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ABSTRACT

This paper presents an overview of the results of the experimental
program being conducted in the Power Burst Facility and the relationship of
these results to certain safety and licensing issues. The safety issues
that were addressed by the Power-Cooling-Mismatch, Reactivity Initiated
Accident, and Los3 of Coolant Accident tests, which comprised the original
test program in the Power Burst Facility, are discussed. The resolution of
these safety issues based on the results of the thirty-six tests performed
to date, is presented. The future resolution of safety issues identified
in the new Power Burst Facility test program which consists of tests which
simulate BWR and PWR operational transients, anticipated transients without
scram, and severe fuel damage accidents, is described.

1. INTRODUCTION

The United States Nuclear Regulatory Commission (USNRC) is charged
with the responsibility of protecting the public from accidents involving
nuclear reactors. EG&G Idaho, Inc. is performing experiments in the Power
Burst Facility (PBF) as part of the USNRC's light water reactcr fuel
behavior program. ' Prevention of the accidental release of fission
products that accumulate within a Light Water Reactor core is the key issue

a. Work supported by the U.S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research, under DOE Contract No. DE-AC07-76ID01570.



regarding public health and safety. The current world-wide strategy for
containment of radioactive fission products is to maintain the integrity of
the fuel rod cladding which provides the first barrier that prevents the
release of fission products from a light water reactor core. Experimental
research directed towards answering the unresolved safety questions
regarding fuel rod cladding integrity during possible accidents is the
subject of this paper. Fuel behavior research has been completed in PBF to
help resolva safety i:>si,es regarding: (a) Power-Cooling-Mismatch
Accidents; (b) Reactivity Initiated Accidents; and, (c) Loss-of-Coolant
Accidents. A new fuel behavior research program is planned in PBF to help
resolve safety issues regarding Severe Fuel Damage Accidents and
Operational Transients. For each of the five accident types, the key
safety issues, the applicable USNRC licensing criteria, an overview of the
significant experimental results obtained to date in PBF, the presently
planned PBF experiments, and the possible resolution of the safety issues
are discussed in subsequent sections.

2. POWER COOLING MISMATCH ACCIDENTS

During normal operation of a commercial water-cooled nuclear reactor,
the fuel rod cladding temperatures are usually near the saturation
temperature of the water. An accidential increase in core power, decrease
in coolant flow, or change in pressure, however, may lead to a
deterioration in heat transfer and a subsequent increase in fuel and
cladding temperatures which can eventually lead to fuel rod cladding
failure. Such an event is defined as a Power-Cooling Mismatch (PCM)
Accident when there is no deficiency in total coolant inventory, the
primary system is near it's normal operating pressure and core power is
ne.ir normal or being increased relatively slowly. During a power-cooling
mismatch event cladding temperatures may rise to such a level that
continuous coolant-cladding contact is lost and the rods become blanketed
by a vapor film. Depending upon the reactor system, the initiation of this
phenomenon is commonly referred to as departure from nucleate boiling (DNB)
or dryout. The subsequent degraded heat transfer is referred to as film
boiling heat transfer.



Although nuclear reactors are designed to operate under conditions
where departure from nucleate boiling and film boiling does not occur,
numerous credible single and coincident initiating events may lead to these
degraded heat transfer conditions. Abnormal reactor conditions that can
initiate a PCM event include pump failure, loss of electrical power,
foreign material in the coolant, cladding swelling, enrichment error, xenon
instability or mispositioned control rods. If the fuel rods depart from
nucleate boiling and become vapor blanketed, the core damage will depend on
the cladding temperatures, tha time at temperature, and fuel rod power and
internal pressure. The cladding temperatures will depend on coolant flow
rate, subcooling and pressure and the fuel rod heat flux.

2.1 PCM Licensing Criteria and Safety Issues

Appendix A of the United States Code of Federal Regulations, Part 50,
requires that U. S. reactors "be designed with appropriate margin to assure
that specified acceptable fuel design limits are not exceeded during any
condition of normal operation, including the effects of anticipated
operational transients." The general approach for a licensee to meet
this criterion is to show that during operational transients that are
anticipated to occur with moderate frequency, the calculated departure from
nucleate boiling ratioa (DNBR) exhibits a 95% probability, at the 95%
confidence level, that no fuel rod in the core will experience DNB. Using
generally accepted DNB correlations, values of 1.13 to 1.32 are used for
the minimum DNBR. This criterion implies that a fuel rod operated at a
DNBR less than 1.13 to 1.3 is in film boiling and fails. Mechanistic fuel
damage models are not now accepted and, therefore, most U. S. reactors are
operating at power levels well below those at which fuel damge would be
expected during a brief power-cooling mismatch event.

a. The DNBR is the ratio between the linier power at which DNB is expected
to occur and the maximum allowable power.



In addition to the operational transient l imits, a licensee must show
that the reactor core geometry remains amenable to cooling, and that
radiation dose limits at the site boundary wil l not exceed those specified

' • • • • • • • ' " ' " H

in 10 CFR 100 during certain postulated Class 3 and 4 accident scenarios
resulting in a severe power and coolant imbalance at normal system pressure
and near normal core power. Measurement of the fuel rod thermal,
mechanical, and chemical reaction behavior during film boiling is required
in order to assess fuel damage and core coolibility during and after these
accident scenarios.

Seventeen in-pile PCM tests have been completed in the Power Burst
Facility (PBF) as part of the USNRC's light water reactor fuel behavior
program. The PCM testing was conducted at pressurized water reactor
conditions. The key safety issues that were addressed in the PBF PCM
program included: (a) what is the margin between DNB occurrence and fuel
rod failure? (b) can a coolable geometry be maintained following a PCM?
(c) what is the propensity for film boiling and fuel failure propagation?
and (d) will energetic mo'lten fuel-coolant interactions occur during a
severe PCM? The PBF test program was designed as a parametric evaluation
of fuel rod response under power cooling imbalance conditions, with test
rod peak power, cladding surface temperature, and time in film boiling as
the variable parameters.

2.2 Power-Cooling Mismatch Test Results

Power-Cooling-Mismatch tests using both unirradiated and irradiated
test fuel rods were performed to Investigate the performance of fuel rods
at pressurized water reactor conditions during high temperature film
boiling operation. Cladding temperature extremes beyond current licensing
criteria have been attained. Forty unirradiated fuel rods, nine previously
irradiated fuel rods, and seven rods with previously irradiated cladding
and fresh fuel have been tested. The results confirm that light water
reactor fuel rods can operate in film boiling for significant times and
withstand severe damage prior to rod failure.



At temperatures below 920 K, cladding damage is minimal except for

very long periods (hours) of operation. Cladding deformation (collapse and

waisting at nominal PWR conditions) occurs above 920 K, but. the cladding

retains suff ic ient duc t i l i t y to accommodate strain and preclude fa i lu re .

The primary fuel rod fa i lu re mechanisms for both unirradiated and

previously irradiated fuel rods has been oxygen embrittlement of the

cladding as a result of steam-zircaloy and UOg-zircaloy reactions.

The formation and extent of the steam-zircaloy reaction layers is

consistent with and predictable by out-of -p i le , isothermal, steam-zircaloy

reaction kinetics developed by Cathcart. A model which assumes that the

fuel-cladding oxidation process is diffusion controlled and governed solely

by the oxygen concentration gradient has been developed. Failure due to

oxygen embrittlement during high temperature operation does not occur unt i l

the cladding has been nearly completely reacted to zirconium oxide and the
Q

oxygen stabilized alpha phase. Rod failure during quench due to oxygen
embrittlement is consistent with room temperature embrHtlement criteria in

Q

beta zircaloy as reported by Pawel. Zirconium hydriding has been noted

as an embrittlement mechanism only in rods that have tai led prior to or

during f i lm bel l ing. ® Molten fuel-cladding contact, a concern because

of the increased potential for cladding melting, has been observed in a few

power-cooling-mismatch tests; however, cladding melting has not occurred

and is not expected. Fuel swelling has occurred in previously

unirradiated rods due to thermal expansion, and to a larger extent in

previously irradiated rods due to the influence of f ission gases. However,

fuel swelling has not resulted in rod fa i lu re or signif icantly affected the
12behavior of test rods, with burnups up to 17,000 MWd/t. Fuel grain

separation (powdering or desintering) has been observed in both fresh and

previously irradiated test rods when the fuel was rapidly cooled from

temperatures above 1900 K.

Results from two nine-rod cluster power-cooling-mismatch tests

indicate that rod-to-rod f i lm boiling and fuel rod fa i lure propagation are

unlikely. The departure from nucleate boi l ing (DNB) and post-DNB behavior

of the nine-rod clusters appeared to be random in nature; however,

individual rod behavior was direct ly related to power-coolant variations.



Fuel rods within the clusters failed during testing due to extensive
cladding oxidation and subsequent embritt lenient, but the failure of one rod
did not influence the film boiling and possible failure of a neighboring,
rod.14

The thermal-hydraulic conditions at the onset of film boiling are
indistinguishable from the conditions at the onset of film boiling
destabilization (or quenching). This implies that return to nucleate
boiling occurs via the same path as boiling transition, with little or no
hysteresis. In addition, fuel rod quench and rewet are distinctly
different phenomena from return to nucleate boiling with different modes of
heat transfer. It was also concluded that the conditions at the onset
of film boiling of the central fuel rods in the nine rod test clusters were
similar to those in the single rod tests where the test rods were contained
within a cylindrical coolant flow shroud. Therefore, the previously

14established data base for individually-shrouded fuel rods is credible
for use in assessing the conditions at the onset of boiling transition for
an intrabundle fuel rod. Also, departure from nucleate boiling occurred at
essentially the same test rod power and thermal-hydraulic conditions
regardless of whether these conditions were reached by increasing power or
by reducing coolant flow.

2.3 Resolution of PCM Safety Issues

The PCM Test Series, as originally proposed, is completed. The PCM
test data have been used to obtain a better understanding of the physical
processes associated with boiling transition, quench, rewet, return to
nucleate boiling, and fuel rod response during a PCM event. Results from
the test program demonstrate that light water reactor fuel rods can depart
from nucleate boiling and operate in film boiling for significant times and
withstand severe damage prior to failure. Rod-to-rod departure from
nucleate boiling and fuel rod failure propagation did not occur. Energetic
molten fuel-cool ant interactions did not occur and loss of cool able
geometry during power-cooling mismatch type accidents is not expected.



3. REACTIVITY INITIATED ACCIDENT TEST PROGRAM

The rapid insertion of excess reactivity into a light water nuclear
reactor (LWR) core has long been recognized as an accident mechanism with
the potential for failure of the fuel rod cladding. Extensive cladding
failure and subsequent dispersal of fuel into the coolant could disrupt the
core such that the postaccident capability for cooling the core would be
significantly imparied. Worst case RIAs in commercial nuclear reactors are
postulated to result from the rapid removal of control rod elements from
the reactor core. In a pressurized water reactor (PWR), a severe RIA might
be caused by rupture of a control rod drive mechanism housing or control
rod drive nozzle, resulting in system pressure ejection of an inserted
control rod from the core. In a boiling water reactor (BWR), a worst case
RIA cold be caused by the separation of an inserted control rod drive from
its cruciform control blade, the sticking of the control blade in the
inserted position as the rod drive is withdrawn, and the rapid falling of
the control blade to the withdrawn position.

A severe RIA occurred in the small, experimental SL-1 reactor in 1351
and resulted in three fatalities. Additional safety features were
subsequently incorporated into the design of commercial light water reactor
control drive systems and the estimated probability of occurrence of a
control rod ejection accident in a commercial power plant is now only about
10 per year of reactor operation. In addition, light water
reactors are designed with relatively low control rod worth. If a control

rod ejection accident should occur, the radial average peak enthalpy in the
18surrounding rods will be below about 180 cal/g.

3.1 Applicable USNRC Licensing Criteria

To minimize the extent of damage from postulated inadvertent
reactivity initiated accidents in commercial light water reactors, the
USNRC has imposed design requirements on reactivity control systems to
limit "the potential amount and rate of reactivity increase to assure that
the effects of postulated reactivity accidents can neither (a) result in
damage to the reactor coolant pressure boundary greater than limited local
yielding nor (b) sufficiently disturb the core, its support structure, or
other reactor pressure vessel internals to impair significantly the
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capability to cool the core." The USNRC also requires that the number

of fuel rods which w i l l experience cladding fa i lu re during various RIAs be

estimated and a conservative source term, subsequent transport of ac t i v i t y ,

and the resulting doses to the public be calculated.

Using USNRC recommended methods and assumptions an applicant (or
1Q

licensee) is expected to show that:

1. "Reactivity excursions w i l l not result in a radial average fuel

enthalpy greater than 280 cal/g at any axial location in any fuel

rod.

2. Maximum reactor pressure during any portion of the assumed

transient wi l l be less than the value that w i l l cause stress to

exceed the Emergency Condition stress l imi ts as defined in

Section I I I of the ASME code.

3. Offsite dose consequences wi l l be well within the guidelines of

10 CFR 100."

The guidelines regarding reactor coolant pressure boundary stresses are

assunmed to be met i f compliance with the 280 cal/g enthalpy l imitat ion is

sat isfactor i ly demonstrated. Offsi te dose consequences must be calculated

assuming that any PWR fuel rod which departs from nucleate boiling
19fa i l s and any BWR rod subjected to a radial average peak fuel enthalpy

of 170 cal/g U02 or above f a i l s .

The 280 cal/g U0- radial average peak fuel enthalpy l imi t was based

on a USNRC staff review of the SPERT and TREATa experimental data

a. SPERT is an acronym for the Special Power Excursion Reactor Test
program. Part of the SPERT program consisted of testing LWR type rods in
the Capsule Driver Core Faci l i ty at the Idaho National Engineering
Laboratory. TREAT is an acronym for the Transient Reactor Test Fac i l i t y
operated by Argonne National Laboratory for the Department of Energy.



available prior to 1974. Most of the SPERT tests were conducted with
single, or a very small cluster of unirradiated zircaloy-clad fuel rods in
a capsule with atmospheric pressure, room temperature, and stagnent water

conditions. The experimental data indicated that failure consequences were
21 22

insignificant for total energy depositions below 300 cal/g U02- *
However, the USNRC expressed the 280 cal/g RIA criterion in terms of radial
average peak fuel enthalpy, a more direct measurement of rod damage. But
radial average peak fuel enthalpy is considerably less than the associated
radial average total energy deposition because of heat transfer from the
fuel to the cladding during the power transient and the relatively large
fraction of the total energy which is due to delayed fissions (10 to 25%
depending on the reactor design). The SPERT test rods which were subjected
to a total energy deposition of 280 cal/g UOy reached a radial average
peak fuel enthalpy of about 230 cal/g UO,. Therefore, the limit should

?3 24have been 230 cal/g. Recent results from the NSRR * program confirm
the results from the SPERT program. In setting the 280 cal/g peak fuel
enthalpy limit, it was also assumed that the SPERT data were valid for
irradiated as well as unirradiated zircaloy-clad fuel rods.

Seven RIA tests have been conducted in the Power Burst Facility with
both fresh and previously irradiated test rods to evaluate the 280 cal/g
criterion and also the failure threshold criteria (departure from nucleate
boiling in a PWR and 170 cal/g radial average peak fuel enthalpy in a
BWR). These tests have addressed the following key safety issues (a) will
there be a loss of cool able core geometry when LWR fuel is subjected to a
radial average peak fuel enthalpy of 280 cal/g? (b) will energetic molten
fuel-coolant interactions (vapor explosions) occur during a severe RIA and
result in the production of a significant pressure pulse? and, (c) what is
the mechanism and threshold enthalpy for failure of light water reactor
fuel during an RIA? The seven PBF tests were all conducted with coolant
conditions representative of a BWR at hot startup.



3.2 Results From PBF RIA Test Program

The results from recent computer simulations and PBFtests of LWR fuel
behavior during an RIA indicate that the principal fuel rod and cladding
damage mechanisms, in chronological order, are:

1. Pellet-cladding mechanical interaction induced fracture or
tearing of previously irradiated cladding due to high strain rate
deformation of the relatively cool alpha phase zircaloy early in
the transient. A possible failure threshold of approximately
140 cal/g U0 2 has been identified for rods irradiated to a
burnup of about 4.6 GWd/t. Departure from nucleate boiling has
no influence on this damage mechanism.

2. Variations in cladding wall thickness due to extensive plastic
flow of hot cladding shortly after the burst and prior to
significant oxidation. Significant wall thickness variations
have been observed in the cladding of both previously irradiated
and fresh fuel rods subjected to 225 to 285 cal/g U02- These
wall thickness variations are probably associated with partial or
total melting of the cladding wall at enthalpies of 250 cal/g
UOo and greater and may be caused by locel coolant pressure
variations or fuel pellet fragment movement.

3. Fuel swelling and failure of previously irradiated fuel rods.
Fission product induced swelling of molten or nearly molten fuel
has resulted in cladding rupture and the complete blockage of the
coolant flow shrouds around two previously irradiated (4.6 GWd/t)
rods tested at 285 cal/g UC^-

4. Cladding oxidation and embrittlement during film boiling and
subsequent fracture upon quench. The regions of cladding wall
thinning in the high energy tests (radial average peak fuel
enthalpy of 250 cal/g U0 2 or greater) were often fully oxidized
to brittle oxygen-stabilized alpha zircaloy and zirconium dioxide

10



within about IS to ?0 s. These brittle layers easily fracture

during guench. Fuel grain boundary separation and powdering also

contributed to a loss of rod geometry during guench.

The mode of rod failure is strongly affected by previous irradiation

and energy deposition. Only previously irradiated rods have failed at low

energies M 4 0 cal/g radial average fuel enthalpy) due to pellet cladding

mechanical interactions. Fuel rod failure did not occur in fresh,

unirradiated rods until radial average fuel enthalpies of ?50 and 260 cal/g

HO- were attained. Cladding failure at these enthalpies occurred in

regions of wall thinning and partial cladding melting within the f<1m

boiling zone due to thermal shock of embrittled cladding during quer~.h.

Failure and loss of geometry in unirradiated fuel rods tested at ?RS cal/g

was also caused by thermal shock of embrittled cladding during quench,

although fuel and cladding melting coexisted prior to fracture during the

transient. Previously irradiated fuel rods tested at 385 cal/g U0 ?

failed due to extensive fission product induced molten fuel swelling. The

irradiated rod ruptures occurred during the fuel heatup phase Drior to

significant oxidation and rod fragmentation. The molten fuel subsequently

froze and blocked the coolant channels.

The extent of failure of previously unirradiated fuel rods at boiling

water reactor hot startup system conditions, as determined from PBF tests,

appear to he somewhat more severe than observed from tests performed in

either SPERT or NSRR at BWR cold critical conditions. In the SPERT and

NSRR tests, claddinq cracks were generally evident in rods subjected to

aDproximately 250 cal/g !in? and the zircaloy cladding was oxidized and

embrittled; however, the rods remained relatively intact. The extensive

fuel fragmentation observed in the "BF tests at ?50 and ?60 cal/g 110,, is

related to the claddina wall thickness variations and complete oxidation of

the thin sections.

11



3.3 Resolution of RIA Safety Issues

Experimental results from the Reactivity Initiated,Accident.program

indicate that the 280 cal/g and 170 c*.l/g radial average peak fuel enthalpy

l imi ts may be non-conservative. On the basis of the data obtained the

280 cal/g l im i t should be changed to about 230 cal/g and the 170 cal/g

l im i t should be 140 cal/g or less. The c r i te r ion that any any PWR fuel rod

that departs from nucleate boi l ing f a i l s is also inappropriate.

As mentioned above, l i gh t water reactor control systems are presently

designed such that i f a react iv i ty in i t ia ted accident does occur the

resulting peak fuel enthalpy w i l l be well below 180 cal/g. Based on this

result there is no real safety problem with respect to loss-of-coolaole

geometry, fuel fa i lure propagation or molten fuel-coolant interaction as a

result of an RIA in a commercial power plant.

4. LOSS-OF-COOLANT ACCIDENT TEST PROGRAM

The behavior of l ight water reactors (LWRs) following a postulated

loss-of-ccolant accident (LOCA) must conform to c r i te r ia specified in the

Code of Federal Regulations. To ensure that the behavior of both the

cooling system and the nuclear core is understood and properly modeled,

in-p i le experiments are being conducted in the Loss-of-Fluid Test (LOFT)
28Facility and Power Burst Facility at the Idaho National Engineering

Laboratory. The LOFT Fac i l i ty was designed to represent the behavior of an

ent i re, large pressurized water reactor during a postulated LOCA. The

PBF-LOCA tests are providing in-pi le information on the thermal and

mechanical deformation behavior of nuclear fuel rods subjected to coolant

conditions representative of the conditions expected in a LWR during a

double-ended cold leg break LOCA.

4. i USNRC LOCA Licensing Cr i ter ia and Safety Issues

In response to the potential hazards result ing from a postulated LOCA

i t is stipulated in the Code of Federal Regulations, Part 50, 50.46 that:

"each boi l ing and pressurized l ight water nuclear power reactor fueled with

12



uranium oxide pellets within cylindrical zircaloy claddinq shall be

provided wi'ch an emerqercv core coolinq system which shall be designed such

that its calculated cooling performance following postulated

loss-of-coolant accidents conforms to the following criter i a — . "

1. "The calculated maximum fuel element temperature shall not exceed

2200° F (1477 K).

2. "The calculated total oxidation of tne claddina shall nowhere

exceed 0.17 times the total claddinq thickness before oxidation.

3. "The calculated total amount of hydroqen qenerated from the

chemical reaction of the claddinq with water or steam shall not

exceed 0.01 times the amount that would be qenerated if all the

metal were to react.

1. "Calculated chanqes in core qeometry shall be such that the core

remains amenable to coolinq.

S. "After any calculated successful initial operation of the

emerqency core cooling system, the calculated core temperatures

shall be maintained at acceptably low values—-."

The zircaloy cladding on liqht water reactor fuel rods will

plastically dtform and rupture during a severe LOCA when the cladding

temperatures rsach values somewhat above 920 K (a value well below the

licensing criterion of 1477 K ) . This deformation or "ballooning" may

result in blocked flow channels and a loss of coolable geometry. A large

number of out-of-pile tests have been performed with electrically heated

fuel rod simulators to determine the maqnitude and a;:ial extent of this
29 30ballooning. * Both single rod and small bundle tests have been

performed and the results are somewhat inconclusive. Some test results

indicate that claddinq ballooning to rupture is auite localized, hoth

axially and circumferentially, with an average circumferential strain as

low as ?0%. Results from other out-of-pile tests indicate that cladding

reformation could be greater than 80* average circumferential strain and

13



extend axially over a considerable distance. The primary controlling
parameters are the local cladding temperatjre distribution, the heating
rate, and the rupture temperature and pressure difference across the
cladding. The thermal and mechanical differences rtiich exist between
electrically heated test rod simulators and nuclejr fuel rods make it
difficult to determine which set of out-of-pile data is most representative
of the ballooning and rupture behavior of nuclear fuel rods.

The primary objective of the LOCA tests in the PBF is to determine the
magnitude and extent of cladding ballooning during a simulated double-ended
cold-leg break LOCA. The information obtained from these tests will be
pertinent in answering two key LOCA safety issues: (a) will ballooning
during a severe double-ended cold leg break LOCA lead tc co-planer blockage
a*d subsequent loss-of-coolable geometry? and (b) which of the out-of-pile
ballooning data sets is most representative of nuclear fuel rod behavior?

4.2 PBF LOCA Test Program Results

The PBF LOCA program is being conducted with varying test rod internal
pressure, cladding state (previously irradiated or fresh), and rod power
while a system depressurization typical of that expected during a
double-ended break of a PWR inlet pipe is maintained. Cladding temperature
histories for each test are controlled by adjusting the rod power and are
shown in Figure 1. Peak cladding temperatures of approximately 1070, 1190
and 1350 will be achieved during these tests. Because zircaloy changes
crystalline structure at temperatures between 1105 and 1245 K, these
temperatures are the points of (a) maximum ductility of alpha-phase
zircaloy cladding, (b) approximately the minimum ductility in the alpha
plus beta phase transition, and (c) maximum ductility of beta-phase
zircaloy cladding.

The PBF LOCA test rods are similar to pressurized water reactor
15 x 15 design fuel, except for length (0.91 m rather then 3.5 m) and
U enrichment. Each test is being conducted with four test rods
surrounded by individual flow shrouds and systemmetrically placed within
the PBF. Two rods are internally pressurized to values representative of

14
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Figure 1. PBF-LOCA program goal cladding temperatures during biowdown.



newly fabricated PWR fuel rods, and two rods are pressurized to values

representative of hiqh burnup fuel rods. One of each type of pressurized

rod was previously irradiated in the Saxton reactor to between 10,000

and 17,700 MWd/t.

Three of the five planned tests in the LOCA test series have been

performed. Test LOC-11 achipved peak claddinq temperatures in the

alpha-phase (M030 K) with incipient ballooninq. Claddinq

temperatures durinq Tests LOC-3 and LOC-5 reached the alpha plus beta

f1105-1245 K) and low beta-phases (1245-1350 K) respectively, and the
"V?cladding ballooned to failure. The test proqram will be completed with

Test LOC-5 (Siqh alpha phase claddinq ballooninq) and Test LOC-7 (beta

phase claddinq ballooninq).

Th<_ maximum circumferential elongation data from the PBF LOCA tests

has been compared with the published data from the Oak Ridge National

Laboratory out-of-pile Multirod Brust program. The burst temperature

of the PBF LOCA data was assumed to be the maximum claddinq temperature

evaluated by posttest metalloqraphic examination of the cladding

structures. The PBF in-pile Hata generally correspond well with the

out-of-Dile data. Circumferential elonqations within the alpha olus beta

reqion ranqed between ?Q and 98%. The circumferential elonqation of test

rods that failed in the beta phase ranqed between 19 and

The PBF LOCA testb ere designed to provide information regarding the

effects of rod internal pressure and prior irradiation on zircaloy cladding

deformation as well as provide deformation data at qiven temperatures for

comparison with appropriate out-of-pile data. mr.hough the results of only

two tests are available for comparison, it appears that previously

irradiated fuel rods tend to balloon to a slightly qreater extent then

fresh rods when exposed to nearly identical blowdown conditions. In

addition, the axial extent of the previously irradiated rod deformations

a. The Saxton reactor is a small prototype pressurized water reactor built
by the Westinqhouse Electric Co. and located in Saxton, Pa.

16



(deformation greater than 10*) was significantly larger than the fresh rod

deformations. Since both the previously irradiated and fresh rods deformed

at temperatures well above those necessary to anneai prior irradiation

damage and cold work stresses, differvices in local cladding axial and

circumferential temperature variations in tiis region of ballooning or

differences in the cladding heating i<;M at xhe time of ballooning probably

accounted for the observed difference ir. cladding strains. The slight

differences in previously irradiated and fresh rod thermal behavior during

the PBF LOCA tests were probably due to slight differences in fuel rod

dimensions, specifically the closing of the fuel to cladding gap during

extended irradiation.

The axial extent and failure strains of the high and low pressure PBF

LOCA test rods were not significantly different. The observed similarity

in cladding strains of the low and high pressure rods was originally not

expected, since the high pressure rods were expected to always deform in

the high alpha phase reguardless of the peak temperature. However,

differences in the mechanical and thermal response of the test rods with

different prepressurizacions resulted in differences in the cladding

heating rates during blowdown. The different heating rates at the time of

ballooning strongly influenced the magnitude and extent of plastic

deformation and resulted in similar behavior for the low and high pressure

rods.

The fuel in both the unirradiated and irradiated test rods broke into

small pieces and tilled the available space in the ballooned regions. This

fuel breakup is consistent with results obtained at Karlsruhe. Based

on neutron radiographs, the fuel in the previously irradiated test rods

appeared to be broken into smaller pieces than the fuel in the unirradiated

test rods. Fuel breakup in irradiated rods is important because

significant quantities of volatile and gaseous fission products are trapped

at fuel grain boundaries and therefore fuel breakup leads to increased

fission product release and higher radiation doses.
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4.3 Resolution of LOCA Safety Issues

The cladding deformation data obtained to date from the LOCA test

program performed in the Power Burst Fac i l i t y are in reasonable agreement

with previously published data from out-of-pi le tests. These results

indicate that co-planer blockage result ing from preferential cladding

ballooning at a given axial elevation is not l ikely and therefore that the

core fuel rods w i l l remain cool able following a LOCA.

5. OPERATIONAL TRANSIENTS

Operational transients occur occasionally in operating commercial

power reactors when minor malfunctions of system components, to varying

degrees, affect t h j reactor core. Frequently the effect of the malfunction

is a loss of the secondary heat sink, and increase in system pressure and,

in a boiling water reactor, void collapse and an increase in reactor power

which directly or indirect ly activates the automatic scram system, shutting

down the reactor. The Edison Electric Power Inst i tute (EPRI) has selected

37 categories of anticipated and unanticipated BWR malfunctions and

forty-one categories of PWR malfunctions based on transients defined in

WASH-1400 and data from u t i l i t i e s for transients which have actually
34occurred, For those which have occurred, EPRI assigned a value for

their frequency of occurrence per re?ctor year. These values ranged from

0.02 + 0.14 to 1.41 + 1.89 occurrences per year for BWRs and from

0.01 _+ 0.09 to 1.69 ± 2.44 occurrences per year for PWRs. Analyses of most

of these transients are contained in the safety reports of the various

reactor vendors.

EG&G Idaho has evaluated the available data and performed fuel rod

behavior calculations which indicate that , the consequences of the most

severe operational transients may be somewhat greater for BWRs than for

PWRs. For this reason, the i n i t i a l operational transient testing planned

for the PBF wi l l focus on BWR fuel behavior. The BWR operational

transients result in a power ramp characterized by a power peak of up to

120% rated power and a time above rated power of up to 60 seconds or a

react iv i ty in i t ia ted power increase characterized by a power peak of up to
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350% rated power for up to 2 seconds. Lryout and severe cladding

temperature excursions are not expected during such transients and,

therefore, the only damage mechanism of concern is cladding fracture due to

pellet-cladding mechanical and chemical interactions.

Man/ of the EPRI-classified operational transients may be postulated

to occur with a failure of the automatic scram system and are thus

anticipated transients without scram (ATWS). The probability of failure of
a light water reactor scram system per demand is in dispute, but the

—4 — 6
arguable range of values is from 10 to 10 . The range of
probabilities for the occurrence of an ATWS based on an operational

transient with a probability of occurrence of 1 is therefore the same,

10"4 to 10~6.

A7WS events were elpvated to the status of design basis events with

the publication of NUREG-0460, Vols. I and II in April 1973.35 This

report reviewed available information on the subject and incorporated
35analyses performed by the vendors. A later volume of the report

suggested that resolution of the ATWS concern should rest on engineering
evaluation and judgement of the appropriateness of alternative plant
modifications, rather than quantitative risk analyses. Alternative plant
modifications were also discussed.

Conditions in the reactor core during an ATWS are subject to a variety
of assumptions. A review of analyses of ATWS events indicated that a
700% increase in power having a duration of 2 to 3 seconds could occur in a
BWR. This may result in dryout for 10 minutes with cladding temperatures
less than 1100 K. Recent Generaly Electric Co. reports indicate a 1200 K
cladding temperature might occur for the same transient, followed by rapid
flux and power oscillations which are accompanied by sloshing of the
coolant on collapsed and embrittled cladding. This scenario suggests three
fuel rod damage mechanisms: (a) pellet-cladding mechanical interaction and
boiling transition together during a transient; (b) cladding collapse and
waisting, (collapse of the cladding into the space between pel le ts ) ;
(c) cladding oxidation and embrittlenient, and, (d) rapid power oscillations
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with collapsed and possibly embrittled cladding. PWR ATWS events are

characterized by ramps up to 135% power with operation at that power for

10 minutes or longer.

Neither existing data or projected data from other programs is

adequate for determining rod fa i lu re probabi l i t ies, mode of damage or

fa i l u re , quantity and mode ov f iss ion gas release, damage accumulation, or

the need for mitigating the consequences of the ATWS. The PBF OPTRAN Test

Program is designed to provide such data.

5.1 Applicable USNRC Licensing Criteria and Safety Issues

The USNRC has licensing c r i te r ia for operational transients. F i r s t ,

General Design Criterion 10 states that reactors must " . . .be designed

with appropriate margin to assume that specified acceptable fuel design

l imi ts are not exceeded during any condition of normal operation, including

the effects of anticipated operational occurrences". Second, i t is

required that the reactor core must remain amenable to cooling and the

radiation dose l imi ts at the site boundary shall not exceed those specified

id 4
38

in 10 CFR 100 during postulated Class 3 and 4 accident scenarios

resulting in a power and coolant imbalance."

In addition to the above c r i te r ia the NRC is currently evaluating the

need for additional regulations to l im i t fuel pellet-cladding interaction

during operational transients and to mitigate the consequences of a

postulated ATWS. Therefore, the key operation transient and ATWS safety

issues are: (a) should a reactor be derated following a severe operational

transient? (b) should regulations be imposed to l im i t pellet-cladding

interaction in irradiated fuel rods? and, (c) should reactors be modified

to reduce the probabil i ty of a severe ATWS? The key safety issues coupled

with the need for data to support new regulations provide the basis for the

PBF Operational Transient Test Series. Expected results from the test

series are discussed in the following subsection.
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5.2 Discussion nf Significant Experimental Results

The f irst indication that zircaloy-cla;l U02 fuel rods might be
susceptible to failure due to a pellet-cladding interactive mechanism
inherent to the fuel and cladding materials was obtained in 1964 by General
Electric in the "High Performance UOp progr^n" Jointly sponsored by the
United States Atomic Energy Commission and EURATOM. Since that time
the phenomena of pellet-cladding interaction induced cladding failure has
received considerable attention throughout the world. Such failures are
apparently induced by power increases after a sufficiently high burnup is
attained to allow fission product release. There is a very strong
incentive to find a remedy for these failures because the present method of
preventing cuch failures is to accept limits on rates of reactor power
increase which is expensive due to lost output during slow increases.
Experiments have been performed in the Halden, Studsvik, NRU, GETR, RISO

4(1-45
RCN-Petten, BR-2, and BR-3 reactors. Most investigators now accept
the view that both the presence of aggressive chemical species and high
localized stresses are prerequisites for power ramp induced pellet-cladding
interaction fai lures. However, pellet-cladding mechanical interaction
failures may also occur during severe power increases due to high strain
rate tearing c~ fracture of irradiation embrittled zircaloy cladding.

Intergranular cracks form in zircaloy at stress levels below the
threshold stress but these cracks do not propagate. Transgranular
cracks, which lead to cladding fai lure, always occur at sites in the metal
surface that contain higher than normal concentrations of alloying elements
or at impurities that appear to be introduced during the tube processing

46
operation. Therefore, barriers that prevent IK^-dadding contact at
these sites of high concentration of alloying elements or impurities
appeared attractive. For this reason the General Electric Company has been

a. Threshold stress is defined as that hoop stress below which no failures
were observed in long term tube pressurization t e s t s .
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testing PCI remedy rods containing copper barriers and zirconium
liners. Ini t ial experimental results indicate that both types of
remedy rods decrease pellet-cladding interaction failures during slow power

48ramps.

5.3 Planned PBF OPTRAN Experiments

A series of seven OPTRAN tests is scheduled for the PBF reactor.
During Test OPT 1-1 four separately shrouded, previously irradiated BWR
(8 x 8) test rods will be exposed to one BWR/4 turbine trip without steam
bypass power transient followed by the removal of two test rods. The
remaining two test rods will be subjected to two additional -power
transients of increasing severity until the rods fail. Test OPT 1-3 will
examine the effects of a series of 15 BWR/4 turbine trip with bypass
transients on a 3 x 3 bundle of previously irradiated BWR-6 test rods.
Both OPT 1-1 and 1-3 will begin with a period of steady state
preconditioning operation to build up an appropriate fission product
inventory (the rods will remain unopened). There will be no boiling
transition, leaving pellet-cladding interaction as the only probable
cladding damage mechanism. Extensive pre- and posttest examination will
provide detailed information regarding the severity of detrimental effects
from the pellet-cladding interaction and whether damage is cumulative. If
fuel failure occurs, the release and transport of fission products
throughout the PBF primary coolant loop will be continuously monitored.
Both copper barrier and zirconium liner remedy rods as well as standard
product line fuel rods will be used in Tests OPT 1-1 and OPT 1-3.

Test OPT 1-2 will contain two sets of 2 rods in series. The purpose
of the first rod in each set is to raise the coolant quality to a level
prototypic of the upper elevation of a BWR core for the second rod in the
set. The second rod in each set would then be operated at both power and
coolant conditions prototypical of the upper elevations of a BWR core. One
power transient with a power shape similar to a BWR main steam isolation
valve closure ATWS will be conducted such that boiling transition and
dryout is reached but cladding temperatures will remain below 900 K. This
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will induce pellet-cladding interaction damage during dryout. If rod

failure does not occur, the first transient will be followed by a long

period of steady state operation at nominal operating powers to determine

if stress corrosion crack propagation will cause cladding failure. If no

failures are observed, a second and third transient will be conducted such

that cladding temperatures are sufficient to collapse the cladding of the

test rods. The cladding collapse will increase the severity of the

pellet-cladding interaction. Again, if no failure occurs, the test rods

will be subjected to steady state operation to determine if stress

corrosion crack propagation will cause cladding failure. Extensive

posttest metallurgical examination will provide further detailed

information.

The fourth test of the series, Test OPT 1-4 will also be performed

using two heater and two test rods. The test is designed to duplicate tine

predicted conditions for an inadvertant closure of the main steam Isolation

valve with scram system failure in a BWR. This includes a power transient

peaking at 775% of rated power which induces boiling transition and dryout,

followed by power oscillations 01. collapsed cladding. Severe

pellet-cladding mechanical interaction and oxidation embrittlement may

occur which, when combined with the power oscillations, may result in

extensive rod damage. Posttest metallurgical examination will provide

detailed information as to the character of the rod damage.

Test OPT 1-5 will be performed using four separately shrouded high

burnup PWR fuel rods. A PWR rod withdrawal without scram ATMS will be

simulated and the primary damage mechanism will be pellet-cladding

interaction.

Test OPT 1-6 will be a nine rod cluster test using high burnup rods

subjected to one to three BWR/4 trubine trip without steam bypass with

scram transients.
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Test OPT 1-7 will also be a nine rod cluster test using high burnup
rods subjected to 17 BWR/4 turbine trips with staam bypass with scram
transi ents.

5.4 Resolution of Key OPTRAN Safety Issues

The results obtained from the OPTRAN tests will be used directly to
resolve many of the questions discussed in Subsection 5.1. For example:
should a reactor be derated following a severe operational transient?;
should regulations be imposed to limit pellet-cladding interaction in
higher burnup rods?; and, should reactors be modified to reduce the
probability of an ATWS? In addition, data will be obtained to better
evaluate present computer models or develop new ones.

6. SEVERE FUEL DAMAGE ACCIDENTS

Severe core damage accidents have traditionally not been considered as
part of the NRC reactor stfety research program because of the extremely
low probability for such events. However, on March 28, 1979, the Three
Mile Island Unit 2 (TMI-2) pressurized water reactor experienced a severe
thermal transient which resulted in extensive core damage and fission
product release to the containment. The initiating event was a loss of
normal feed water to the steam generators resulting in a turbine trip.
These events are anticipated to occur with moderate frequency and are
normally terminated without incident. However, during this particular
transient, the electromagnetic relief valve, which opened to relieve excess
system pressure as planned, failed to close when the system pressure
decreased. This permitted continued coolant discharge which eventually
resulted in uncovering a portion of the core. The resultant core damage
was much greater than that anticipated to result from selected,
hypothetical design basis accidents. *

The occurrence of the TMI-2 accident is consistent with previously
estimated probabilities17'51. The probability of occurrence of any
accident involving reactor core damage and radioactivity release is one in
2000 reactor years of operation for PWR's and one in 7750 reactor years of
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operation for BWR's.17 At the tir»n_ of the accident 223 reactor years of
PWR operation had elasped and 187 reactor years of BWR operation had
elapsed. This results in a 13% chance of having such an accident by
March 28, 1979.

6.1 Severe Fuel Damage Accident Safety Issues

Shortly after the transient, the TMI-2 core probably consisted of a
non-homogeneous anisotropic mixture of fragmented fuel rods and previously
molten fuel rod material. The fragments were probably Composed of
U0? and U.0_. The bottom of the rubble pile probably had a parabolic
shape, reflecting the variation in heat transfer and relative fuel rod
power within the core. When coolant flow was reestablished, the heat
transfer would have been characteristic of that in fixed and fluidized
pebble beds with the bed fluidization (or regions of the bed) dependent
upon the local coolant velocity, bed geometry ar.4 local properties. The
large chunks of slag from the previously molten material would have had a
significant influence on the flow resistance and the local coolant
velocity. The heat transfer from these relatively large chunks, if they
did not fragment from thermal shock when quenched, would have been by
conduction and convection. Local boiling within the bed could also have
had significant effect on the local heat transfer.

The cool ability of this severely damaged core (or of another, worse
accident) is uncertain. Therefore, the key severe fuel damage safety
issues involve questions relating to core coolability: can fuel damage
resulting from an accident such as TMI-2 result in a noncoolable core
geometry?; and, what equipment is needed to assure post-accident core
cooling?

6.2 Proposed Severe Fuel Damage Assessment Program IN PBF

As a result of the TMI-2 accident, the USNRC has initiated a test
program designed to evaluate severe fuel rod damage mechanisms and core
response during non-design basis accidents. Phase-1 of this program will
extend the fuel behavior data base to conditions of extensive cladding
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melting and fuel dissolution. In Phase-2, the program w i l l be extended to

include fuel rod temperatures in excess of 3100 K which w i l l result in

molten fuel movement.

As presently planned, Phase-1 of the Severe Fuel Damage Program in the

PBF, w i l l evaluate fuel rod damage mechanisms for a variety of conditions

which are basically characterized by a reduced system pressure concurrent

with core uncov r y due to boil off of the coolant. The fuel rod stored

energy w i l l slowly increase with peak fuel rod temperatures reaching at

least 2300 K. During the fuel rod heatup, the cladding w i l l balloon and

rupture, venting f ission products to the system and exposing the cladding

inside surface and fuel to oxygen. When temperatures exceed approximately

1245 K, cladding oxidation w i l l become signi f icant. I f the heatup rate is

slow, less than about 1.0 K/s, the cladding w i l l be completely oxidized

before the cladding temperatures exceed the melting temperature of the

zircaloy. However, i f the heatup rate is greater than about 1.0 K/s, a

substantial fraction of the cladding w i l l be either unoxidized beta

zircaloy or oxygen-stabilized alpha zircaloy. When this material melts, i t

wi l l flow down the fuel rod and dissolve a substantial amount of uranium

dioxide f u e l . This l iqu i f ied material w i l l resol id i fy at lower

temperatures in the lower elevations of the bundle or when i t contacts the

coolant near the bottom of the bundle. The test bundle w i l l be quenched to

terminate some of tho tests. Thermal stresses generated during quench wi l l

fragment the oxidized and embrittled cladding, and wi l l also fragment and

desinter some of the undissolved fue l .

The hydrodynamic and heat transfer characteristics ( i . e . , coolabil i ty)

of the rubble bed wi l l be examined either in -p i le or out-of-pi le in a hot

cell as part of the posttest examination. In let coolant flow w i l l be

varied and the pressure drop across the rubble p i le wi l l be measured. The

minimum f lu id iz ing velocity and terminal coolant velocity of particles wi l l

also be determined.

A series of f ive highly instrumented 32 rod bundle tests have been

proposed for the PBF Severe Fuel Damage Test Program, see Table 1. The

tests w i l l provide basic information regarding: (a) the fragmentation of a
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TABLE 1. SEVERE FUEL DAMAGE TEST PROGRAM

Test

Scoping
Test

SFD-1

SFD-2

SFD-3

SFD-4

Claddinq
Temp

Rise Rate
fK/s)

0.5

4.0

0.5

4.0

TMI-?

Test
Termination

Slow
cool down

Slow
cool down

Quench

Ouench

Quench

Comments

Claddinq ballooninq and rupture; extensive
oxidation, hydrogen uptake, and embrittlenient;
fission product release when claddinq ruptures,

Degree of oxidation significantly reduced
because of increased heat up rate and
cladding melting. Molten zircaloy could
dissolve significant fraction of UO?.
Gross fission product release could occur.

Same as scoping test except for quench.
Post-quench flow rate will be varied to
evaluate rubble bed hydrodynamic and heat
transfer characteristics.

Similar to Test #1. Quench will fragment
fuel rod. Post-quench flow rate will be
varied to evaluate rubble bed hydrodynamic
resolidified fuel rod in rubble bed.

Heatup rate will approximate best estimate of
TMI-2 fuel rod heatup, otherwise similar to
Test #3.



highly oxidized fuel rod bundle; (b) cladding melting, U0 2 dissolution,
and redistribution and resolidification of the liquified material; (c) the
state of the test bundles prior to quench; and (d) the hydrodynamic and
heat transfer characteristics of a rubble pile composed primarily of ZrO»
and U0 2 fragments versus a rubble pile composed of resolidified cladding
and dissolved U0 2 and U0 2 fragments. The PBF results will be
complimentary to and compared with the results of the examination of the
TMI-2 core.

6.3 Resolution of Severe Fuel Damage Safety Issues

The PBF Severe Fuel Damage Assessment Program is structured to provide
key data regarding the primary fuel rod damage mechanisms and inter-related
processes which could occur during a severe accident; including fuel rod
fragmentation and U0 2 dissolution, movement, and freezing. Out-of-pile
data and associated analytical models of specific portions of the total
transient, such as cladding ballooning, oxidation and embrittlement exist.
These data and models require confirmation with corresponding data gathered
from in-pile experiments. Other portions of the transient, such as
cladding oxidation at temperatures greater than about 1775 K, cladding
melting, the dissolution of UO? by molten zircaloy, the redistribution
and resolidification of the liquified fuel rod material, fuel rod
fragmentation, and fission product release as a result of fu^l desintering
and dissolution, have not been extensively studied nor have the appropriate
analytical models been developed. Data from this program will be utilized
to provide an understanding of these phenomena and related processes.

The quenching and long-term cool ability of a previously molten and
highly fragmented fuel rod rubble pile is currently a major uncertainty.
The PBF test program has been structured to evaluate the hydrodynamic and
heat transfer characteristics of the rubble pile which will form during the
tests. These data will be used to gain an understanding of the
hydrodynamic and heat transfer processes involved in the quenching and
long-term cooling of a severely damaged core and will be used to evaluate
the post-accident heat transfer systems on commercial plants.
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7. CONCLUSIONS

The experimental program or ig inal ly planned for the Power Burst

Faci l i ty w i l l be accomplished upon completion of the two remaining LOCA

tests, LOC-6 and LOC-7. A total of th i r ty-eight tests w i l l have been

performed. Information obtained from the PCM, RIA, and LOCA tests have

been used to help resolve safety issues ruevant to these accident

catagories. The PCM test data have been used to obtain a better

understanding of the physical processes associated with boiling t rans i t ion ,

quench, rewet, and return to nucleate boi l ing. The results of the PCM

tests have shown that (a) a signif icant margin between the present NRC

cr i te r ia and actual fuel fai lure thresholds exists (b) a cool able geometry

can be maintained following a PCM (c) energetic molten fuel-coolant

interactions should not be expected during a PCM, and (d) rod-to-rod

departure from nucleate boiling and fuel rod fa i lure propagation is

unlikely.

Experimental results obtained from the RIA tests indi-ate that (a) the

280 cal/g and 170 cal/g radial average peak fuel enthalpy l imits

established by the USNRC may be nonconservative and the cri terion that any

PWR fuel rod that departs from nucleate boiling f a i l s is inappropriate.

However, i f a react iv i ty in i t ia ted accident does occur in a commercial

power plant the control systems are designed such that there is no real

safety problem with respect to loss of coolable geometry, fuel fa i lure

propagation, or molten fuel coolant interaction.

The cladding deformation data obtained to date from the LOCA test

program performed in the Power Burst Faci l i ty are in reasonable agreement

with previously published data from out-of-pile tests. These results

indicate that co-planer blockage resulting from preferential cladding

ballooning at a given axial elevation is not l i ke ly , and therefore that the

core fuel rods w i l l remain coolable following a LOCA.

The new PBF experimental program is comprised of operational

transient, operatiorcl transient without scram (ATWS) and Severe Fuel

Damage experiments. Results from the operational transients and ATWS tests

are expected to define damage mechanisms and fa i lure thresholds and help

determine (a) i f a reactor should be derated following a severe operational
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t rans ient (b) i f regulat ions should he imposed to l i m i t pe l le t -c ladd ing

in te rac t ion in high burnup rods, and (c) i f reactors should be modified t o

reduce the p robab i l i t y of an ATWS. The Severe Fuel Damage experiments are

structured to provide key data regarding the primary fue l rod damage

mechanisms that occur during a severe TMI-2 type accident; including fue l

rod fragmentation and UOg d i sso lu t i on , movement, v»d f r eez ing . The

quenching and long term c o o l a b i l i t y of a previously molten and highly

fragmented fue l rod rubble p i l e is of major concern.

NOTICE

This paper was prepared as an account of work sponsored by an agency

of the United States Government. Neither the United States Government nor

any agency thereof, or any of the i r employees, makes any warranty,

expressed or impl ied, or assumes any legal l i a b i l i t y or respons ib i l i t y f o r

any t h i r d par ty 's use, or the resu l ts of such use, of any informat ion,

apparatus, product or process disclosed in th i s repor t , or represents tha t

i t s use by such t h i r d party would not i n f r i nge p r i va te ly owned r i gh t s . The

views expressed in t h i s paper are not necessari ly those of the U.S. Nuclear

Regulatory Commission.
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