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ABSTRACT

This is a report on one of a seriesof experimentsto simulate a loss-of-
coolant accident (LOCA)using full-lengthfuel rods for pressurizedwater
reactors (PWR). The experimentswere conductedby Pacific Northwest
Laboratory (PNL) under the LOCA simulationProgramsponsoredby the U. S.
NuclearRegulatoryCommission (NRC). The major objectiveof this programwas
to simulatea LOCA in a PWR and recoveryfrom the simulatedaccident,first by
causingthe maximum possibleexpansionof the claddingon the fuel rods from a
short-termadiabatictemperaturetransientto 1200 K (1700 F) leadingto the

, rupture of the cladding;and second,by refloodingthe fuel rods to determine
the rate at which the fuel bundle is cooled.

The subjectof this report is MaterialsTest 6A (MT-6A)which was the
last of the experimentsin the LOCA SimulationProgram. It was conductedin
the CanadianNational ResearchUniversal(NRU) reactor at Chalk River,
Ontario,Canada. All major objectivesof the test were met, althougha
computercontrol systemmalfunctioned. All 21 fuel rods were initially
pressurizedto 6.03 MPa (B75 psia) in order to cause the Zircaloy-4cladding
to expand and rupture at high temperaturesin the alpha phase, from 1035 to
1200 K (1400 to 1700 F). Pressuresensorsattachedto the fuel rods using
capillarytubing indicatedthat all 21 cladding tubes failed. All cladding
tubes rupturedwhile the peak temperatureswere between 1050 and 1140 K (1430
and 1600 F). During the reflood phase,the temperaturemeasurementsof the
cladding indicatedthe rate at which the fuel bundle cooled. Although precise
measurementsof the claddingstrain were not made due to lack of funds, visual
inspectionof a portionof one side of the fuel bundlerevealed large amounts
of claddingstrain.

A subsequenttest MT-6B indicatedthat small notches in the stainless
steel shroud that surroundedthe MT test bundles,is probablyresponsiblefor
major changes in the MT-6A and previousMT tests, cladding strain. The
notches (less stainlesssteel) produceda higher local neutronflux which
caused higher local fuel temperatureswhich caused higher local cladding
temperaturesthat producedmuch greaterlocal cladding strain.
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SUMMARY

The Loss-of-Coolant Accident (LOCA) Simulation Program was conducted by
the Pacific Northwest laboratory (PNL) for the U. S. Nuclear Regulatory
Commission (NRC) and completed in 1984. The major objective of this program
was to simulate a LOCAin a PWRand recovery from the simulated accident,
first by causing the maximumpossible expansion of the cladding on the fuel
rods from a short-term adiabatic temperature transient to 1200 K (1700 F)
leading to the rupture of the cladding; and second, by reflooding the fuel
rods to determine the rate at which the fuel bundle is cooled. The tests

, conducted under the program were designed to simulated the heat up , reflood
and quench phases of a large break LOCA. The tests were conducted in the
Canadian National Research Universal (NRU) reactor using nuclear fission
heating to simulatethe low level decay heat that is typical of LOCA
accidents. In this report is presenteda quick-lookanalysis of the data and
resultsof materialsTest 6A (MT-6A),the last of the tests to be conducted
under the PNL/NRCLOCA SimulationProgram.

For this test, the design of the 3.7 m (12 ft) long test bundle for the
fuel rods was improvedover the design of the test bundle used in previousMT
tests. It was redesignedto minimize temperaturegradientson the
circumferenceof the cladding duringthe short term adiabaticheat up phase of
the test. The purposewas to maximizethe radial expansionof the bundle
Zircaloy claddingon the fuel rods and the coplanarexpansion in the bundle
during the heat up phase of the test. The reduced temperaturegradientswere
to be achieved,first by modifyingthe stainlesssteel shroud encompassingthe
bundle u_;edin previousMT tests to includethermal insulation,and second,by
replacingthe 20 heater rods that surroundedthe 12 test rods used in previous
tests with g pressurizedtest rods for a total of 21 test rods.

All major objectivesof the experimentwere met, although a computer
controlledsystem malfunctioned. All 21 fuel rods were initiallypressurized
to 6.03 MPa (875 psia) in order to cause the Zircaloy-4claddingto expand and
ruptureat high temperaturesin the alpha phase, from 1035 to 1200 K (1400 to
1700 F). Pressure sensorsattachedto the fuel rods using capillarytubing
indicatedthat all 21 claddingtubes failed. All rods rupturedwhile the peak
temperatureswere between1050 and 1140 K (1430and 1600 F). During the
reflood phase, the temperaturemeasurementsof the cladding indicatedthe rate
at which the fuel bundle cooled. Although precisemeasurementsof the
cladding strain were not made due to lack of funds,visual inspectionof a
portion of one side of the fuel bundle revealedlarge amounts of cladding
strain.

The data collectedfrom thermocouplesand pressuregages during heat up
• and from thermocouplesduring the quenchingphase demonstratedthe rate of

coolingof the test bundle under LOCA conditions. To be able to predictthe
rate of cooling under other conditi¢,ns,though,an in depth qualificationof

• the data collectedand a post test examinationof the fuel rods would be
needed,but funds are not availablefor either. Without post test strain and
blockagemeasurements,no quantificationof radial,axial, and coplanarvalues
of bundle coolant blockagecan be stated to relatewith the measuredquenching
rates of the claddingduring the final phase of the simulatedLOCA.
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The MT-6A (21 rod test) fuel bundle is being stored at this time (summer
1989) at CRL and plans are being made for its long term storage.

Though the malfunctionof the computer did not affect the final outcome
of the test, it did cause the followingchanges:

The pressurecontrolvalue closed at the start of the transientwhich
resulted in a system pressureof 1.72 MPa (250 psia) insteadof O.2B MPa
(40 psia).

The refloodsystem failed to controlthe desiredflat top temperature
transient.

¢
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PREFACE

A series of tests was conducted under the Loss of Coolant Accident (LOCA)
Simulation Program, sponsored by the U. S. Nuclear Regulatory Commission
(NRC), Office of Research, Division of Systems Research, between 1980 and
1984. This is a report on one of those tests. Included in the series were 1)
three experiments comprised of 45 mini experiments on the thermal hydraulics
of fuel bundles and 2) five materials tests on the amount of expansion of

o_ They were designed
Zircaloy cladding both under simulated LOCAconditi._)and performedby PacificNorthwestLaboratory(PNL) All were

' conductedin the CanadianNationalResearchUniversal (NRU) reactorwith the
supportof the staff at the Chalk River Laboratorywhich is operated by Atomic
Energy Canada, LTD. One of the five material tests was supportedby the
United KingdomAtomic Energy Authority.

OBOECTIVES

The major objectiveof this programwas to simulateda LOCA in a PWR and
recovery from the simulatedaccident,first by causingthe maximum possible
expansionof the claddingon the fuel rods from a short-termadiabatic
temperaturetransientto 1200 K (1700 F) leadingto the ruptureof the
cladding;and second,by reflood_g the fuel rods to determinethe rate at
which the fuel bundle is cooled._'J An evaluationof the resultsof these
tests was provideto NRC for their use in assessingthe rate at which an
accidentlyover heated nuclearcore in a commerciallight water reactor could
be cooled or quenched.In the fifth and last test in the series, it was
demonstratedthat the insulatingshroud could providethermal insulationfor
the pressuretube and the NRU test facility. To be evaluatedwas the effect
of high temperaturesand the resultinginternalpressureson the fuel rods,
i.e., the maximum extent of the radial and axial strain on the claddingof the
fuel rods and other damage that might result. The experienceand
understandingto be gained from the tests was to enable successivesimulations
of more severe accidentsto be performed.

BACKGROUND

The followingis a brief review of the LOCA simulationProgram. Included
in the programwere three experimentsconductedat high temperatures,the
thermal hydraulicexperiments,and five experimentsconductedat both high
temperaturesand high pressures,the materialexpansiontests, on the
expansionof Zircaloycladding on fuel rods. the experimentsand tests are
presentedin the followingsectionsaccordingto kind rather than in the order
in which they were conducted. However,the order in which each was conducted
is stated, the basic objectivesand resultsof each are also included.

(a) Operated for the U.S. Departmentof Energy (DOE) by Battelle Memorial
Instituteunder ContractDE-ACO6-76RLD1830.
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Thermal-HydraulicExDeriments

The initialthermal-hydraulicexperiment(TH-I),using 32 fuel rods with
instrumentsattached,was performed in October 1980 and provided a database
for predictingthe quenchin%_haracteristicsof Zircaloy-cladfuel rods under
variousreflood conditions._j It was the first in the program. Twenty-eight
separatehigh temperatureand pressuretests were included in TH-I. The
specificobjectiveof these experimentswas to characterizethe rates of
initialheat up, refloodand quenchingfor as-fabricatedfuel rods that were
not deformedand not pressurized. The exact parametersfor the experimentson
the expansion of fuel cladding to be performed later were determined from the
results of these experiments at high temperatures. Experimental results
covered reflood rates of 1.88 to 28 cm/s and delay times to initiate reflood
of 3 s to 66 s. The results indicatethat currentanalysismethods can
predictpeak temperatureswithin 10% and the quench times measured for the
bundlewere significantlyless than predicted. For refloodrates of 2.5 cm/s
where long quench times were predicted(>2000s), measured quench times of
200 s were found.

The thermal-hydraulicexperiment(TH-2)was the fourth experimentand was
conductedin October Ig81. Used in it was a new thermal-hydraulictest bundle
with fuel rods sealed at atmosphericpressurethat was reconstitutedin the
MT-I/MT-2guard rod and shroud assembly. In order to minimize the expense of
the program,the test hardwarewas designedto be reused. Therefore, shroud,
heater rods and T-H test rods were used in more than one test. Deformed rods,
though,were never reused. Becauseused hardwarewas radioactive,handling
operationswere performedremotely. The remote operationswith the test
hardware locatedunder about 2-m of water were performedefficientlywith the
help of a speciallydesigned,computer-controlleddisassembly,examinationand
reassemblymachine (DERM). This experimentincluded 14 separatetests at high
temperaturesand pressuresto determinethe rates of refloodingnecessaryto
obtain a "flat-top"or extendedtransientfrom 1035 to 1105 K (1400 to
1525oF). The delay time and automaticcontrol system used to controlthe
variablerate of reflood in this experimentdemonstratedthe capabilityof
holdingtemperaturesabove 1035 K (1400°F)for periodsof up to 280 s. The
test conditionsapproachedsteady-stateboiloff.

The fifth experimentwas thermal-hydraulicexperiment3 (TH-3). Used in
it was the same test bundle used in TH-2I severalnew thermocouples(TCs) and
a spray desuperheaterwere added. Severalmodificationswere also made to the
logic of the loop controlto improvecontrolof the rate of refloodingand
extend the length of the flat-toptransient. TH-3 was performedjust before
MT-3 to verify the loop controlsystem (LCS) and the data acquisitionand
control system (DACS) instrumentationand operation. TH-3 and MT-3 were both
performedin November 1981. TH-3 also verifiedthe power levelsduring test
assembly and the improvementsto the DACS performance. The results of the
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TH-3 experiment that included three separate high temperature tests made it
posstble to extend the time above 1035 K (1400°F) from 280 s in TH-2.14 to
340 s in TH-3.03. In addition, the transient temperature history was modified
to provide more two-phase cooling at the start of the transient. The addition
of the spray desuperheater to the TH-3 assembly controlled the temperature of
the exiting steam.

Material Ex_ans!_n Tests

The first materials experiment (MT-]), t.e., the test on the expansion of
. Zlrcaloy fuel cladding,was the second in the programand was performedin

April 1981, using a cruciformof 11 rod_ pressurizedto 3.21MPa (465 psia)
and Ir_@tertube surroundedby 20 guard rods sealed at atmosphericpres-

, sure._j The objectiveof this test was to assess the rate at which the
expandedcladding can be cooled,based on evaluationsof the rates of heat up
and quenchingand the measurementsof post-testcladding strain. The delay
time and the rate of refloodwere selectedto duplicateone of the experiments
at high temperatures,specificallyTH-I.IO, in which the fuel cladding reached
a peak temperatureof 1145 K (1600°F). These conditionswere achieved: 6 of

the(_] rods ruptured and all 11 pressurizedtest rods expandedsignificant-
ly. The average peak rupture strainwas 43%; the averagetime to rupture
was 43 s; and the averagetemperatureat rupturewas 1145 K (]600oF).

In the secondmaterialsexperiment(MT-2),the third experimentin the
program, performedin July 1981, the MT-I guard rods and shroud assemblywere
reconstitutedunderwaterand reusedwith a new cruciformtest bundle. One of
the objectivesof the test was to performa low-temperature,1090 K (1500°F),
test using variable rates of reflooding. The 12 test rods were pressurizedto
3.21MPa (465 psia). A malfunctionof the refloodsystem,however resulted
in higher temperaturesthan desired and 8 of the 11 rods ruptured (5• J The
averagepeak rupturestrain was 43%, the averagetime to rupturewas 65 s, and
the averagetemperatureat rupturewas 1160 K (1625oF).

The primaryobjectiveof the third materialsexperiment (MT-3),the sixth
in the program,was to determinethe expansionand restrictionson the flow
channelfor a flat-toptemperaturetransientusing pressurizedfuel rods.
Peak temperaturesof the claddingwere maintainedabove 1035 K (14000F)for
180 s. The MT-3 experimentrepeatedthe test conditionsdemonstratedby the
TH-3.03 test using a completelynew test train with 12 fuel rods pressurized
to 3.9 MPa (565 psia) and 20 guard rods. All 12 test rods rupturedduring the
activetwo-phasecooling regime. The averagepeak rupturestrain was 46_, the
averagetime of rupturewas 133 s, and the averagetemperatureat rupturewas
1070 K (1460°F). The MT-3 experimenthad a lower averagetemperatureat
rupture and a longer time until rupturethan any of the other materials

• experimentsbecauseof the significantamount of refloodwater that was
introducedearly in the transient(the delay time for refloodingwas 7 s).

a The guard rods are unpressurizedfuel rods that surroundthe periphery
(guard)of the test fuel rods to minimize radial heat loss from the test
fuel rods.
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The active strain region was spread over "2-m (_O-tn.) length, and no ioss of
cooling because of coplanar blockage or ltftoff = was observed.

The fourth materials @_periment (MT-4) was the seventh in the program and
was conducted in May 1982._u/ Its primary objective was to evaluate the
expansion and rupture of cladding during heat up tn the temperature range from
1035 to 1200 K (1400 to 1700,F) The 12 test rods in the 32-rod bundle were
initially pressurized to 4°62 MPa (670 psta) at 295 K (70°F) to assure rupture
tn the correct temperature range. The MT-4 experiment was most stmtlar to the
MT-2 experiment; three differences existed: 1) MT-4 rods were pressurized to
4.62 MPa (670 psta), whereas MT-2 rods were pressurized to 3.21MPa (465
psta)| 2) After the temperature turnaround following the heatup transient, the
peak temperatures of the cladding were stabilized to measure the characteris-
tics of the heat transfer of the expanded and ruptured fuel rods, whereas
during HT-2 the peak temperatures of the cladding were not stabilized, and
3) self-powered neutron detectors (SPNDS) mounted on the shroud were moved to
grid elevations to minimize distortion of axial fission power, whereas MT-2
had the SPNDsmounted away from the !nconel grids. During the test all 12
test rods ruptured with an average peak rod strain of 72.1%. The active
strain region was spread over 0.189 m (7.42 in.), the average time of rupture
was 55 s; and the average temperature at rupture was 1094 K (1511,F).

The MT-4 experiment used a new cruciform bundle of 12 pressurized test
fuel rods and the guard fuel rods and shroud previously used in MT-3. Test
operations most closely followed the operating conditions of the TH-1.16,
during which cooling by reflooding was used to terminate the transient
temperature of the heat up at -1200 K (1700oF). Stabilized operations at the
post-transient stage closely followed the operating conditions used in the
MT-3 experiment.

The results from MT-4 provided data on the expansion of the cladding on
full-length PWRnuclear-heated rods in the temperature range where crystalline
Ztrcaloy is still In the alpha, hexagonal close-pack phase for variable
conditions of reflooding. These conditions extended the existing data base on
the response of the cladding to high temperatures and pressures for LOCA
conditions not previously investigated by test programs that were conducted
out of a reactor. The MT-4 test series yielded valuable information on 1)
the control of quench fronts and two-phase cooling used for subsequent
experiments at high temperatures and pressures on materials and 2) the quench
characteristics of rods that were expanded as compared to rods that were not
expanded for the flow conditions covered in these experiments.

Data from MT-4 have been used in conjunction with previous test results
to assess various calculational models for reactor safety analyses and in

conju_ion with conclusionsderi_d elsewherefrom electricallyheatedtests_'I and smallerscale tests conductedin a reactor. The experimental
resultsof the programaddress 17 specific items outlined in the Code of
FederalRegulations,10 CFR 50.46 and 10 CFR 50, AppendixK. These results

a
Liftoff is a thermal decouplingof the cladding from the fuel that
results in cooling of the cladding during deformation.
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have been used to provide additional data for model calibration and to help
define the prtmary mechanismsfop heat transfer for ne, analytical models.
The maJoPcontributions of these tests to 11ght-,ater reactor (LWR) technology

has been to quanttfy the uncertainty of the crtterta for licensing and _ePthe potential for ratstng the operating 11mtts on somecommercial LWRs.

The HT-5 test was proposed to the NRCbut never approved. As proposed.
HT-5 would have been stmtlar to HT-4 except that Irradiated fuel rods ,ou]d
have been used in thts study of claddtng expansion.

xi
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DATA REPORT"
MATERIALSTEST MT-6A

INTRODUCTION

This is the final report on the resultsof MaterialsTest 6A (MT-6A)
, conductedby the PacificNorthwestLaboratory(PNL) under the Loss-of-Coolant

Accident (LOCA) SimulationProgram,sponsoredby the U.S. Nuclear Regulatory
Commission (NRC). The test was conductedin 1984 at the CanadianNational
ResearchUniversal (NRU) Reactorat the Chalk River Nuclear Laboratory
(CRNL),operatedby Atomic Energy of Canada,Ltd (AECL). It was the last of
the tests under the LOCA SimulationProgram.

The major objectiveof this programwas to simulatea LOCA in a pres-
surizedwater reactorand recovery from the simulatedaccident,first, by
causingthe maximumexpansionof the claddingpossiblefrom a short-term
adiabatictransientto temperaturesas high as 1200K (1700°F)leadingto the
ruptureof the cladding;and, second,by then refloodingto determinethe
rate at which the bundle can be cooled.

For this test, the design of the 3.7-m (12-ft)long test bundle for the
fuel rods was improvedover the design of the test bundle used in previousMT
tests. It was redesignedto minimizetemperaturegradientson the circum-
ferenceof the cladding during the short-termadiabaticheat-upphase of the
test. The purposewas to maximize the radial and axial expansionof the
Zircaloycladding on the fuel rods and the coplanarexpansionof the bundle
during the heat-up phase of the test. The reducedtemperaturegradientswere
to be achieved first by modifyingthe metallic shroudencompassingthe bundle
used in previoustest to includethermalinsulation. Then the 20 heaterrods
that surroundedthe 12 test rods in previoustests were replacedwith 9
pressurizedtest rods, resultingin a test bundle containinga total of 21
test fuel rods.

Supportingobjectivesof the test were as follows'

° Providethe fuel cladding sufficienttime in the alpha-Zircaloy
temperatureregion--1050to 1140K (1430 to 1600°F)--tomaximize
expansionand to cause the fuel rods to rupturebefore they were
cooled by reflooding.

• Provideexpansionvalues of the claddingwith a test assemblysurrounded
by an insulatedshroud to comparewith expansionvalues from prior tests
that were performedwithout insulatingshroudsbut with heater rods.



• Expand and ruptureall pressurizedrods of a 21-rod bundle to compare
the results with the resultsof the expansionand rupturecharacter-
istics and rod-to-rodmechanicalinteractionsin a bundle in which only
some of the rods were pressurized,and therefore,in which only some of
the rods expanded.

• Evaluateexpansioncharacteristicsof a bundle in which all rods expand
and rod-to-rodinteractioncan occur.

• Providedata to comparethe rate of coolingof a bundle in which all
fuel rods that have expanded and rupturedwith the rate of coolingof
the configurationin which only the 12 center rods in a 32-rod bundle
expandedand ruptured.

¢

• Comparethe rate at which expanded fuel rods can be cooled in a bundle
with reducedbypass potentialwith that of MT-4 (largebypass via the
flow areas around the heater rods).

• Determinethe fissionpower as a function of elevationalong the full-
length bundle in the NRU.

The followingare objectivesthat will be useful for future tests"

• Characterizetest assemblypower for both a steam environmentand a
water environment.

• Determinethe change of the fission power in the fuel bundle in the NRU
reactorwhen the steam coolant is replacedwith water coolant.

The basic objectiveof the test was met and the resultsare reported
here. This report beginswith a descriptionof the experiment;includedare
a descriptionof the test train assembly and of the operations. Followingit
is a sectionon experimentalconditionsand results. AppendixesA throughG
containgraphs of data acquiredduring the test. All the data collected
during the test were recorded for time intervalsof I/5s and "written"on
magnetictape in machine languageunique to the hardwareand softwareof the
computer system used. The data were then convertedto VAX binary at PNL and
processedto produce the plots given in this report. PNL cannot,however,
ensure the future "readability"of these magnetic tapes as no provisionshave
been made to preservethem.

The results and analysisof previousMT tests helped supportthe recent

ofNRCLwRregulati°_LOCAs.-9-_°accept best estimatecalculationsfor the safety analyses



EXPERIMENTDESCRIPTION

The componentsof the test assemblythat were used for the MT-6A experi-
ment are described,and the instrumentationthat was provided is detailed.
The experimentoperationis also described,and experimentalconditionsand
results are discussed.

TEST TRAIN ASSEMBLY

The test train (includingthe head closure, hanger tube, and fuel assem-
bly) was -9 m (30 ft) long. The closureregion providedthe primarypressure
boundaryand includedpenetrationsfor numerous instrumentationleads. The
hanger tube was used to suspendthe fuel assemblyand shroud from the head
closure, and instrumentleads were attachedto the hanger to protectthem
during transportand testing. The shroud supportedthe fuel rods through
spacergrids, servedas a protectiveliner and insulator,containedany
balloonedfuel rods_ and providedproper coolantflow distributionduring
various stagesof the experiment. A schematicof th_ closureand upper sec-
tions of the pressuretube and hanger tube assemblyis shown in Figure I.
The stainlesssteel shroud consistedof two -4-m (14-ft)long halvesthat
were welded together. A schematicof the insulatedshroud is shown in Fig-
ure 2; an assemblydrawingof the shroud is shown in Figure3. The shroud
containsZrO2 insulationbetweenthe outer stainlesssteel exteriorand the
Zircaloy inner liner.

The fuel assemblyconsistedof a 5 x 5 segmentoF a 17 x 17 PWR fuel
assemblywith the four corner rods removed (Figure4) and provideda basic
fuel bundle array of 21 rods (see Table I). All rods were pressurizedjust
before the transienttest. A helium fill pressureof 6.03 MPa (875 psia) at
295K (70°F)was used. The prepressurizationprovidedthe necessaryinternal
cladding stressesto cause test rod rupturein the desiredtemperature
range.

Test train instrumentationincluded:8 SPNDs, 150 TCs, 21 fuel rod pres-
sure sensors,2 liquid level detectors,and 2 flux wires. The instrumenta-
tion was locatedat 46 elevationsor levels along the test assembly;these
levels are definedin Figure 5 and detailed in Figures5 through8. Instru-
mentationfor the variouslevels is shown in Table 2.

Turbineflowmeters(locatedoutsidethe test assembly)and TCs provided
the main sourceof thermal-hydraulicdata. Local coolanttemperatureswere

. measuredwith TCs that protrudedinto the coolantchanneland with TCs
attachedto the shroud. TCs were also spot welded to the inside of the
cladding surface. These claddingTCs monitoredthe claddingtemperature
without interferencefrom fuel pellet chips or unintentionalTC relocation.b

Flux wires along the inner liner provideda measureof the fuel power
distributionduring the transientportionof the test. The wires were

3
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insertedjust prior to the transient. In previous tests, flux wires were
insidethe fuel assemblyduring preconditioningand the transient.

The two liquid level detectorsdid not operatevery well during MT-6A;
therefore,liquid level data are not includedin this report. The detectors
are based on time domain reflectometry(TDR) and are describedin more detail
in (Marshallet al. (1983).

EXPERIMENTOPERATION

The MT-6A experimentconsistedof a preconditioningphase, preliminary
calibrationtest_, water and steam calorimetrytests, and a test in which all
test rods ruptured (MT-6A). The experimentwas performed in the L-24 site in
the NRU reactor (Figureg). The assemblywas oriented in the reactorwith
side E (the side that has fuel rods designatedE) facing north.

The preconditioningphase was initiatedon May 23, 1984. Two rises to
full NRU power operationand two conditionalreactortrips assuredfuel
pellet crackingand good fuel/claddingmechanicalcontact.

Calibrationtests were performedto insureproper operationand control
using the LCS and the DACS. These tests calibratedreflood flow rates, delay
times, and test assemblyback pressures. The fuel temperaturewas maintained
low enough so that there would be no rod deformation.

The main MT-6A test, in which all 21 pressurizedtest rods ruptured
during the heatup phase, was performedon May 25, 1984. The conditionsand
resultsof this test are discussedin this section.

The MT-6A transienttest used the LCS preprogrammedrefloodrate con-
trol. After a preset reflooddelay (controlledby the DACS), the LCS was
programmedto controlthe ref_oodrate at 0.20 m/s (8 in./s) for 3 s,
0.18 m/s (7 in./s) for 3s, 0.051 m/s (2 in./s) for 3 s. At that time, the
DACS was supposedto take over refloodcontrolto maintain fuel temperatures
approximatelyconstant. An anomalyin the refloodcontrol preventedthe DACS
from taking controlonce the refloodrate reached0.051 m/s (2 in./s). The
continuedrefloodat this rate caused the fuel to cool and quench, ending the
test. The refloodrates are shown in Figure 10.
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TEST FUEL RODS
0,379 IN, OD

INSIDE SHROUD LINERTC PRESSURE TUBE
4.070 IN. ID

STAINLESS STEEL SHROUD
ZrOz INSULATION 3,940 IN. OD

c ,oo, o,o
Oi®i@?@..,x,,,,o,s,,ooo,o

....... r = ,, FLUX wIEE CAPSULE

@®®Q
ANNULUS

SELF POWERED
NEUTRON DETECTOR

ZlRCALOY LINER
DIAGONAL 2,910 IN. COOLANT AREA
AND 0.030 IN, THICK --3,90 IN. z

TDR LIQUID LEVEL SENSOR

UF_I_G._.E___.MT-6A Test AssemblyCross Section

_. Fuel Rod Design Variables

Claddingmaterial Zircaloy-4
Claddingoutsidediameter (OD) 0.963 cm (0.379 in.)
Cladding insidediameter (ID) 0.841 cm (0.331 in.)
Pitch (rod to rod) 1.275 cm (0.502 in.)
Fuel pelletOD 0.826 cm (0.325 in.)
Fuel pellet length 0.953 cm (0.375 in.)
Active fuel length 3.66 m (12 ft)
Total shroud length 4.33 m (14.18ft)
Helium pressurization 6.03 MP_(875 psia) at 295K (70°F)
Fuel enrichment 2 93% 2a°U
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_. Instrumentationat EachLevelin the MT-6ATestAssembly

Cladding Inner
Inside Carrier Liner Spacer

_ Level _ Diameter TCs Shroud_ICs _ _ _TCs_-- 5PNDs

0.0 3
14,0 2
25.S 2
35.0 2

t

56.03
61.0 3

' 67.8 2
69.0 3

f rr..,_,,,,,,, , , i ii! yll i,i,.i ...... ii,ii ...... r

79.0 3 2 3
84.0 3
85.2 4
88.5 2

......89,2 & 90.0 ....... 3 : .................. _ 3: ::_ :....
94.0 3
98.0 3

102.0 3 3 4
106.2 3 3
109.5 ....... 2
110,2 & ]11.0 3
115.0 3
119.0 3
123.0 3 3 4

]30.5 2
131,2 & 132.0 3 3
136.0 3
144.0 2 4
]48,2 4....... i, ll.lr " . .......... " _ j]L,I i l l .u _ ii .... .iii __],,i,ii,i|.u ,L ii,.i i i Ll,,mMLL

151.5 2
156.0
169,0 __ _.4. ....

Total 54 14 15 15 21 8

NOTE: FourbrazeTCs wereat Level]56,4 outletTCs were at Level169,2
. liquidlevelTCs were at Level173,2 liquidlevelTCs were at Level

]77.8,2 liquidlevelTCs were at Level]82,2 liquidlevelTCs were
at Level186,2 liquidlevelTCs wereat Level191,4 outletTCs were

. at Level200, 5 hangerbar TCs wereat Level220.7,] hangerbar TC
was at Level326.3,2 liquidlevelTCs wereat Level202,one liquid
leveldetectorran fromthe top of the shroudto the top of the spool
piece. Anotherliquidleveldetectorran fromLevel0 to Level]60
insidethe shroud.
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EXPERIMENTCONDITIONS ANDRESULTS

The followingfactorsare discussedin this section: fuelrodpressures
and temperatures,axialpowerdistribution,and the effectsof steamcooling
versuswatercoolingon testassemblypower.

FUELROD PRESSURESANDTEHPERATURES

' Gas pressurechangesweremeasuredas a functionof time In the plenums
of the 21 fuelrodsusingan out-of-reactorpressuretransduceron eachrod.
Priorto the transienttest,all 21 rodswere inltiallyfilledwith heliumto
a pressure of 6,03 MPa(875 psia) at 295K (70'F).

The pressure transducers indicated rod failure, as summarizedin
Table3. The testrodswerefittedwith straingauge-typepressuretrans-
ducers. The pressuretransducerswere locatedoutsidethe reactorabovethe
testassemblyand wereconnectedto the fuelrod plenumsby capillarytubes.
Pressuretransducerdatafor two rodsare (4Aand 5D) shownin Figures11 and
12.

Priorto the transient,pressureswereabout9.3]MPa (1350psi). When
the steam cooling to the test assemblywas shut off and the power remained

_. FuelRod RuptureTimesand Pressures

Pres_ure_Sensor RuDtureTlme._s RupturePressqre.HPa(pslJ

PT-M]-3C 63 6.21 gO0)
PT-M2-4C 62 6.55 g50)
PT-M2-3D 60 6.72 975)
PT-M]-IB 59 7.93 1150)
PT-MI-]C 61 7.24 1050
PT-MI-ID 64 6,90 (]000)
PT-MI-2A 62 7.65 (1110)
PT-MI-2B 62 6,07 (880)
PT-MI-2C 61 6.55 (g50)
PT-M2-2D 60 6.96 (1010)
PT-M2-2E 63 6,96 (1010)
PT-MI-3A 63 7.24 (1050)
PT-MI-3B 62 6.07 (880)

. PT-M2-3E 60 7.24 (]050)
PT_MI-4A 64 7.24 (1050)
PI-MI-4B 62 6,72 (975)
PT-M2-4D 61 6.27 (g]O)

' PT-M2-4E 62 6.90 (1000)
PT-M]-SB 61 7.58 (1100) =
PT-M2-SC 60 7.52 (lOgO)
PT-M2-5D 58 7.93 (]]50)
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constant, the fuel heatup caused the pressure to increase. Because the fuel
ballooned at higher temperatures, the pressure eventually decreased until
rupture, which was followed by a rapid decrease in pressure. As shown in
Figure 11, the fuel temperature was constant prior to the transient After
the steam cooling was shut off, the fuel temperature increased untii Just
prior to rupture. Just before rupture, cladding temperatures dropped near
the rupture location, perhaps because of cladding liftoff near the rupture
zone. The temperature and corresponding pressure for a rod that has one TC
hot junction located close to the rupture region are shown in Figure 11. A
similar trace where the TCs are not close to the rupture region is shown in
Figure 12. Peak fuel temperatures near a rupture region tend to be lower
than those away from the rupture region, which tends to confirm that balloon-
ing has no deleterious effect on heat transfer and may even enhance it.

AXIAL POWER DISTRIBUTION

Prior to the MT-BA test, the axial power distributionin the fuel assem-
bly was evaluatedusing normalizedlocal heatup rates, assembly self-powered
neutrondetector (SPND)measurements,assembly flux wire data, and a series
of measurementstaken by a transientflux probe during the preconditioning
phase of the experimentsin the NRU reactor. Local axial powers were cal-
culatedusing the adiabaticperiod heatup rates and the fuel rod mass and
specificheat. These normalizedresults are plottedagainsta computedpower
profilebased on core physicscalculationsfor the MT-4 test (FigureI3).

For the MT-6A experiment,a techniquewas devised that permittedinser-
tion of a flux wire into the test train betweenthe preconditioningand
transientphases of the test. Thus, the flux wire data representonly the
flux distributionthat existedduring the low-poweroperationof the tran-
sient. The axial scan data from this wire are shown in Figure 14, which
representsthe activityof the wire as a functionof axial position along the
test assembly. As shown, cyclic localizedneutronflux increasesof about
±4% with a spacingof about ]B cm (7 in.) are superimposedon the normal
axial profile.

The stainlesssteel shroudused for the MT-6A experimentwas a modifica-
tion of the shrouddesign used in all previous NRU LOCA tests. In that
design,the shroudwas split lengthways,and 3-in. long flats were cut on the
outsidesurfaceof the stainlesssteel shroudon 7-in. centers to accommodate
clips that held the two halves togetherduring the tests and permittedeasy
disassemblyafter the tests. The modificationof existing shroudsfor MI-6A
and MT-6B consistedof removingsome material from the inside surfaceof the
shroud,welding the two halves together,and eliminatingthe clips. Stain-
less steel is a mild neutronabsorber,and the reducedmass of metal at the
flats resulted in an increasedneutronflux at these locations. In the
original shrouddesign, the mass in the region of the flats was reduced by
17_. After modifyingthe shroud for MT-6A, the localizedmass was reduced by
21% of the cross section. The axial locationsof these flats, as well as the
locationof the spacergrids, are shown in Figure 14. The correspondenceof
the flats and the localizedflux increasesis not exact; there is a I- to
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l-I/2-1n,offset betweenthe activityincreasesand the locationsof the
flats. This offset is probablydue to a lack of correspondencebetweenthe
zero locationsof the fuel rods and the flux wire.

The effectsof the localizedneutron flux and the resultingpower and
claddingtemperaturevariationson the measuredcladding strain for the MT-4
rods are shown in Figures15 and 16. There is a correspondencebetweenthe

' locationsof the flats on the shroudand the localizedstrain effectsin the
cladding. The large decrease in strain in the middle of the middle span is
coincidentwith a nonflat region in the shroud. The effect of the mechanical

+ restraintprovidedby the spacergrids on cladding strain is also clearly
shown. There are no indicationsof significantcladding strain reductions
betweenthe other spacergrid spans, as was noted in MT-I and MT-2. However,
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a change in the shape of the strain proftle is evident at locations lsso-
ctated with the flat regions in the shroud. This strain behavior is tndicao
tive of a temperatureeffect associatedwith the localizedflux variationsIt
these elevations, r

An approximationof the effect of the localizedflux and power increlses
on claddingtemperaturefor the MT-4 tests can be deduced, The flux wire
data for MT-6A show a minimum.to-maximumdifferencein local power of about
8%. Adjustingthis value to accountfor the differencein the fractionof
metal removedfrom the MT-4 shroud results in a 1ocii power variationof
about 6%. For MT-4, the claddingstrainsoccurredduring the adiabatic
heatup in which the claddingtemperatureramp rates were controlledalmost
exclusivelyby the local power, The local temperaturevariationswere very
small at the start of the transientbecausethey were primarilyestablished

28

iii iiIIII IIL



_.o _;_ ,_.!_, _, _,;.., ,, _.';,._ _, ._..:_,,. _i_, _ _._,,_., _, ......

0.80.9 _SPACER GRIDS "_ • FLAT/

,.v 0.5 - -

0.4

0.3 -

0,2

0.1

0.0
0 20 40 60 80 100 120 140 160

LENGTH,in.

EIGURE15. Axial Strain Profilefor MT-4

by the temperatureof the steam coolant. Thus, the local temperaturevaria-
tions in the region of maximumstrainwas estimatedto be 6% of the 615K
(650°F)temperatureincreasefrom the start of the transientto the time of
rupture,or about 20K (40°F). Thus, the MT-4 data dramaticallyillustrate
the extreme sensitivityof the cladding strainbehaviorto temperature.

Considerationof the effectsof the localizedflux and power variations
. on the cladding strain behaviorfor MT-4 is speculative. If the cladding

strain behaviorthat occurred in the MT-4 rods had not been perturbedby the
localizedtemperatureeffects, it is expected that the rate of volume
increase in the rods would have been greater and the internalgas pressure

" decrease later in the transientprior to rupturewould have been largerthan
what occurred. These effectswould have delayed ruptureand would have
resulted in ruptureat a somewhatlower pressure and higher temperature.
However,once plastic instabilitywas reached,the strainrate would have
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been sufficientlyhigh that these effectswould probably not have been large•
The rupturehoop stresswould still be expectedto follow the temperature
correlation. Becausethe rupturetemperaturedata from the experimentare
slightlyhigher than the alpha phase peak strain predictedby NUREG-0630,(11)
use of this predictionwould lead to the conclusionof a somewhatlower
average rupturestrain than was found. Thus, it may be concludedthat the
removal of metal to form the flats on the stainlesssteel shroud affectedthe
local power,which in turn affectedthe local strain if the strainsoccurred
during the adiabaticheatup period• This resulted in a modificationof the
axial strain pattern,probablya small increase in the peak rupturestrain,
and no change in the coolabilityconclusions.
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EFFECTOF STEAMCOOLINGVERSUSWATERCOOLiNG ONTEST ASSEMBLY POWER

A test was performedprior to the MT-6A transientto determinethe
effect of steam coolingversuswater coolingon test assemblypower. For
this test, the NRU reactorpower was maintainedat a constant_evel. Cal-
orimetrymeasurementsshowed that the test assemblypower was 86.8 kW when
filledwith water and 94.5 kW when filledwith steam, indicatingan approx-
imate 8% decreasein power as the refloodcompletelyfills the test assembly.
These resultscan be used to improvethe interpretationof the MT-6A and
MT-6B test data, which has a similar21-rod test assembly,as well as allo

prior test data.
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APPENDIXA

TRANSIENTFUEL,PRESSU,RESAND_TEHPEI_TLLRE5DURINGIHEMT-6A T_SI_i

Summariesof transient fuel pressures and inside cladding temperatures
for MT-6Aare presented tn this appendix. Figures A.] through A.|8 present

' both pressure and temperature traces for each rod, Figure A.]9 presents
pressure traces only for three rods that had no thermocouples.

' The remainder of th!s appendixconsists of the following figures:

A.I Fuel Rod Interior Cladding Temperatures for Rod IB at Levels
90.0 and 94,0, Rod3B at Level 9e.o, and PlenumPressures for
Rod IB .... . . , . . .... . ..... , ..... , , . A.3

A.2 Fuel Rod Interior Claddtng Temperaturesat Levels 1272, 132.0,
and 136,0, and PlenumPressures for Rod ]C .......... A.4

A,3 Fuel Rod Interior Cladding Temperaturesat Levels 127.2, 132.0,
and 136.0, and PienumPressures for Rod ]D ..... , , . . . A.5

A.4 Fuel Rod Interior Ciaddtng Temperatures,at Levels 56,0, 61,0,
and 69.0, and PlenumPressures for Rod2A .......... A.6

A.5 Fuel Rod Interfor Cladding Temperatures at Levels 102,0, 106.2,
and 11].0, and PlenumPressures for Rod2B .......... A.7

A.6 Fuel Rod Interior Cladding Temperatures at Levels 56,0, 61.0,
and 69,0, and PlenumPressures for Rod ]C .......... A,8

A.7 Fuel RodInterior Cladding Temperaturesat Levels 115.0, 119,0,
and ]23.0, and PlenumPressure for Rod2D .......... A.9

A,8 Fuel Rod Interior Claddtn9 Temperatures at Levels 56.0, 61.0,
and 69,0, and PlenumPressures for Rod2E .......... A,]O

A.9 Fuel Rod Interior Cladding Temperaturesat Levels 102.0, 106.2,
and ]1],0, and PlenumPressures for Rod3A .......... A,]]

A,IO FuelRod InteriorCladdingTemperaturesat Levels98.0,90,0,
" and94,0,and PlenumPressuresfor Rod 3B .......... A.]2

A,]] Fuel Rod Interior Cladding Temperatures at Levels 115,0, llg,0,
' and 123.0, and PlenumPressures for Rod3E .......... A.13

A.]2 FuelRod InteriorCladdingTemperaturesat Levels74.0,84.0
and 79.0,and PlenumPressuresfor Rod4A .......... A,I4

A.!



A.13 Fuel Rod Interior Cladding Temperaturesat Levels 102,0, 106.2,
and 11i,0, and PlenumPressures for Rod4B ......... , A,15

A.14 Fuel Rod interior Claddtng Temperaturesat Levels 115.0, 119.0,
and 123,0, and PlenumPressures for Rod ...... , .... A.16

A,15 Fuel Rod lntertor ClmddtngTemperAturesat Levels 74,0, 79.0,
and 84,0, and PlenumPressures for Rod4E .......... A.17

A.]6 Fuel Rod lntertor Cl|ddtng Temperaturesst Levels 98,0, 94.0,
and 90,0, and PlenumPressures for Rod58 ..... , . . , , A,18

A.17 Fuel Rod lntertor Cladding Temperatureat Levels 74.0, 79,0,
end 84.0, and PlenumPressure for Rod 5C ......... . . A,19

A,18 Fuel Rod Intertor Cl|ddtng Temperatureat Levels 127.2, 132.0,
and 136.0, and PlenumPressures for Rod 59 . . ...... , . A,20

A ]9 Fue! RodPlenumPressures for Rods3C, 4C, and 30 A,21i e s , e . , .

A.2
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APPENDIXB

IRANSlENTFUEL CLADDINGTEMPERATURES
DURING THE MT:6A TRANSIENT

Fuel claddingthermocoupleswere welded to the insideof the fuel
. cladding. Temperaturecurves for these thermocouplesfor the MT-6A transient

arc presented in this appendix. These curves demonstratehow the fuel heats
up almost adiabaticallyuntil the refloodwater starts to cool the fuel at

. the thermocoupleelevation. These curves demonstratethat the rods can be
cooled,even though all 2] rods balloonedand rupturedand were constrained
by the shroud.

The remainder of this appendix consists of the following figures:

B.I Fuel Rod InteriorCladdingTemperaturesfor Rods 2E, 2A, and 2C
at Level 56 ........................ B.3

B,Z Fuel Rod InteriorCladdingTemperaturesfor Rods 2C, 2E, and 2A
at revel 6I ........................ B.4

B.3 Fuel Rod InteriorCladdingTemperaturesfor Rods 2E, 2A, and
2C at Level 6g.o ...................... B.5

B.4 fuel Rod InteriorCladdingTemperaturesfor Rods 5C, 4E, and
4A at Lovel 74.0 ...................... B.6

B.5 fuel Rod InteriorCladdinglemperaturesfor Rods 4E, 5C, and
4A at Level 79.0 ...................... B.7

H.6 fuel Rod InteriorCladdingTemperaturesfor Rods 5C, 4A, and
4E at Level 84.0 ..................... B.8

B.7 fuel Rod InteriorCladdingTemperaturesfor Rods 3B, 5B, and
]B at level go ...................... B.9

B,B fuel Rod InteriorCladdinglemperaturesfor Rods 3B, 5B, and
IB at Level 94.0 ..................... B.IO

i_.9 fuel Rod InteriorCladdingTemperaturesfor Rods 5B, 3B, and
. IB at [eve] g8 ....................... B.ll

B.]O Fuel Rod InteriorCladdinglemperaturesfor Rods 3A, 4B, and
2B at Level 102 ...................... B.12

B.]I luel Rod InteriorCladdingTemperaturesfor Rods 2B, 4B, and
3A at [eve] ]06.2 ..................... B.13

B.]
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B.12 Fuel Rod InteriorCladdingTemperaturesfor Rods 3A, 2B, and
4B at Level 111.0 ...................... B.14

B.13 Fuel Rod interiorCladdingTemperaturefor Rods 4D, 3E, and
2D at Level 115.0 ...................... B.15

B.14 Fuel Rod InteriorCladdingTemperaturesfor Rods 4D, 2D, and
3E at Level 119.0 ...................... B.16

B.15 Fuel Rod InteriorCladdingTemperaturesfor Rods 3E, 4D, and
2D at Level 123.0 ...................... B.17

B.16 Fuel Rod InteriorCladdingTemperaturesfor Rods ID, IC, and
5D at Level 127.2 ...................... B.18

B.17 Fuel Rod InteriorCladdingTemperaturesfor Rods ID, 5D, and
IC at Level 127.2 ...................... B.19

B.18 Fuel Rod InteriorCladdingTemperaturesfor Rods ID, 5D, and
IC at Level 136.0 ...................... B.20
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APPENDIXC

TRANSIENTFUELCLADDINGANDSHROUDINSIDEAND OU,TLSIDETEMPERATURES
DURINGTHE M!-6ATRANSIENT

Fuelcladdingtemperaturesand shroudinsideand outsidetemperatures
are comparedin thisappendix.Thesecurvesdemonstratehow effectivelythe

• shroudinsulatesthe hot fuelrodsfromthe pressuretube.

The remainderof thisappendixconsistsof the followingfigures:

C.I Comparisonof FuelRod InteriorCladding,ShroudInnerLiner,
and ShroudOutsideTemperaturesat Level79 ......... C.2

C.2 Comparisonof FuelRod InteriorCladding,ShroudInnerLiner,
and ShroudOutsideTemperaturesat LevelI02 ......... C.3

C.3 Comparisonof FuelRod InteriorCladding,ShroudInnerLiner,
andShroudOutsideTemperaturesat Level123 ......... C.4

C.!

m
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APPENDIXD

,TRANSIENTSHROUDLINERTEHPERATURES
OURINGTHEHI-OATRANSIENT

Shroudlinerthermocoupieswere locatedon the insulationsideof the
, innerliner. Shroudlinertemperaturesfor the transientare presentedin

thisappendix.

, The remainderof thisappendixconsistsof the followingfigures:

D.] ShroudInnerLinerTemperaturesat Level7g ......... D.2

D.2 ShroudInnerLinerTemperaturesat Level]02 ......... D,3

D.3 ShroudInnerLinerTemperaturesat Level123 ......... D.4

D.4 ShroudInnerLinerTemperaturesat Level]44 ......... D.5

D.5 ShroudInnerLinerTemperatureat Level156 ........ D.6

D,I
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APPENDIXE

.TRANS!ENTOU,TSIDE SHRQU,D,,TEMPERA,,TURES
DURING,,THEMT-6A TRANSIENT

Appendix E presentsoutside shroud temperaturesduring the MT-6A
transient. The low shroud temperaturesverify that the insulatedshroud

" performswell.

The remainderof this appendixconsistsof the followingfigures:

E.I Shroud OutsideTemperaturesat Level 79 ........... E.2

E.2 Shroud OutsideTemperaturesat Level 102 ........... E.3

E.3 Shroud OutsideTemperatures_t Level i23 ........... E.4

E.4 Shroud OutsideTemperaturesat Level 144 ........... E.5

E.5 Shroud OutsideTemperaturesat Level 169 ........... E.6

E.I
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