. .

increase in reactor power and (b) identify any fuel
and damage mechanisms that might occur. Esen

flowever, for fuel rods irradiated at averagethough the OPTRAN 1-1 test fuel rods were ex-
p s o C W/m,it can be concluded from

posed to maximum powers about 30% larger than
the OPTRAN experiments that fuel rod damage willthe worst anticipated transient expected in a com-

mercial power plant, no test rod failures occurred. probably not occur during anticipated transients
represented by the OPTRAN 1-1 tests, and the onlyIn fact, postirradiation examination revealed that
significant damage expected for anticipated tran-no incipient PCI cracks occurred. These restdts
sients without scram, represented by themust be qualified because the test rods v ere ir-
OPTRAN 1-2 test, may be fuel rod bowing.radiated at powers about one-third lower than the

average rod power in commercial BWR 8 x 8 reac-
tor, which leads to less release of corrosive fission it is recommended that additional FRAPCON-2/

products that are believed to be necessary to initiate FRAP T6 calet'ations be performed for core-
PCI cracks, average and peak-power BWR fuel rods so that

quantitative estimates of the low OPTRAN 1-1 and

The OPTRAN 1-2 transient test was performed OPTRAN 1-2 base irradiation power influences can

to evaluate the probability and extent of fuel rod be made. This will also require comparisons with
damage for the most sescre BWR ATWS. Such a FRAPCON-2/FRAP T6 calculated hoop stresses

transient results in the occurrence of boiling tran- f r rods tested in the Studsvik Demo-Ramp 11 and

sitions with high cladding temperatures (> 1000 K). Trans Ramp I projects, where incipient cracks did

In addition to rod failure from pellet cladding mech. occur during high power irradiations of less than
anical interaction, boiling transition can cause clad- a one-mmute duration.
ding oxidation and embrittlement and cladding
collapse and waisting. Veit .er of the OPTRAN 1-2 The issue of PCI cladding failures during,an-
test fuel rods failed at? 'ere was no evidence of ticipated transients can only be totally resobed by
cladding collapse and wo. sting. One incipient clad- additional OPTRAN-type tests using high-burnup

*

ding crack was found during the postirradiation ex- test rods irradiated at BWR core-average and peak
amination but the incipient crack may hase resulted powers.

.
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Operational transients occur sionally in lig t water reactors when minor mal-,, w ,.,. ......c.,,

functions of certain system compo nts affect the reactor core. Potential effects of
such malfunctions include a loss of e secordary heat sink, an increase in system

,, .. ..si . pressure, and, in boiling water reacto (BTR), void collapse and a brief increase
in reactor power. This report presents t results of the operat.onal transient Tests
OITRAN 1 1 and OPTRAN 1-2. includi' a comparison of rtie data with posttest
calculations and the postirradiation exami n results. The OPTRAN 1-l tests sim-
ulated operational transients with reactor ser Four progressively higher and broader

*

; power transients at a constant coolant flow rat ere performed. D.e Dr t irawient
simulated a BWR 5 turbine trip without steam bqass, with fuel rods operatir.g nur
BWR-6 core average rod powers. The second trahsient simulated a generator load

^

rejection without steam bypass, wit!g fuel rods opertting near core average power *..

The last two transients were perfornied at higher corkverage peak rod powers t!,an
safety analyses predict to be possibtf in commercial reac rs to define failure threshold
margins.

Test OPTRAN 12 was perfoEmed to evaluate the pro bility and extent r fuel
rod damage for the most severs BWR anticipated transient - ithout scram (A a WS)
that results in boiling transiticIn. a main steam line isolation alve closure transient

)
. without scram. Two sets of pro fuel rods were tested. In eac set, an unirradiated
! fuel rod was used to heat the coolant to typical FlWR condition for each previously

irradiated fuel rod. Follodrg an extensive fuel conditioning p iod of operation,,

a single power transient wis performed that simulated the power h tory and coolant,

conditions calculated foe a main steam line isolation valve closur\ATWS.
, , . . . . . . . . . . . . . >.o. c e u . m . y '' ,*;,';;g,$/
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