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ABSTRACT

This report describes the first full-length high-temperature test
(FLHT-1) performed by Pacific Northwest Laboratory (PNL) in the National
Research Universal (NRU) reactor at Chalk River, Ontario, Canada. The test is
part of a series of experiments being performed for the NRCas a part of their
Severe Fuel DamageProgram and is one of several planned for PNL's Coolant
Boilaway and DamageProgression Program. The report summarizes the test
design and test plan. It also provides a summaryand discussion of the data
collected during the test and of the photos taken during the post-test

• examination. All objectives for the test were met. The key objective was to
demonstrate that severe fuel damagetests on full-length fuel bundles can be
safely conducted in the NRUreactor.
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SUMMARY

Full-length high-temperature (FLHT) in-reactor experiments are being
performed by Pacific Northwest Laboratory (PNL) to evaluate degraded core
behavior and the progression of light water reactor (LWR) fuel damage
resulting from loss-of-coolant accidents. These experiments, _,hich are part
of the U.S. Nuclear Regulatory Commission Severe Fuel Damage Program, are
being conducted in the National Research Universal (NRU) reactor, Chalk: River,
Ontario, as part of the PNL Coolant Botlaway and Damage Progression (CBDP)
Program.

This report presents a summary of the FLHT-1 test operations. The test
was performed on March 2, 1985. In the report, the actual test operations and

• data are compared to the planned operations and predicted test behavior. The
report also provides a brief description of the test assembly design and
instrumentation, the effluent control module, and the data acquisition and
control system. The report concludes with a summary and brief discussion of
the data collected during the test, and photographs from the post-test
examination.

The test plan called for a gradual temperature increase to approximately
2150 K (3400°F). However, during the test, the fuel cladding began to rapidly
oxidize, causing local bundle temperatures to rapidly increase from about
1700K (2600oF) to 2275K (3635°F), at which time the test was terminated. Much
of the Zircaloy cladding in the central region (axially) of the 3.7-m-long
(12-ft) fuel bundle was heavily oxidized, and some Zircaloy cladding melted.

All objectives for the test were met. The k:ey objective was to demon-
strate that severe fuel damage tests on full-length fuel bundles can be safely
conducted in the NRU reactor.



PREFACE

Provided in this prefaceis generalbackgroundinformationon the series
of tests conductedby the PacificNorthwestLaboratory(PNL) under the Coolant
Boilawayand Damage Progression(CBDP) Program,sponsoredby the U.S. Nuclear
RegulatoryCommission (NRC). The CBDP Programis part of the NRC Severe Fuel
Damage and Source Term (SFD/ST)Program (USNRCIg8g). Through this program,
the NRC is sponsoringa series of well-controlled,highly instrumented
separate effectsand integraltests. The tests in the CBDP Programhave been
designatedtho full-lengthhigh-temperature(FLHT)tests. Five FLHT tests on

• full-lengthfuel rods are being conducted;four have been completedto date.
The FLHT tests are being conductedin the NationalResearchUniversal (NRU)
reactor at Chalk River, Ontario,Canada. The reactor is operated by Atomic

• Energy of Canada Limited (AECL)and staff and equipmentare providedby the
Chalk River Nuclear Laboratories(CRNL).

In the SFD/ST program,the NRC has partnershipsand cooperativeor bilat-
eral agreementswith the U.S. Departmentof Energy (DOE) and ElectricPower
Research Institute(EPRI)and with agencies in the followingcountries:
Belgium,Canada, FederalRepublicof Germany,Finland,France Italy,Japan,
Netherlands,Norway,Taiwan, Republicof Korea, Spain, Sweden,Switzerland,
and United Kingdom.

GOAL OF CBDP PROGRAM

The goal of the CBDP Programis to provideexperimentalresultsand anal-
yses to the NRC that can be used in assessingthe risk of severe accidentsin
light water reactors (LWRs). The results are used to increaseunderstanding
of reactor operationsand to then developstrategiesand guidelinesfor pre-
venting and mitigatingaccidentsin LWRs that could result from a severe loss
of reactorcoolant, referredto as a loss of coolantaccident (LOCA). These
tests provideprototypicdata and analysison the behaviorof reactor fuel rod
and control rod materialssubjectedto conditionssimulatinga LOCA. In these
tests, full-lengthfuel rods used in commercialLWRs are subjectedto severe
reductionsin the flow of coolantwhile operatingat low heat ratingsfor pro-
gressivelylonger times. This proceduresimulatesconditionsthat would
result from a LOCA in an LWR.

In general,the FLHT tests are performedto determinewhat happensto the
• fuel when it overheatsand melts; this behavioris monitoredduring the tests

to understandthe progressionof the melt as the fuel heats up. Physicaland
chemicalchanges in the fuel bundle are recordedas are releasesof fission

. productsand their transportand deposition. The data acquired is used to
resolvetechnicaluncertaintyabout hydrogengeneration;the progressionof a
core melt; amounts and distancesof melt relocation;solidificationpatterns,
includingblockageof coolantchannels;and the releaseof fissionproducts
in-vessel.

The FLHT tests are the only known in-reactorboilawaytests being per-
formed in the world on full-lengthfuel rods used in pressurizedwater
reactors (PWRs)and boilingwater reactors (BWRs). Because full-lengthrods
are used, no axial scaling factorsare requiredwhen applyingthe data
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acquired from the tests to the operationof LWRs. Both unirradiatedand
irradiatedfuel rods are used in these tests.

COMPUTERMODELS

During these tests, prototypicdata are generatedand recordedthat the
NRC can use to develop and evaluatemodels for assessingthe risk of severe
accidentsin LWRs. In particular,of interestare reactorcore models related
to the early phases of a severe accident,up to core temperaturesof about
2800 K before the uraniumdioxide and other ceramics like zirconiumdioxide
('3100K and "2900 K respectively)and other ceramicsmelt. Such models were
first developedby NRC contractorsusing data acquiredfrom short-lengthand
small-scaleseparateeffectstests conductedfor the NRC by PNL and other
laboratories(Praterand Courtright19871 and Knipe, Ploger and Osetek 1986).
The NRC uses data from the FLHT tests to furtherdevelop, benchmark,and
validatethese models.

These models have also been incorporatedinto detailedmechanisticcom-
puter codes, such as MELPROG (Dosanjh198g) and SCDAP/RELAP(Allisonet al.
IgSg). These codes can be used to predictseparate and integratedphenomena
expectedduring severe accidents.

i SCOPE

The scope of the CBDPProgram provides for five tests in the FLHT test
series and one proof-of-principal test to explore a range of conditions that
could contribute to a severe LOCA. They are identified in the following table
along with basic parameters of each.

Summaryof Basic Test Parameters for FLHT Tests

Peak Time at Peak
Irradiated Temperatures,K Temperature

Test Date Rods Goal Actual Goal Actual

MT-6B 6/84 0 1600 1400 0 0

FLHT-I 3/85 0 2150 2275 0 0

FLHT-2 12/85 0 2200 2500 4 4

FLHT-3 (Conceptualized only) t

FLHT-4 8/86 1 2500 2FO0 30 30

FLHT-5 5/87 1 2800 2600 60 60

FLHT-6 11/93 2 2600 -- 5 NA
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The conditionsfor each test in the series are designed to become pro-
gressivelymore severe,operatingat increasingprototypicnuclear power
densities,thermalgradients,and steam mass fluxes• They progress from a j
relativelyshort time at a relativelyhigh temperatureto longer times at even
higher peak temperaturesthey become progressivelymore severe over the tem-
peraturerange from 1400 K to about 2800 K. The program is limitedto con-
ducting tests that will providedata on and an analysesof the behaviorof a
reactorcore from the time that the core beginsto become uncovereduntil the
temperaturein the core reaches a peak of about 2800 K.

• The scope of PNL activitiesin the CBDP programincludesthe following:

• conceptualizingsuitable and productivein-reactortests
w

• designingand developingthe hardwareand systemsneeded for the
tests,with emphasison the geometryof the fuel bundle

• fabricating,procuringand assemblingthe hardware and systemsto
be used during the tests, includingthe fuel bundle

• performingthe requiredsafety analysesrequired for approvalto
performthe tests in the NRU reactor

• performingpretestoperationalchecks

• with the assistanceof CRNL reactorstaff, performingthe tests

• conductinglimitedbut immediatepost-testexaminations(PTEs)and
analyses

• analyzingand reportingon the preliminaryresultsof the tests to
membersof the agenciesand countriesparticipatingin the program

. with the CRNL staff,coordinatingand guidingdetailedpost-
irradiationexaminations(PIEs) and analyseswith the CRNL staff

• assessingthe resultsof the PIEs

. analyzingand reportingon the final results and conclusionsof the
• tests.

i

In 1978, PNL began tests under the large-breakLOCA Program in the
CanadianNRU reactorwith studieson the behaviorof full-lengthLWR fuel rods
relatedto design-basesaccidents. Studiedwere the heatup and refloodphases
of simulatedlarge-breakLOCAs. A descriptionand major resultsof experi-
ments conductedfrom 1980 through 1982 are contained in NUREG-1230,Compendium
9f ECCS Researchfor RealisticLOCA Analysis.

Mainly as a result of the accidentat the Three Mile Island,Unit 2
(TMI-2),in March 1979, the NRC redirectedwork at PNL on fuel behavior'from
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studies related to design-bases accidents, focusing on large-break LOCAs(LB-
LOCAs), to severe accidents, focusing on severe small "break" accidents.
Actual work with this new focus started in 1980.

During 1981 and 1982, PNLdesigned and developed SFD-type tests that
could be accommodatedin the short-length Power Burst Faciltty (PBF) reactor,
Idaho Falls, Idaho. The SFD-type test train that was developed included a
system compatible with the Canadian NRUreactor. Starting in 1983 test trains
were designed to permit the safe conduct of severe damagetests on full-length
LWRfuel bundles and the PNL severe fuel damagestudies becamepart of the NRC
SFD/ST international program.

Transit!on Test

In 1984, a proof of principal test (MT-6B) was performed to determine
whether a test on a full-length fuel bundle could be safely performed to dem-
onstrate the kind and extent of the damagethat would result to fuel rods from
a botlaway of reactor coolant. Emphasizedwere the severe damageconditions
that would result in the core. In this proof of principal test, the LB-LOCA
test geometry was used. Demonstrated during the test was that adequate ther-
mal insulation can protect the reactor under severe conditions and that it is
possible to control a botlaway transient_ the conclusion was that it would be
safe to conduct in-reactor tests that cause severe damage to reactor fuel rods
from a loss of coolant.

High-Temperature Tests

In March 1985, FLHT-1, the first very high-temperature test on full-
length fuel rods was performed. During the test, the coolant was allowed to
boilaway causing severe damage to the fuel rods. Demonstrated by this test
was that severe fuel damagetests on full-length fuel bundles can be safely
conducted in the NRUreactor.

FLHT-1 was followed in about 9-month Intervals by three stmilar tests,
each becoming increasingly more severe:

• FLHT-2 in December 1985

• FLHT-4 in August 1986

• FLHT-5 in May 1987.

The following are the general findings from these tests (Cronenberg, et al.)

. On-line data indicate that hydrogen generation continued after
onset of Zircaloy melting and during and following relocation of
the Zircaloy for as long as it remained hot and steam was present.



• Analyses of on-ltne data tndtcate continued hydrogen generation
during and following metal relocation, whtch is corroborated by
examination of metallographtc specimens.

. Data from thermocouples indicate non-uniform bundle heatup and melt
generation, wh!ch ts corroborated by post-test metal lographtc
observations of heterogeneous flow blockage areas.

. Post-test metallography for the FLHTtests by Chalk Rtver engineers
tndtcate extensive oxidation of Zry-beartng melt debrts. The

• extent of bundle oxidation relates dtrectly to the length of ttme
at htgh temperatures.

• . Metallographtc data to date tndtcate only mtnor changes tn coolant
flow areas.

Durtng 1988 and 1989, the data acqutred from these FLHT tests were ana-
lyzed by PNL. Based on thts analysts, a modtfted test tratn was designed and
developed. It will be used tn the last botlaway test to be conducted tn late
1993. The NRUreactor was unavailable during lg9i, 1992 and most of 19g3 for
performing the test. The purpose of this test, FLHT-6, ts to study the untque
aspects of the behavtor of BWRfuel rods channel box, and control blade
subjected to simulated conditions of a severe accident.

GENERALDESCRIPTIONOF CB_PTESTS

The tests are conducted to evaluate the behavior of fuel durtng simu-
lated small-break LOCAsresulting tn a partially uncovered reactor cove. In a
LOCA, as the coolant botls away and the fuel rods becomeuncovered, the
temperature of the rods Increases above destgn l tmtts. As the temperature
continues to Increase, the cladding on the rods starts to melt and becomedam-
aged, and radioactive ftsston products are released. The botlaway phase of
the test ts started by reductng the flow of coolant to the bundle of full-
length fuel rods while low ftsston power to simulate decay power is main-
tatned| this boils the coolant away. The phase simulates system enthalpy and
decay heat by supplying the energy that could cause an acctdent resulting from
cool ant bot 1away.

In genera!, the botlaway of the coolant and the subsequent heatup of the
. exposed rods, and the exothermlcautocatalyticoxidationreaction of Zlrcaloy

with steam that result during a test lead to the followingphysicaland chem-
ical changes' I) the generationof hydrogencaused by the oxidationof Zirca-

. loy from steaml 2) a rapid increase in the fuel and claddingtemperatures
cause by the exothermicoxidationreactions|3) the melting of the claddingon
the fuel rods| 4) the liquefactionof the fuel by the molten claddingl5) the
relocationof molten fuel and claddingmaterialI and 6) the releaseof fission
productsfrom the fuel, cause by the high temperatures.
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M_onl1_orlnqthe Tests

severe fuel damage test conditions are monitored by the following
methods• Cladding temperatures and heat flow are monitored by thermocouples
located along the length of the fuel Pod assembly• Water flow and steam flow
ape monitored by flo_nneters. The generation of hydrogen is measured by
partial pressure and flow, and the release of fission products is monitored by
gammaspectrometers• The test system conststs of a test assembiy, commonly
referred to as "test train"; effluent control module (ECM) and steam cave
closure (SCC)| and NRUreactor and auxiliary fiow loop.

A shielded ECMts used to 1) matntain the pressure in the test system by
regulator valves and flow injection of pressurized nitrogen gas, 2) condense
the steam from the effluent, and 3) route the gas/liquid fractions to waste
storage tanks and the reactor stack•

The following are specific phenomenathat are controlled and/or
monitored duping the tests:

• the NRUreactor power and the associated fisston power in the test
fuel bundle

• the water flow rate into the fuel bundle region

• the water level within the fuel bundle

• the temperature of the fuel bundle, within each fuel rod and var-
tous regions of the shroud

• the flow Pate of the gaseous effluent from the fuel bundle

• the amount of hydrogen in the gaseous effluent

• the time the fuel bundle is at a temperature above 2000 K.

S_f_ty Reports

Two safety analyses and an operations plan are prepared for each test
under the CBDPprogram. Ftrst, PNL prepares a preliminary safety analysis
report (PSAR). Several months later PNL then prepares a ftnal s_fety report
(FSAR). Both safety analysis reports (SARs) are reviewed and approved by
safety engineers at CRNLand by the AECLNuclear Safety Advisory Committee
(NSAC). Therefore, these two reports are written mainly for AECLsafety
engineers at CRNL.

Finally, PNL prepares the experiment operations plan (EOP) for each
test. This plan is also approved by test and operation engineers at the NRU
reactor. Experimental operations plans are the detailed step by step proce-
dupes used to conduct the CBDPtests and are directly related to the test,
reactor, equipment, measurements and controls.
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Post-Tes_Exam!nation

After each test, a post-test examination (PTE) ts performed as follows.
Ftrst, axial spectral gammascans tnclude the following: 1) along a special
rod suspended tn the plenum tube during a test, 2) along the outside of the
plenum tube above the fuel rod assembly, and 3) along the outstde of the
shrouded fuel rod assembly. The axtal extent of damageto fuel rods ts then
visually determined Jn the NRUreactor bastn shortly after a test. Later,
metallographJc and gammaray tomographJc examinations are performed by CRNL
staff on cross secttons of the fuel rod assembly to quantitatively determine

" the amount of bundle damage.

DATAONSOURCETERH$
Q

In addttton to providing data on the behavtor of fuel rods under severe
conditions, the experiments also provide data on the behavtor of radioactive
ftsston products. These data, matnly on the release of radioactive xenon and
krypton, can be used to help esttmate "source terms."

SEPARATEEFFECTSTESTS

Another componentof the NRCSFD/ST testtng program on nuclear power
reactors Js a sertes of small-scale separate effects tests. The results of
these tests are betng confirmed and validated by the data that ts betng
acqutred durtng the CBDPtests. These small-sca]e tests, begun tn the early
1980s, have concentrated on a stngle phenomenasuch as the rate of the oxida-
tion of Ztrcaloy at very htgh temperatures, the rate of the reactton between
Ztrcaloy and UO2, or the oxidation rates of stainless steel. The NRChas
sponsored these tests at PNL and other laboratories. Huchwork tn thts area
was also conducted at Kernforschungszentrum (KfK), Karlsruhe, Germany.

The small-scale tests are conducted Jn the Power Burst Factltty (PBF)
reactor at ]daho Falls, Idaho (Kntpe, Ploger and Osetek 1986; and Harttnson,
Pert1 and Cook 1986)| tn the Annular Core Research reactor (ACRR), Albuquer-
que, New Hextco (Gauntt, Gasser and Ott 1989)| and at several out-of-reactor
facilities. In SFD experiments conducted at the PBF reactor, "0.91-m (36-tn.)
-long 32-rod bundles were tested to 3000 K. Four tests were completed and
provtded data to support FLHTtest operations.

HRU_REA_TOR

. The CBDPtests are destgned and conducted to take full advantage of the
matn capabilities of the NRUreactor. These tnclude the following:

1. the capability fop testtng htghly Instrumented 12-ft long bundles
of fuel rods, up to 14 Pods tn a bundle, under thermal-hydraulic
conditions representative of contemporary LWRs

2. the capability for achieving prototypic power densities znd axtal
power distributions wtth fuels of commercial enrichment
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3. the capability for providing prototyptc coolant massfluxes at the
fluid/vapor Interface whtch are typical tn a TMi-2 type botldown.

Theseuntque capabilities reduce the uncertainties associated wtth scaltng the
length and power distributions and the Interpretation of the experimental
results from the small-scale separate effects tests.

UNITSLOFI_EASURE

Commonpractice Js to use "familiar" untts Jn a11 documentsrelattng to
the CBDPtests, untts famtltar to the actual test engineers andcommonto the
equipmentandmeasurementsystems. The commontest untts and the untts tn the
EOPsare Inch.lb.-F-liter-second.

Becausethe on-ltne test data are evaluated durtng the test to dtrect
test operations, the data are recorded tn the sameuntts as deftned tn the
EOP;thus, data reports use the EOP'ssystemof untts as we]] as SI untts.

DISSEHINATIONOFRESULTS

At the conclusion of the FLHTtests, to ensure that the NRCand SFD
partners recetved the bastc results of the tests Jn a ttmely lash|on, prelim-
inary data reports are prepared basedon preliminary revtews of the results;
these reports are |ssued as draft PNLreports. The objective of tssutng these
preliminary drafts ts to makethe results of the test available to the
research communityas qutckly as posstble so that the results can be applted
to reactor operations. After subsequentreview and detailed analyses, ftnal
data reports on the tests are prepared and published.

Becausethe PSARs,FSARsand EOPsconcern preparations for the CBDP
tests and do not contatn vttal data on the results of the tests, they are
published as PNLtechnical reports.
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DEFINITIONS

ACRR Annular Core Research Reactor (at Sandia National Laboratory)
A/D analog to digital
AECL Atomic Energy of Canada Limited
BWR boiling-water reactor
CBDP coolant boilaway and damageprogression (program at PNL)
CRNL Chalk River Nuclear Laboratories (Ontario, Canada)
DACS data acquisition and control system
DERM di sassembly-examinati on-reassembly machine

• ECN effluent control module
EOP experiment operations plan
FLHT full-length high-temperature

• FSAR final safety analysis report
LCS loop control system
LOCA 1oss-of-coolant accident
LWR light-waterreactor
MMPD molten materlal penetrationdetector
NCTFM noncondensableturbineflowmeter
NRC U.S. NuclearRegulatoryCommission
NRU NationalResearch Universal(reactorat CRNL)
PBF Power Burst Facility (IdahoNational EngineeringLaboratory)
PIE post-irradiationexamination
PNL PacificNorthwestLaboratory
PSAR preliminarysafety analysis report
PTE post-testexamination
PWR pressurized-waterreactor
SFD/ST severe fuel damage/sourceterm
SLPM standardIiters per minute
SPND self-poweredneutrondetector
TC thermocouple
TCM thermalconductivitymeter
TDR time-domainreflectometer
TMI Three Mile Island
Type K thermocouplemade of chromel/alumelwith MgO insulation
Type C thermocouplemade of W-5Re/W-Z6Rewith BeO insulation
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I.0 INTRQDUCTION

Th_ V.S. NuclearRegulatoryCommission (NRC)Severe Fuel Damage (SFD)program-a consistsof well-controlled,highly instrumentedseparateeffects
and integralexperimentsthat providedata on fuel rod and core behaviordur-
ing severe accidentdegradedcore conditions. Dissolutionof fuel in molten
Zircaloy,formationand coolabilityof core debris beds, hydrogengeneration,
fissionproductrelease,and aerosoltransportare among the phenomenabeing
investigated.

• The Coolant Boilawayand Damage Progression(CBDP)program is part of the
NRC SFD program• As part of CBDP programa seriesof integratedfull-length
high-tempeTA_ure(FLHT)tests is being performedby PacificNorthwestLabora-

. tory (PNL)_uJ to study the behaviorof full-lengthlight-waterreactor (LWR)
fuel rods duringCBDP conditions. This is a report on the first of these
tesLs. They are being conductedin the NationalResearchUniversal(NRU)
reactor,Chalk River,Ontario;equipmentand staff are being providedby Chalk
River NuclearLaboratories(CRNL).

The resultsfrom both separateeffectstests and integralexperiments
will providethe databasefor developingand verifyingcomputercodes such as
SCDAP (Bernaet al. 1982),MELPROG (Rivardand Camp 1983),and TRAPMELT
(Jordanet al. 1979),which are designedto predictthe individualand com-
bined phenomenaexpectedduring severe accidents. Separateeffectstests are
being conductedin the AnnularCore ResearchReactor (ACRR),Albuquerque,
New Mexico, and at severalout-of-reactorfacilitiesto obtaindetailed data
on the phenomenafor analysis. In-reactortests were completedat the Power
Burst Facility (PBF),Idaho Falls, Idaho. In the PBF SFD tests, -0.91-m
(36-in.)-long32-rod bundleswere tested to -2200% (4000°F). Four tests were
completedand provideproof test data to supportFLHT operations.

This reportpresentsthe data collectedduring the FLHT-I test and
post-testvisualexaminationof the fuel bundle. The plannedtest is
describedand comparedto the actual test operations. Descriptionsof the
test train design, supportinginstrumentation,and controlsystemsare also
included.

(a) Partnerswith the NRC in this programincludenuclearorganizationsfrom
the followingcountries: Belgium,Canada, England,Federal Republicof
Germany, Italy,Japan, The Netherlands,Republicof China (Taiwan),
Republicof Korea, Spain, Sweden,and the UnitedStates.

(b) Operated for the U.S. Departmentof Energy (DOE)by BattelleMemorial
Instituteunder ContractDE-ACO6-76RLO1830.
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2.0 TESTOBJECTIVES

The FLHT-Itestwas designedand performedto providefull-length
integralcoreeffectsdatafor LWRsby simulatingand evaluatingSFD acci-
dents. Testobjectivesincludedthefollowing:

• Providedatathatare prototypicof LWRsduringcoolantboilawayand
coredamageprogressionneartypicaldecayheatlevels.

• Correlatefuel temperatureswiththe hydrogengenerationhistory,
' fuelbundlecoolantlevel(elevation),steamingrate,and fuel

relocation.

' • Providedatato comparefull-lengthfueltemperatureprofiles,fuel
rod ruptureeffects,and damageprogressionphenomenawith short
coredatafromthe PBF andwith scaled-upseparateeffectsdata from
othersourcesto determinethe validityof appliedscalingfactors
and separateeffectscorrelationtechniques.

• Comparemeasuredhydrogengenerationwith analyticcodepredictions,
and providedatafor validationof scalingfactorsappliedto short
coredatafromthe PBF.

• Demonstratethat full-length LWRfuel bundle SFDtests to tempera-
tures as high as 2200 K (4000°F) can be safely conducted in the NRU
reactor.
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3.0 EO_JIPI_ENTCONFIGURATION

The equipment for the FLHT-1test consisted of three major componentsin
addition to the componentsof the NRUreactor loop systems: the test train
and instrumentation,an effluentcontrolmodule(ECM),andthe dataacquisi-
tionand controlsystem(DACS).Thesecomponentsare describedin the
following.

3.1 TESTT_IN ANDII_STRUMENTAT!ON

' The FLHT-1test train assemblyconsisted of a closure region, a plenum
region, a core region, and an inlet region. Longitudinal schematics of the
test train assemblyplenum, andcore regions are shownin Figures 3.1 and3.2,

. and a horizontal core region schematic is shownin Figure 3.3. The test train
assemblywas -lO-m (31-ft) long andwas suspendedin the L-24 position of the
HR!Ireactor. The closure region contained the hardware componentsthat sup-
port the testtrainandmaintainedthe primarysystempressureboundary.
Pressureboundarypenetrationsfor instrumentlines,fuelrod pressurization
lines,bundlecoolantlines,the effluent(oroutletsteam)line,and the
flushwaterlinewere includedin the closureregion. The plenumregion,
-4.3-m(14-ft)long,occupiedthe portionof the testtrainbetweenthe clo-
sureregionand thecoreregion. The fueledcoreregion,-2.6-m(12-ft)long,
containeda 12-rodfuelbundleassemblyenclosedwithinan insulatedshroud.
The in;etregioncontainedthe shroud-to-bundleinterfaceandthe bundle
coolantinletsystem. The bundlecoolantwas a once-throughsystemthatwas
isolatedfromand independentof the bypassloopcoolantsystem. The bundle
coolantsystemwas designedforzeroleakageto or fromthe bypasscoolant.

3.1.1 Closure Reatorl

A crosssectionof the closureregionis illustratedin Figure3.4.
Thesecomponentsformedthe primarysystempressureboundarybetweenthe
bypassloopcoolantusedby the FLHT-Itest and the reactorhallenvirons.
The closureplugwas sealedto the L-24positionstumpbodyby two commercial
metallicgaskets.

The closure plug contained the pressure boundarypenetrations for all
testtraininstrumentlines,fuelrod pressurizationlines,and shroudand
plenumcavityventlines. The instrumentlinesexitedthe plugthroughthree

. leadfeedthroughs.The systempressureboundaryat the feedthroughlocation
was maintainedby packingglandseals. In additionto the abovepenetrations,
an effluentline,a flushwaterline,andtwo bundlecoolantlinespassed

. throughthe closureplug. The effluentlinewas weldedto the closureplug.
The pressureboundaryat the flushwaterlineand the bundlecoolantlineswas
providedby commercialautoclavefittings.

Four Type K thermocouples (TCs) were attached to the effluent line above
the closure plug. These thermocouplesprovided a safety group to measurethe
temperatureof the effluent.
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FIGURE3,1. Longitudinal Cross Section of FLHT-1Upper Test Train Assembly
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E]J_UBJL_.J. Core Region Cross Section of FLHT-I Test Train Assembly
(dimensions in inches)

3.1.2 PlenumReQton

The plenum region (Figure 3.1) contained two plenum assemblies The
upper plenum was an evacuated double-walled assembly (Figure 3,5), and the
lower plenum was a zirconium-dioxide-insulated assembly (Figure 3.6). The
plenum region containedthe mechanicalstructurethat positionedand suspended
the fuel region of the test train within the reactorcore, The plenum region
also providedthe effluentflow path, filtration,temperaturemeasurement,and
sensor instrumentation,

Doubl_-WilIed UDDer P]e_m

The double-walledupper plenum assemblywas attachedto the bottomof the
closure Plug (Figure 3.5) by hexagonal nuts threaded into the bundle coolant
and flush-lineextensions. Four Type K thermocoup!eswere attachedto the
effluent flow boundaryalong the supporttube to measure the effluent temper-
ature at variouslevels. The regionbelow the upper flangewas a double-
walled structurewith an evacuatedannularspace. The evacuationtube was
locatedat the upper flange. The annularspace ended at the lower Flange
housing. The lower flangeprovidedconnectionsfor the flush line and two
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time domain reflectometer(TDR) lines. Six thermocouplesand two desuper-
heater lines also enteredthe effluent flow path throughthe lower flange.
Two thermocoupleswere located below the desuperheaterat level 281.75;the
desuperheaterswere at Level 288; and the desuperheatercontroldata were pro-
vided by four thermocouplesat Level 309.75. In addition,four thermocouples
were mountedon the flush-lineextensionand filter holder at Levels 269.9,
258.1, 246.3, and 234.5, respectively. Flush water enteredthe effluentflow
path above the filter at about Level 255.

InsulatedLower Plenum

The insulatedlower plenum (Figure3.6) attachedto the lower flange of
the double-walledplenum at Level 289.25. The insulatedplenum was a coaxial
tubular structurewith low-densityzirconium-dioxideinsulation[1440-kg/m3
(90-1b/ft3)]in the annularspace betweenthe Zircaloytubes. The insulation
cavity was hermeticallysealed and backfilledwith argon at O.I-MPa (1-atm)
pressure;the cavity was monitoredduring the test by a pressuretransducer.

Effluententeredthe insulatedplenum throughthe inlet tube at the lower
end. The inlet tube was surroundedby low-densityzirconium-dioxideinsula-
tion to minimizeheat loss from the effluent to the bypass coolant. The low-
density zirconiumdioxide in this zone was containedwithin a high-density
zirconium-dioxideholder,which acted as a supportand containerfor the low-
density material.

The inlet tube temperaturewas monitoredby two Zircaloy/tantalum-
sheathedType C thermocouplesat Level 166. The inner tube temperaturewas
monitoredat Level226 by two stainlesssteel-sheathedType K thermocouples.
All thermocouplesheathsexited the plenum insulationcavity throughtwo tran-
sition piece adaptersat the top flange.

The exteriortemperatureof the insulatedplenumwas also monitoredat
the highesttemperatureregion, Level 166. Four Type K thermocoupleswere
attachedto the exteriorZircaloytube and constituteda safety trip group of
sensors.

3.1.3 Core Region

The core region of the test train containedtwo coaxial assemblie's:the
shroud and the fuel bundle. Severalviews of the shroudassembly are shown in
Figures3.7, 3.8, and 3.9; and the bundle assembly is shown in Figures3.10,
3.11, and 3.12. The shroud assemblyprovidedthe mechanicalsupportand phys-
ical and thermalcontainmentfor the fuel bundle. The bundle assemblycon-
tained the fuel rods and the instrumentationthat monitoredthermalconditions
in the fuel rods and in the bundlecoolant channelsduring the test.

Shroud

The shroudassembly attachedto the lower flange of the insulatedplenum
at Level 162. The shroud was a built-uptubular structurecontainingan equi-
lateraloctagonalZircaloytube as the inner liner. Surroundingthe octagonal
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11net tube was 10.4 mm(0.41 tp.) of Insulation. The Insulation was high-
strength low-density 1522-kg/m3(95-1b/ft 3) zirconium-dioxide tiles arranged
in an interlocking configuration, The configuration was self-supporting and
would not displace inwardly if the tnner ltner tube were removed. Ztrcaloy
saddles radtally retained the insulating configuration andmadethe transition
from an octagonal shape to a round cross sectton. This built-up substructure
was surroundedby a Ztrcaloy tube and welded end fittings, which created a
hermetically sealed insulation cavity.

The shroud Insulatlon cavity contained 32 thermocouples: 16 Type C ther-
' mocoupleswere attached to the inner liner to measurehigh temperatures at

Levels 56, 64, 72, 80, 88, 96, 104, and 112; and 16 Type K thermocoupleswere
placed adjacent to themon the exterior of the shroudsaddles to measuretam-

. peratures at the samelevels and radial orientations. The 16 shroud saddle
thermocouplesconstituted four safety trip groupsof sensors to monttor the
extertor shroud temperature in the core reglon. These thermocouplelocations
are showntn Ftgure 3.8. All thermocoupleleads exited the sealed Insulation
cavtty through Ztrcaloy/statnless steel transition pieces. The leads were
brazed at the stainless/stainless interface.

The shroudinsulation cavtty also contained upper and lower vent ltnes.
Thevent 11nespenetrated the Sealed Insulation cavity through upper and lower
shroudend fittings and monitored the Insulation cavtty pressure. Whenthe
shroudliner breached, a pressure transducer on the vent lines indicated the
associated tncrease in pressure and the time of the event.

Four Independentmolten matertal penetration detector (MMPD)circuits
were wrappedaround the insulation cavity outer tube from Level 8.5 to
Level 132. EachMMFOwas a l-mm-dta (O.040-tn.) instrument andwas separated
from its adjacent neighbor by a 1-mm-dta(O.040-tn.) spacer wire, The tnner
and outer tubes were welded to the shroudend ftttinqs, creating a hermetic-
a11y sealed MMPDcavlty.

The MMPDleads exited the sealed cavity through Zlrcaloy/stalnless steel
transition pieces that were welded into the shroudend flttlngs. The leads
were brazed at the stainless/stainless interface,

The MMPDcavtty pressure was measuredwith a pressure transducer on the
MMPDcavity vent line. Increasing shroudtemperatures were indicated by the

' decreasingelectricalresistivityof theMMPDcircuits.A breachof the MMPD
cavity,whichdid not occur,wouldhavebeenindicatedby a rise in cavity
pressureup to the systempressure.

Exteriorshroudinstrumentationconsistedof thermocouplesand self-
poweredneutrondetectors(SPNDs).A totalof 12 TypeK thermocoupleswere
locatedat Levels-8,72, I09.25,and 114;SPNDswere locatedat Levels23.75,
44.75,56, 65.75,86.75,and 107.75. The locationsandorientationsof all
shroudinstrumentationaredetailedin Figure3,8,
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Fu_1Rod BUjIg_

The fuel rod bundle assemblycontained 12 instrumented fuel rods, a
spactng framework, support structure, Instrumentation, and an Instrument lead
seal. A schematic hortzonta! cross section of the assembly |s shown|n
Ftgure 3.3.

Each instrumented fuel rod Jn the bundle contained a pressurization tube
and three Type C thermocouples. The thermocouples,ere resistance weldedto
the tntertor of the fuel claddtng at various elevations, and the sheaths
exited the bottomof the fuel rods through brazed closure. Fuel rod details
are sho,n tn Ftgure 3.13.

The rod-to-rod spactng was established by prototyptc PWR]nconel 718 grtd

acers. Etght grtd spacerswere located on 53-cm (21-tn.) centers aiong theength of the bundle beginning at Lave1 2.75. Eachcorner of the bundlecon-
ta|ned a Ztrcaloy Instrument carrter for routtng thermocoupleleads. The car.
rters were anchored to the tte plate and provtded the longitudinal structural
anchors for the grtd spacers. The thermocouplelead carrier/grid spacer/tie
plate subassemblyprovtded the overall spactng frameworkfor the fuel rod bun-
dle assembly.

Three Type C thermocoupleswere located at eachof ftve grtd spacer loca-
tJons from Level 67.76 through Level 151.75. One thermocouple,as routed
across the bottomof the grtd to the center of the bundleand extended3 cm
(1.25 in.) be!owthe grid. The other two thermocoup!eswere routed up through
opposingcorners of the grtd andwere located at the upper face of the grid.
SeventeenType K thermocoupleswere also located on the bundle assembly:
14 ,ere located on the inside of carr|ers (two each at Levels 20, 27, 36, 40,
and 44.75, and four at Level 30); three Type K thermocoupleswere located at
Level -10 to Jndtcate bundlecoolant tnlet temperature. Level 30 thermo-
couples const|tuted a safety sensor group. However, those at Level 27 were
also available for use as an alternate safety group. The locat!ons of all
bundle instrumentation, except internal fuel rod thermocoup!es,are detatled
tn Figures 3.14, 3.15, and 3.16.

The tle plate at the lower end of the bundle (Level -6.118) was attached
to the Inlet hous!ngby standoffs. The inlet housingcontained a packing
gland seal to !solate the bundle coolant channel from the bypasscoolant chan-
nel where the Instrument leads exlted the bundle, Structural support for the
bundle was provided by the Inlet houslng.

The inlet housing provided protection for the instrument leads at the
lower end of the test train, The !nlet region contained the bundle coolant
lines and the inlet flange. The destgn layout for the regton Js showntn Ftg-
ure 3,17, The inlet flange provtded the interface betweenthe bundle and the
lower shroud flanges, The bundle and shroud flanges were sealed to the inlet
flange by crushable copper seals. The bundle coolant 11neswere welded into
the tnlet flange.
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3.2 EFFLUENTCONTROLMODULE

The ECMcondensed steam from the test train effluent and provided pres-
sure control for the fuel rod bundle coolant. It also measured hydrogen
generation and fuel fission products that migrated to the ECM. The primary
componentsof the ECMwere a condenser; porous metal filters; a thermal con-
ductivity cell; various blocking, relief, and control valves; various instru-
ments; and lead shielding of fission-product-contaminated components for
radiation protection. A plan view shows the location of the ECMon the NRU
reactor deck (Figure 3 18), and a schematic flow diagram of the ECMwithin its
secondaryconfinementis shown in Figure3.19. The hydraulicrelationships
betweenthe ECM, the FLHT-Itest train, and NRU reactorloop facilitiesare
illustratedin Figure3.19. A more detailed flow diagram of the ECM is shown
in Figure3.20.

3.2.1 PressureControl

Nitrogenwas injectedinto the ECM condenserto control the fuel bundle
coolantpressureand to providea carriergas to sweep hydrogenthroughthe
thermalconductivitycell. The nitrogen and the test train effluent (both gas
and liquid)exited the ECM throughone outlet pipe and passed to the loop
radioactivewaste catch tanks.

3.2.2 Confinementand Shieldinqof FissionProducts

This equipmentwas locatedwithin a sheet metal confinementthat was
anchoredto the NRU reactordeck. A jumper pipe connectedthe test train to
the ECM and anotherjumper pipe connectedthe ECM to a radioactivewaste out-
let pipe and the loop catch tanks that are below the NRU reactordeck. These
jumper pipes were shieldedand within the ECM confinementsystem. The con-
denser, filter,and pipes of the ECM that could be potentiallycontaminated
with radioactivefissionproductswere all shieldedwith lead.

The ECM used a specialventilationsystem providedby CRNL to exhaust any
accidentalreleasesof radioactivegases to the ECM confinement. These
releaseswere processedthroughthe existingreactorfiltrationsystemsand
dischargedthroughthe reactorstack.

3.2.3 FissionProductHeasqrement

A 2-_m (79-rain.)filter in the main effluentline trapped aerosolsand
fissionproducts,and a condenserprovideda plateoutsite for other selected
fissionproducts. Solubleand gaseous fissionproductspassed throughthe ECM
to the loop catch tank. However,gamma detectorsmonitored fissionproduct
speciesas they exitedthe test train throughthe effluentpipe to the ECM and
as they passed throughthe filter and condenser.

3.2,4 Commissioninq

The ECM was commissionedat the NRU facilitybefore the FLHT-Itest. The
ECM was pneumaticallyand helium leak tested before it was attachedto the

3.22



3.23



3.24



3.25



test train. After it was connectedto the test train and loop catch tank pip-
ing and before the test began, it was pressuretestedalong with the test
train. After the test, the jumper pipes were removedand the ECM was lifted
clear of the NRU deck. The ECM and the pipes were cleaned,placed in storage,
and refurbishedas necessaryfor future use.

3.3 DATA ACOUI@ITIONAND CONTROLSYSTEM

The DACS used for FLHT-Icomprisedseveralmajor components: a super-
minicomputer,an analog-to-digitai(A/D) subsystem,two color graphics termi-
nals, and severalcharacterterminals. The super-minicomputerused the AOS/VS
virtualmemory operatingsystem and was equippedwith two megabytesof semi-
conductormemory, two I600-bpitape drives,two igO-megabytedisk drives,and
a line printer. A small dot matrix printerwas attachedto one of the termi-
nalsi two other terminalswere connectedto a hard copy unit so that eitherof
them could print a screen copy.

3.3.i OoeratlonalObjectives

The DACShardware and software were designed to accomplish the following
objectives:

, data handling and scanning

• tape and disk input and output

• on-line graphics and terminal input/output (I/O)

• test control (calibration, startup, and controlling the bundle
coolant flow)

• test termination(automaticallyor manually shutdownthe NRU
reactor)

• post-testdata examinationand output.

3.3.2 System Conflouration

The terminalswere set up in the followingconfiguration. One character
terminalwas used as the consoleto controlthe DACSI one characterterminal
and one graphicsterminalwere used by the seniortest engineerfor data moni-
toring and evaluation;and one characterterminaland one graphics terminal
were provided in a separateroom for the use of test observersnot involved
in actuallyrunningthe test. These two terminalswere equippedwith a vari-
ety of monitoringfunctions,but no control functions. The major components
and the personnelstations for operatingand observingthe test are shown
schematicallyin Figure 3.21.

The DACS softwarewas designedto use the functionkeys of the terminals
to initiatedesiredroutines. Certain functionsavailableto the console
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operatorwere disabledin the other terminals. These specialfunctionswere
necessaryto operatethe computersystem,but they had no data reporting
capability.
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3.3.3 ReactorSafe_ T_tas

Had tt been necessary to terminate the test before completing the test,
two meansof trtpptng the reactor frofll the DACSwere available--one automatic
and one manual. The automatic trtp, and tts logtc, ts described ftrst tn the
following. A brief note on the manualtrtp by the OACSconsole operator then
follows.

Automatic,Reactor Safety Trtu

The hardware for the test was designed so that the reactor would be auto-
mattcaily trtpped tf set potnt or preset safety limtts were exceededdurtng
the test. These set potnts are ltsted tn Table 3.1a. As a result of an auto-
mattc trtp, a stgnal from the DACSwould have been sent to the loop control
system.

The automatic trtp systemworked tn the following way durtng the test,
The DACSscannedthe Instruments betweenone and ftve ttmes per second
recording data on the performance of the reactor. After each scan, the

]_LE3.1a. Test Safety Tr!p Functions, Automatic

........ _Automat,tc Trtos ........... Se[_tpt Resoonstb11tt,Y
Temoerature_ •

Shroudsaddle extertor- htgh 640 K 700°F PNL
Bypasscoolant outlet - htgh 450 K 347°F' CRNL
Upper plenumoutstde - htgh 465 K 370°F_ PNL
Plenumsteamoutlet - htgh 640 K 700°F_ CRNL
Bundlecoolant low level 510 K 455°F PNL

Level-30 TC Group

ECMtest traln effluent - low 0.59 MPa PNL
(85 psig)

FlowRate

Bypasscoolant - low 163 kg/h CRNL
(300 I b/h)

Bypasscoolant - high 909 kg/h
(2000 I b/h)

Power_Chanqe

Meanpower log rate - high 15% CRNL

Bundle _oo!ant

Accumulatorweight 11.3 kg
(25 lb)
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readtngs of the instruments iisted tn Table 3.1a were checkedagatnst the pre-
set ltmtts. If after two successive scansof data they Indicated that the
reactor was operating beyondthe established set potnts, a stgnal to trtp the
reactor would be sent from the OACS.

Thermocoupleswere the principal instruments used to record the data
neededto+determine whether the reactor was operating wtthin established set

potnts and preset safety ltmtts. In mostcases, the thermocoupleswere com-bined tnto arrays of four (M-4). Then, during the test, tf two (N 2) of the
four thermocoupiestn the array sent data Indicating that the reactor, at the

' place ,here the array was located, was operating tn excess of the set potnt, a
software fiag was set. i

. If the next scanof the instruments had then also shownN of the M ther-
mocouplestn that array readtng beyondthe set potnt, the OACSwould have
automatically trtpped the reactor.

If, on the other hand, the secondscanof the thermocoupleshad shownat
1east N of M thermocouplestn that array readtng beyondthe set potnt, the
software flag activated by the ftrst scanwouid have been cleared and the
reactor would not have been trtpped.

Thts "two scans tn a row" technique was used so that spurtous electronic
no!se would not cause premature test termination. Beca,se no dangerousor
limiting conditions were encountereddurtng the FLHT-1test, the reactor dtd
not have to be trtpped, either automatically from the DACSor manually.

Other Instruments were also part of the safety logtc, For example, tf
two (N-2) of three (H-3) pressure transducers tn the ECMptptng measuredlow
pressure, the reactor would have been shutdownafter the secondscan.

Wheneverone thermocouplefrom a group of four safety sensors failed--
read full-scale postttve or be]ow zero--during the test, tt was removedfrom
the safety sensor group definition wtthout Interrupting the test, The safety
sensor group ustng that thermocoup]ewas redefined as a two of three safety
sensor group.

Mar_al Reactor Safety_Trips

. Conditions identified in Table 3.1b might have arisen during the test
that would have causedthe senior engineer to call for a shutdownof the
reactor. The DACSenables the console operator to manually shut it down.

, During the FLHT-I test, the senior engineer requested the NRUreactor operator
to shut the reactor down, even though noneof the conditions listed in
Table 3.1b were abnormal.
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TABLE3.1b, Test Safety Trtp FunctionsHmnuml

.. :_Hmnual_r:1oJ.(a)...............................: ...._..Condlt Ion............. Rizoonzlbll | tv

Bundlecoolmnt dtfferenttmi htgh PNL
pressure

Bundlecoolmnt flow lmrge difference
betweenmeasured
versus demand

Q

I_IPDcontinuity change PNL
HHPDresistivity low PNL

o

HHPDcavtty pressure htgh PNL

(a) TheSeconditions were continuously monitored and assessed to
evmluzte the course of the test. An mppromchto mnunsafe con-
d!tton wouldhave been cause for m manualtrtp msoutltned
in the Ftnal Smfety AnmlymJ$Report (Rumscheret zl. 198S),
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4.o IES O  TZONS

This sectton provides an overvtew of the operations that were planned for
the FLHT-1test and of tho operations that actually occurred. ;nformatton ts
tncluded on the test equipment Installation, planned operations, and actual
operat|ons,

The basic FLHT-I test plan involved establishing a bypass flow through
the annulusbetweenthe test train shroudand the pressure tube to cool the
tube and maintaining the cold boundarynecessary for the shroud to contatn the

' high-temperature test, Oncethe bypass@iowwas set, a test assembiypower
equivalent to 0.524 kW/m(0.160 kW/ft) of fuel rod wasgenerated by ra!stng
the reactor powerandcalculating the bundle power using cool,n_ calorimetry.

' Thewater flow was then reducedto a value at which steamwas extttng the
assembly. A settee of flow reductions were to follow until conditions were
reached for which a predicted peak claddtng temperature of 2150 K (3400'F) was
calculated, The test was to then be terminated with no reflood flow; i.e.,
the test train was to be maintained dry, if possible.

The proposedoperating conditions are summarizedin Table 4.1. The time
required to progress through the Flow steps ,as calculated to be between6 and
12 h. The actual test events varied somewhatFrom the plannedoperations.
The actual operations are described in Section 4,3.

4,1 INSTALLAT!ON_NDCHECKOUT

Test installation |nvolved Inserting the test tratn into the L-24 posi-
tion in the NRUreactor, mounttngthe ECH, andmaking the necessary service
connections.

There were two piping systemsfor the FLHT-I test. The First systemsup-
plted the bundle coolant to the test tratn. This coolant passedthrough the
top closure, through the two bundle coolant lines, through four bundle cool-
ant downcome_tubes, and then entered the bottomof the test train below the
fuel rods. The coolant exited the test train through the effluent line to the
ECM.

The bundle coolant entered the test train at the closure regton. During
pretranstent operation, it subcooledthe test train so that the test train

' power could be determined by meansof a heat balance. The coolant was routed
to the loop catch tanks.

, The secondplptng system--the bypasscoolant system-.received coolantfrom the U-2 loop, measuredtt, and cltrected tt up the annulus between the
L-24 pressure tube and the shroud. ]t then returned the coolant to the
U-2 loop,

Ptptng Installation and checkout tnvolved connecting the inlet and outlet
cooltng 11nes, ensuring proper flows and flowmeter calibrations, and ensurt.9
leak tightness, The connections betweenthe test tratn closure and the ECM
were leak tested, Theseconnections tncluded the pressurization and pressure
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_j_Jj,..4.Ll, FLHT-1Test NomtnalOperat!ng Conditions

Bundlecoolant - cmlibrmtton 0.151 kg/s (1200 1bin/h)
Bundlecoolant - operation 0.013 to 0.002 kg/s (100 to 16 lbJh)
Bypmsscoolant 0.063 to 0.252 k9/s (500 to 2000 lbJh)
Desuperheaterwater $8 g/s (60 lbJh)
ECMcondenserwinter 315 g/s (2500 1bin/h)
ECMchtlled water $0.038 L/mtn (0.01 gpm) .
ECMnttrogen 90 L/mtn (3.18 ft_/mtn) STP

NRUremctor -4%neutron full scale
Fuel rod -ltnear 0.524 kW/m(0.160 kW/ft)
Bundle 23 kW(22 Stu/s)

_ TemOerature__ _
Peak fuel cladding 2150 K (3400°F)
Peak shroud saddle intertor 425 K (300,F)
Bundle coolant tnlet 340 K (150°F)
Bundle coolant saturation 467 K (38PF) at 185 pstg
aYpasb_nniant tnlet 340 K (150'F)
Bypasscoolant outlet 365 K (200'F)
Bypasscoolant smturatton 470 K (382oF) at 185 pstg
Peak plenum 1645 K (2500°F)
Peak plenumoutlet 645 K (700"F)

...... __.PressUre_ _
Bundlecoolant 1.28 HPa (185 pstg)
Fuel rod 1.34 MPa(195 pstg)
Bypasscoolant 1.28 MPa(185 pst9)
MMPDcavity 0 MPa(0 pstg)
Shroud insulation cavity _0 MPa($0 pstg)
PlenumInsulation cavtty $0 MPa(_iOpslg)

_.__Totjl Coolant ReautPed_

Bundlecoolant 540 k9 (1200 lbm)
Desuperheater 54 k9 (120 lbm)
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measuring11nes for each of the fuel rods, the shroud Insulation cavity, the
MMPDcavity, and the pressure transducer manifold (located inside the ECM).
Ftnally, the ventilation systemfor the ECMwas connected. The required flow
conditions are shownin Table 4.1.

Once the test train was Installed, the instrumentation cables were con-
nected. Instrumentation was provided to collect data, control the test, and
provideappropriatesafetytrips, Eachsafetytriplistedin Table3.1 and
eachcontrolledparameterlistedin Table4.1was checkedto ensurethat it
functionedproperly.

i

4.2 pLANNEDOPERATIONS

' This section of text describing the planned test operations has been
extractedfromthe experimentoperationsplanfor FLHT-I, It iswrittenin
futuretense.

The FLHT-Itestwill beginwith pretransientoperationto set the
reactorpowerto give the desiredtestassemblypowerof 23 kW
(22Btu/s). Once the poweris set,the testwill be startedthrough
itstransientoperation.The termtransientis somewhatof a mis-
nomer;operationwill consistof a seriesof prep!armed,discrete
flowreductionsteps. The sizeanddurationof each reductionis
selectedto controlthe steam-Zircaloyreaction--andhencethe temp-
eraturerampsandhydrogengenerationrate.

PretransleDtODera_ion

Establishingthe 23-kW(22Btu/h)testtrainpowel_will be accom-
plishedby settingthe bundlecoolantflowrate to about0.126kg/s
(I000Ibm/h) and an inlettemperatureof about310 K (IO0°F) The
reactorpowerwi!l thenbe adjustedto the 23-kW(22Btu/h)ievelas
determinedfromthe bundleflowrateand inlet-to-outlettemperature
difference.Thisdifferenceis about45 K (80oF),whichgivesan
outlettemperatur_of about355 K (I80oF),well belowthe saturation
temperatureof 467 K (382°F).The exactvaluesof the bundlecool-
ant parametersare notcritical;oncetheyare set,however,their
valuesshouldbe maintainedconstant.The reactorpowernecessary
to give a testtrainpowerof 23 kW (22Btu/s)willdependon the

. U-235enrichmentof the fuel;it is expectedto be 4% to 6% of full
power,

. Bypasscoolingwillnot be neededduringthis timebut will be
establishedat its initialvaluebeforethe pretransientoperation
is started. Thus,it willbe at the propervaluewhen the transient
:s started. Itwill alwaysbe on wheneverthe reactoris operating.

Yra_sientTes_

The transienttest is startedafterthe testtrainpoweris estab-
lished. The startis accomplishedby usingDACS inputto the LCS to
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cause the bundle coolantflow rate reductionnecessaryto give peak
cladding temperatureof 925 K (1200°F)--wellbelow the expectedclad
rupturetemperatureof-1275 K (1800°F). The nitrogenflow into the
ECM will be at a pressureof about 1.28 MPa (185 psig). The test
train will then be drained until the liquid level is in the core
region. After the drain has been stopped,the crossoverconnection
and drain line will be capped. The bundle coolant flow will be
adjustedto the rate of the first planned step, and boildownof the
coolantwill be alloweduntil a steady-statetemperatureand liquid
level are reached. The expectedtemperatureand liquid level are
1300 K (19000F)and 183 cm (72 in.). Fuel rod rupturewill prob-
ably occur during this step.

The bundle flow rate will then be decreasedin a seriesof precal-
culated flow steps (Table4.2). The duration of the time between
steps is dictated by the time needed to reach near steady state and
also by the requirementthat the Zircaloy-steamreactionbe limited.
About 14 steps,each of about I/2-h duration,are expected. The
last flow reductionstep will be calculatedto give a peak cladding
temperatureof about 2150 K (3400°F).

Bypass coolantwill be maintainedduring the flow reductions. The
bypass system pressurewill be maintainedat 1.28 MPa (185psig),
the same as the bundle coolantpressure,to minimizethe possibility
of any leaks betweenthe two systems. The bypass coolantinlet tem-
peraturewill be <340 K (<_150°F)and the flow rate will be adjust-
able between 0.063 kg/s (500 Ibm/h) to 0.252 kg/s (2000 Ibm/h). The

TABLE 4.2. ExpectedBundle Coolant Flow Steps for FLHT-I

Bundle Coolant
Flow Rate

Time, h k_g/_b

0.0 31.8 60.0
0.5 15.7 34.6
1.0 14.0 30.7
1.5 13.1 28.8
2.0 12.2 26.8
2.5 11.3 24.9
3.0 10.5 23.0
3.5 9.9 21.8
4.25 9.4 20.7
5.0 8.9 19.7
5.5 8.5 18.7
6.0 7.9 17.4
6.5 7.4 16.3
7.0 6.9 15.2
7.5 6.3 14.0
8.0 5.8 12.8
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flow will be adjustedto give temperatureincreasesfrom inlet to
outlet large enough to allow reasonablyaccuratemeasurementsof
heat losses. A maximum outlettemperatureof less than 365 K
(200°F)is expected. This is well below the saturationtemperature
of 467 K (382°F).

Test Termlnation

The prime criterionfor determiningthe successand termination
point of the FLHT-Itest is achievementof a peak fuel claddingtem-

' peratureof approximately2150 K (3400°F). Once conditionsgiving
this temperaturehave been reached,the NRU reactorwill be manually
shut down. The bundlecoolantflow will be shut off, but the bypass

• coolantflow will be continued. This shut-downmethod will provide
the least thermalshock and thereforeminimize post-testfuel bundle
damage. Nitrogenflow to the ECM for pressure controlwill be main-
tained,but dilutionnitrogenmay be stoppedafter hydrogenrelease
rates fall to negligiblevalues.

4.3 TEST OPERATIONS

The data recordingfor the FLHT-Itest began at 8:10 a.m. on March 2,
1985. The NRU reactorwas broughtto low neutronpower at 8:15 a.m. At
9:21 a.m., the DACS trips (safetycircuits)were enabledand reactorpower was
increaseduntil the test fuel bundle power was 23 kW.

By 10:00 a.m., after the bundle power had stabilized,the type C thermo-
coupleswere showingtemperaturesbelow ambient; it became obviousthat the
temperaturessignaledby those thermocoupleswere in error. The test was
maintainedat power while the test engineersdiscussedthe unexpectedread-
ings. They concludedthat the thermocoupleshad been wired incorrectlyduring
assemblyof the test bundle. The DACS softwarewas modified to accommodate
the wiring arrangement,and the test was resumedabout 1:00 p.m.

4.4 UNPLANNEDEVENTS

Unplannedeventswere experiencedin establishingthe initialsteady-
state conditionwith the liquid level in the top 0.6 m (2 ft) of the test
assembly. This step would have been followedby the first coolantrate reduc-

. tion to about 16 kg/h (35 Ib/h),which would have shown a peak clad tempera-
ture of about 1310 K (1900°F). Attemptsto achievethe initialsteady-state
conditionwere made by adjustingthe bundle coolant f.low.

' When the first attemptto drain coolant from the plenum region above the
fuel rods was made, the coolant in the fuel regionwas essentiallystagnant.
This coolantheated up rapidly,causinga "steambubble"to form which then
rose to the top of the test train. To avoid prematuredamage to the fuel from
excessivetemperatures,the drain was stoppedand additionalcoolantre-intro-
duced to the fuel. Unfortunately,this action left the test train in the same
subcooledstate it was in before the drain began.
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An additional problem was that the TDRsdid not work as planned. The
steam condensed along the sides of the plenum and ran down into the TDR tubes,
causing faulty TDR readings. The drain was continued more cautiously, and
eventually the liquid level was near the top of the fuel. However, problems
with the control of the liquid level persisted, matnly because of steam con-
densation on the plenum walls.

The deviation from the expected FLHT-1 test progression is attributed to
refluxtng. When the test was started, the approximately 4.6-m-long (15-ft.)
plenum above the fuel was cool--below saturation temperature. The steam com-
ing from the test sectioncondensedas it enteredthis cool region and fell
back into the test section. In effect,this refluxingprovided a largerbun-
dle coolantsupply.

The excessiveradialheat losses to the bypass coolantwere attributedto
the condensationand refluxing. However, the measured heat losseswere not
large; moreover,calculatedradial heat flow when the inside plenumwas at
saturationtemperaturewas very small. Evidently,the plenum,closurehead,
and verticaloutlet piping acted as a heat sink. Eventually,they would have
heated until they no longercaused condensationand refluxing.

4.5 STEADY-STATECONDITION

A steady-statecondition,with the liquidlevel around the top of the
fuel, was never achieved. Instead,one of the many fluctuationsin liquid
level caused by the refluxingand operatoradjustmentof drain and reflood
valves allowedthe liquidlevel to drop well below the top of the fuel. This
low coolantlevel allowedthe fuel rods to heat rapidly,until a rapid metal-
water reactionoccurred,resultingin high temperaturesin the fuel region.

Typicalcladdingtemperaturebehaviorat one position in the assembly
during the test is shown in Figure 4.1. At about 60 to 70 min along the
abscissa,a temperatureincreasewas startedwhen the flow rate was about
9 kg/h (20 Ib/h). The temperatureincreaseduntil about 95 min and 1450 K
(2150°F),at which time the bundlecoolant rate was increasedto 18 kg/h
(40 Ib/h) to stabilizethe temperature. However,the temperaturerapidly
droppedto about 1060 K (1450°F). The bundle coolantflow rate was then
decreasedthrougha seriesof steps to a minimumof 9 kg/h (20 Ib/h). This
action stoppedthe temperaturedecreaseand startedanothertemperaturerise.
When the temperaturereachedabout 1475 K (2200°F),the bundle coolant flow
was again increasedto stop the temperatureramp. This led to a stabilized
condition. The flow was increasedin steps and reacheda maximum of about
15 kg/h (34 Ib/h). These flow rates did not stop the temperaturerise, and a
rapid metal-waterreactionraised the temperaturesrapidly until the test
director requestedthat the reactor power be reducedto zero power.

4.6 TERMINATIONOF EXCURSION

The reactor power was decreasedat approximately17:11:07,85 s after the
start of the excursion(approximately131 minutesin Figure 4.1). The reactor
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FIGURE4.1. Typtcal Claddtng Temperature Behavior

reached 10%of the tntttal power approximately 35 s later and reached low
neutron ]eve] Jn another 30 s.

There were two Indications at the time of the test that ratsed doubt that
the shutdown of the reactor had effectively terminated the temperature excur-
sions. The ftrst Indication was rJstng temperatures from bundle and ]tner
thermocouples that gave no positive indication of failure. The second indica-
tion was a rising hydrogen ]eve] shown on the thermal conductivity hydrogen
monitor.

A revtew of the thermocouple data led to the conclusion that the temper-
atures were not rising after the reactor shutdown. Typical cladding, coo/-
ant, and liner temperatures immediately after the reactor shutdown are shown
in Figures 4.2, 4.3, and 4.4, starting at 17:12:00. The temperatures shown
are somewhaterratic and show noise (probably associated with some thermo-
couple damage), but the genera] trend is downward, indicating an effective

• shutdown.

Additional Indications of an effective test shutdown are shown by the
saddle temperature, MMPDresponse, and bypass coolant power (radta] heat loss)
after the reactor power shutdown. Typical data from these sources are shown
in Figures 4.5 through 4.7. All three of these indicators show steadily
decreasing temperatures. Table 4.3 is a summaryof the events of the FLHT-1
test.
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TJUU.[__.L_. sequence of FLHT-1 Test Events (Hatch 2, 1985)

Ttme_ __ _......... Event ................................. _. Remarks ....................

"10:00:00 Reactor to power, "7% Test assembly power - 23 kW
(22Btu/s)

16:20:00 Temperature rtse started Flow - 0.0, small heat losses
< 1 kw(1Btu/s)

. 16:36:00 Rods ruptured

16:36:00 Temperature 14!0 K (2080oF) Flow - 40 lb/h (5 g/s)
i

• 16:56:00 Temperature 1120 K (1558°F) Flow - 20 lb/h (2.5 g/s); i
"8heat loss kW (8 Stu/s)

17:05:00 Temperature "1420 K (2100°F) Flow - 20 lb/h (2.5 g/s)

17:09:50 Insuiatton cavtty breached

17:09:90 Shroud tnner 11net fatls

17:10:00 Excursion started "1700 K (2600oF) Flow , 30 lb/h (3.8 g/s)

17:11:07 Peak temperature reached 2275 K (36350F)

17:11:07 Reactor power reduction _tarted Flow - 35 lb/h (4.4 g/s)

17:11:44 Reactor power • 10%of tt_tttal
by $PND

17:12:14 Reactor at low neutron level Saddle TC peaked at 750 K
(900oF) and 2.8 m (110 tn.)
Flow • 0

17:18:01 Peak hydrogen generation Pate Coolant turned on intermit-
tently at 35 lb/h (4.4 g/s)

• 17:19:08 Minimum hydrogen generation Pate

17:20:08 Peak hydrogen generation Pate
o

17:24:00 Low hydrogen generation
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5.0 TEST_RESULTS

Ourtng the hours the FLHT-1 test was underway, the DACSrecorded over
17 mtllton data points. These data were primarily temperature and pressure
measurements from instruments in the test assembly but also included control
information such as flow rates and valve positions from the LCSand the ECM.
This data ts summarized In Sectton 5.1. It is also compared with pretest
predictions. Graphs of the data are Included.

Section 5.2 presents results from the post-test examination of the test
' assembly, including photographs of the shroud, the shroud insulation, and the

fuel bundle.

. 5.1 RECORDEDDATA

The Independent variables in this test were the bundle coolant flow rate
and ftsston power. The following are the dependent variables for whtch data
were collected:

, cladding temperature

, coolant (steam) temperature

• hydrogen concentration

• shroud ltner temperature

, fuel rod rupture temperature and pressure
i

• radial heat losses through the shroud.

In addition, other data were collected for safety reasons; for example, bypass
flow data, MMPDInformation, and shroud saddle temperature data. Stt!l other
data were taken to ensure controlled conditions. These data included system
pressure, reactor power, and nttrogen carrter gas flow rate.

5.1.1 Temoeratqre Measurements

The enormousamount of temperature data collected during the test wtll be
• abstracted in this report to show Important trends and to present specific

information such as the peak fuel temperature as a functton of time, radial
temperature gradients, and axial temperature profiles.

The predicted temperatures for FLHT-1 are summarized tn Figures 5.1, 5.2,
and 5.3. Figure 5.1 shows the predicted peak cladding temperature as a func-
tion of time into the test. Figures 5.2 and 5.3 show the predicted axtal and
radial temperatureprofiles.

Figure 5.1 shows the "steps"mentionedin Section4.2 (plannedtest oper-
ation). Figure4.1 (referredto in Section4.3) shows a "typical"thermo-
couplesresponseduring the test. Figures5.4, 5.5, and 5.6 show "pseudosen-
sor" readingsfor the peak temperatureregion of the fuel, shroud inner liner,
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and shroud saddles, (Pseudosensors are averages of two or more real thermo-
couples), Figure 5,7 showsthe axial temperature proftle of the cladding,
liner, and the saddle during the time of the high-temperature excursion.

The abrupt changes in temperature indicated by the almost vertical lines
appearing in the thermocouplep!ots are not considered to indicate real con-
ditions. Rather, the changesindicate somesort of failure modein the

the_ocouple. Final Judgementshouldbe reserved on the apparently normalpost failure readings from somethermocouples. The data from themmayvery
well be valid, but the post-failure thermocoupleshave not been tested in any

' controlled mannerto recalibrate their outputs,

Themeasurementof actual peak ¢laddtng temperatures was not possible;
. the thermocouplesfor measuringthose temperatures failed at about 2200 K.

However,careful analysis of the entire data set measuredby the thermocouples
in the test train indicates a peak temperatureon the order of 2275 K
(362S,F). This conclusion is supportedby the observations madeduring the
post-test examination (Sectton 5,2), whensomecladdtng melting was Found.

5,1,2 HydroaenMeasuremepts

Pretest calculations showedthat significant amountsof hydrogenwould
be generated whenthe Zirca!oy-steam interface temperature exceeded1200K
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1700°F) (see Ftgure 5.1), A peak hydrogen generation rate of approximately.023 g/s (0.18 lb./hi was predicted, with as much as 220 g (0,5 lb) of hydro-
gen generated duri_'g the entire test (Ftgures 5.8 and 5,9).

The amount of hydrogen measured was only about 35 g (0.08 ]bm) for the
enttre test, but the hydrogen generation rate peaked at approximately 0.07 g/s
(0.56 lb./hi, whtch was about three ttmes the predicted peak rate. Thts much
hydrogen"'would be generated by oxidizing about 17_ of the Ztrcaloy Jn the top
half of the fuel bundle.

The effluent gas theme1 conductivity meter measurement of the hydrogen

shows two separate peaks (Ftgure 5,10), The ftrst peak ts that of hydrogenevolved from the metal water reactton during the high-temperature excursion.

The second coincides with the Introduction of cooltng water tnto the fuelbundle after the htgh temperature excursion. Someof thts additional water
boiled and the resulting steam probably pushed hydrogen (formed durtng the
high-temperature ttme pertod but not flushed out of the system) out the extt
ltne and past the Beckman.

5,1.3 Pre=sure Measurements

Shown tn Figure 5.11 ape typtcal pressures recorded from the fuel rod
pressure transducers, and shown tn Ftgure 5.12 are the pressures of the shroud
Insulation cavtty and the system pressure. From these traces ttts very easy
to tdentify the ttme of rupture of the fuel rods and of the shroud inner
11ner.
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The time of ruptureof the shroud inner liner correspondswith an abrupt
temperature increase measured by the saddle thermocouples (Figure 5.13). Fig-
ure 5.14 shows the coolant temperature response at that time. The conclusion
drawn from this data is that when the liner ruptured, a large quantity of hot
steam [at around 13 arm (190 psi) pressure] was injected into the shroud insu-
lation cavity [which was at about 1 atm (15 psi) pressure]. This steam "jet"
carried a thermal energy into the insulation cavity and caused the step change
in the saddle temperatures. However, once the pressures equilibrated between
the insulation cavity and the rest of the system, the temperature response of
the saddle thermocouples soon returned to normal.

e

5.1.4 Bundle Cqolant Level Measurements

• Two TDRswere mounted in manometers connected to the fuel bundle cavity.
They were attached in this fashion to protect them from the high temperatures
that would be experienced in the fuel region of the test assembly. The read-
ings from these instruments turned out to be of little value during the test,
because they more or less continuously indicated that the test train was full
of water. The experiences of the test operators during calibration and then
during the early portions of the test indicate that the problem was probably
caused by steam condensing in the TDR opening at the top of the test train.
The condensed liquid then ran down inside the TDR tube and caused the erron-
eous readings.
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5.2 POST-TESTEXAMINATION

After the test, the fuel assemblywas transportedto the spent fuel pool
in the NRU reactorbuildingand stored there. After severalweeks, the fueled
region of the test train was moved to the horizontaldisassembly-examination-
reassemblymachine (DERM). (The computer-controlledDERM was developedby PNL
during an earlierphase of NRC sponsoredresearchat the NRU reactor). The
DERM allows operatorsto mount variouscuttingtools, measuringtools, or cam-
eras on a fixture,along or around a fuel rod or bundle,and move them with
great precision.

The post-testexaminationof the FLHT-I test train involvedcutting into
and removingsectionsof the shroudand then removingthe insulationand liner
layers of materialto exposurethe fuel bundle. Photographs--stilland video,
color and black-and-white--weretaken as each new featurecame into view. No
sampleswere taken from the test train. After the examinationwas completed,
the test train was returnedto the verticalposition and stored in the spent
fuel pool.

5.2.1 preparatioq

The post-testwork began by cuttingall the instrumentleads at the
shroud/plenuminterface. Next, the plenum region was unbolted from the
shroud. Close visual examinationof the plenum,particularlythe hottest

5.10



portionjust above the top of the fuel bundle, revealedno damage. A thin,
uniformlayer of oxidationhad formedon the Zircaloy surfacesexposedto
steam during the test.

5.2.2 _sc_iDtion of ExaminationProcedure

Using an underwatersaw and variousother tools, layers of the shroud
were visuallyexamined,photographedand removedin successionuntil the fuel
bundle was visible. Figures5.15 through5.18 show each photographedregion,
startingnear the top of the shroud (aboveLevel 153) and extendingdownwardly

• below Level 81. (The level value is the distance in inchesfrom the bottom of
the fuel column;for example,the top of the fuel is at Level 144.)

Each figure has as many as six views (startingat the top of each figure)
showing surfacesof the 1) outer shroudtube (Figure5.15 only); 2) inner
shroud tube; 3) saddles;4) insulation;5) liner; 6) first view of fuel
region;and 7) second view of fuel region. There is some overlapon the edge
of each figure to permit the reader to construct(assemble)a mosaic of the
entire length of the examinationregion (calleda window). Each "window"view
is a photographicmosaic of the exposedsurfaceof the examinationarea. The
brief view in Figure 43 of the exteriorsurfaceof outer tube is shown just
for completenessand to help orient the reader. A descriptionof the remain-
ing views on each figure is shown below.

The window coveredone-fourthof the shroud circumferenceand was 213-cm

(7-ft)long. The window was cut from Level 153 down to Level 69. The hottest
elevationduring the test was at about Level 114 (290cm) (9.5ft). In the
following,the resultsare presentedin the same order as the examinationpro-
ceeded,startingat the shroud exteriorand moving into the fuel bundle
region. The shroud layers examinedwere the outer tube, MMPD wires, inner
tube, saddles,insulation,liner, and fuel bundle.

5.2.3 Outer Tube and MMPD Wires

The exterior surfaceof the shroud outer tube was visuallyexaminedunder
approximately180 cm (6 ft) of water and found to be in the as-fabricated
condition--nodiscoloration(oxidation)and no distortion(mechanicaldeforma-
tion). See the top view of Figure 5.15. The outer tube was removedand the
inside surfacewas essentiallyas-fabricated. Likewise,the MMPD wires

• appearedto be in the as-fabricatedcondition.

5.2.4 Inner _ube and Saddles

After the MMPD wires were cut and removed,the outer surfaceof the inner
Zircaloytube was exposed (see the top views of Figures5.16 through5.18).
This surfacehas one discoloredarea that begins at Level 93. The discolora-
tion intensityincreasesto a maximumbetweenLevels 115 and 121 and then
fades away at Level 131. The discoloredarea is identifiedin the top view of
Figure 5.17, but the actual discolorationis difficultto see. The Zircaloy
surfacereactedwith impuritygases that remained in the MMPD cavity. The
cavity was evacuatedand backfilledwith helium to 1-atm (15-psi)pressure
before the test. No temperaturesensorswere locatedexactlyat the peak
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discolored regton, but an estimated peak temperature during the test basedon
saddle thermocouplesat Level 110.8 was about 825 K (IO00°F) for as long as
1 min.

Next a window was cut in the inner Ztrcaloy tube to expose the Zircaloy
saddles. The instde surface of the inner tube was discolored l tke the outside
surface. Thediscolored region spannedLevels 125 to 100, with the peak
intensity at about Level 115. The color intensity faded away to a potnt at
the extremities (Level 125 and 100), indicating that the area was a localized
hot spot. A matching discolored region appearedon the outer surfaces of the
saddles. This regton on the saddles is snownon Figure 5.16, but again the

, discoloration ts difficult to see.

i The discolorationis probablya filmof zirconiumdioxidethat formed •
duringthe fewminutesafterthe linerrupturedandhigh-temperaturesteam
rushedinto the region. The peak steamand liner temperatures were -2000°C
(3625°F) near Level 115. Steam flowed into the insulation/saddle cavity until
the pressure in the cavity becameequal with the bundle coolant region pres-
sure. Just before the liner ruptured, the insulation cavity pressure was
about 1 atm (15 psi) and the bundle region pressure was about 13 atm, Other
than the discolored surfaces, the inner tube and saddles exhibited no change
from the as-fabricated condition.

Then the saddles were cut by a saw and lifted nut of place. However,
three saddles were later found attached. Becausesomesaddles had been
removed,exposing insulation, these attached saddles were temporarily left
in place so the examination could continue without unduemovementof the
insulation. Themost obvious "attached" saddle is seen from Level 127.6 to
Level 119.4 in the insulation photographs. Theother two partly severed sad-
dles are at either extremity of the window.

5.z.5 on

As the saddles were removed, the zirconium-dioxide tile insulation was
visible. The tiles at each end of the windowaboveLevel 127 and below
Level 95 were essentially intact, with someminor cracking. The enhanced
cracking at Levels 105 and95 was causedby the forced removal of the over-
laying saddles.

The fragmentedinsulationbetweenLevels120 and 108 is probablythe
resultof the rupturinglinerand the associatedlocalizedstressimposedon
the tiles. Therewas no evidencethatthe fragmentedinsulationmoved. The
thermalresistanceof the fragmentedinsulationwas similarto the intact
tilesas shownby the similarcooldownbehaviorof thermocouplesat
Level110.8(locatedin a fragmentedregion)and Level102.8(locatedin an
intactregion).

5.2.6 LL_

Afterthe insulationwas inspectedand photographed,it was removedpiece
by piece,exposingthe innerliner. Overmostof the exposedlength,the
linerhad ridgesthatresultedfromstrainingintothe fabricatedgrooveson
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the mattng zirconium dtoxtde ttle surfaces. Thts design was used to accommo-
date ltner axial differential expansion. The ridges occurred over the enttru
exposedregton of the ltner above Level 86. The short length of exposedltner

below the Level 86 shroud showedno rtdgtng, The rtdgtng occurred at htghtemperature becauseof the approximate 12arm (175 pst) pressure gradtent
across the liner wall. The 11ner was broken tnto pieces from Level 117 to
Level 102, probably due to the rupturing.

The liner surface was "washed"to removethe zirconium dioxide dust
before the photograPhSof the liner were taken (Figures 5.15 and 5.16). This

. dust is shownon the ltner in Figure 5.18.

After examination of the exposedltner, it was removedptece by ptece,
. but where it was sttll intact aboveLevel 138 and below Level 90, pieces were

broken by repeated bendtng.

5.2.7 Fue] Bundle

Twoexaminationswere performed on the fuel bundies. The first occurred
wtth the saddle tn place betweenLevels 127 and 119. The secondoccurred
after the sadd!e was cut and removed. Photographstaken during these two
examinations are shownin the bottom two ptctures of Figures 5,15 through
5.18.

The fuel bundle ts described as follows: from Level 143.5 to about
Level 117, the fuel rods are highly oxidized, embrJttled, andexpanded,and

. broken into 8. to 15-cm-long (3- to 6-tn.) rodlets. Fuel pellets are not
boundto the cladding; sometell out durtng the examination.

The fuel pellets appear in the as-fabricated condJtlon. Fewpellets are
cracked becauseof the very low powerratlng durlng the test [0,06 kW/m
(-0.2kW/ft)of rod].

The cladding near Level 117 is morehighly oxidized as evidenced by a
lighter color. Somecladding melted in very localized areas such as at
Levels 135 and 104.

The outerportionof the Inconelgrid at Level 128was stuckto, and
removedwith,the liner. Thegrldwas assembledat Level128;however,as

. seenin Figure5.10,it is now locatedabout8 cm (3 in.)higher. The
increasein levelis due to thegrowthof the Zircaloyciaddlngduringoxida-
tion causedby the volumeincreaseof the oxidizedmetal.

o

A brokenpieceof Zlrcaloyinstrumentcarrier[a long bent (gO,angle),
narrowpieceof Zircaloysheet]is sho_,nat thebottomof FigureS.l,Just
belowthe indicatedgrla location.A carrier,locatedIn eachof the four
cornersof the bundle,provideda pathwayfor instrumentleadsand supportfor
the gridspacers.

The mostchangedbundleregionwas fromLevel117to Level102,including
an !nconelgrid at LevelI08. Themajorchangesincludecompletechemical
reactionof the Inconelgrid,tightbondingof the rodsto each other,and a
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large area of once-moltenZtrcaloy. Thegrid reacted with the cladding and/or
melted and flowed downinto the bundle. On inspection, the former location of
the grid appearedgreenish, probably due to the formation of oxtdes from the
inconel elements.

The tight bondingof the rods by once-moitenmaterial suggests that this
was the hottest regton during the test. Oata collectdd during the test sup-port this observat|on, The large area of once-moltenZ!rcaloy may be part
tally due to chemical reactions with Intone1, forming lower melttng alloys.

BelowLevei 102 the fuei bundle is stmtiar to the top regton, containing
oxidized, embrttt!ed and fractured rodlets. BelowLevel 90 the fuel rods
appear to be intact.

o
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e.O CONC,I.U$]ONS

The FLHT-I test was planned as a slow bot_awaytransient to 11mit the
rate of raptd Ztrcaloy oxidation end 11mtt the resulting peek temperatures to

2275 K (383S'F). The test was tntended todemonstrate that such htgh tempera-tures could be achteved safely andto obtafn severe rue] damagedata on fu|l
length assemblies. The slow botlaway was not achteved becauseof excessive
plenumheat |oss end the resulting steamcondensation and "rain-back" on the
fuel bundle. However,rap|d Ztrcaloy oxidation dtd occur and peak bundle tem-
peratures over 2200 K (3800eF)_were safely reached, prov!dtng data on severe

" fuel damage. The test tratn discharge operation went as planned, end the
resu|ts o_ a post-test vtsua| examination showedthat the shroudperformedas
expected and thus demonstratedthat stmt]ar tests could be safely performed in

' the future. Thus the pr!mary objectives of the test were achieved.
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