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SUMMARY

Four-foot-longsectionsof a new productionlight-waterreactor (NP-LWR)

generictritiumtargetrod were testedto determineif the lengthof the pel-

let pencilsaffectsthe amountof pelletmaterialrelocatedduringa burst and

to characterizethe burst. This testingwas conductedas a follow-onstudy ofw,

claddingstrengthand pellet relocationbehaviorof short targetrod specimens

[11 cm (4.4 in.)]. The resultsof these tests could be used to supportsafety
v

analysesof the effectsof rod burstingand pelletrelocationon the perform-

ance of a NP-LWRreactorcore during a postulatedloss-of-coolantaccident

(LOCA). All burst tests of the targetrods were performedin air becauseair

is more reactivethan the air-steamor water environmentthat accompaniesa

LOCA.

Four tests were conductedat four differentbackfillpressuresvarying

from 1000 psia to 3000 psia. Duringthese tests,target rod specimenswith

four pencilswere chargedwith heliumgas and then inductivelyheated using a

5.6°C/sec(10°F/sec)ramp rate until they burst. The pencilswere comprised

of pellets,getterswith bent tabs, and liners identicalin transversecross

sectionand length to a generictargetrod design. Previoustestingused

three short pencilswhose combinedlengthwas 4.6 in. comparedto the four

prototypicfoot-longpencilsused in this testing. The same inductioncoil

used in previoustests with shortertargetrod specimenswas used for heating

the cladding. Consequently,only a small portionof each specimenwas heated.

This heatedzone was approximatelythe same length and had the same axial tem-

peratureprofilein the burst zone as was used for the shorterspecimens. The

test resultsindicatethat the strengthof 20% cold-workedbarriercoated

stainlesssteel cladding (pressure-temperaturethresholdfor claddingbreach)

is not significantlyaffectedby the volumeof gas in the specimen. The test
i.

resultsalso show that pelletdamage is confinedto the pencilat the burst

locationfor the pressuresand axial temperatureprofileused in testing.
v

Post-testradiographsindicatethat the short heatedlengthof the rods

may have limitedpellet relocation. The structuralstrengthof the nickel-

platedZircaloygettermay be importantin limitingpelletrelocation. In
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general,pelletmaterialwas ejectedfrom the pencil at the burst location,

and the pencil above theburst locationmoved down to fill the void. The

plenum spring can followor drive the pencildownward.

The test specimensand test conditionsare describedin the body of the

report. Resultsof the testingare summarizedin the conclusionand recommen-

dation sectionof the report.
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1.0 INTRODUCTION

The Code of FederalRegulations,IOCFR50AppendixA (Criteria27 and 35),

and nationalstandardsANS/ANSI-51-1requirethat coolablegeometryand reac-

tivity controlin a reactorcore are not compromisedduring a large break

- loss-of-coolantaccident (LBLOCA). A primarysafety concernis to prevent

events that are design-basisaccidentsin a commerciallight-waterreactor

• (LWR)from becomingsevereaccidentsin the new productionreactor (NPR)

design.

During a postulatedloss-of-coolantaccident(LOCA)in a nuclearreactor,

the temperaturesof the fuel and tritiumtarget rods in the reactorcore will

significantlyexceed their normal operatingtemperatures. The magnitudeof

the elevatedtemperatureof the target rods dependson the reactorcore

design. Analysesresultsassociatedwith currentreactorcore designsdo not

result in temperaturessufficientto cause the claddingof target rods to

breach. Moreover,previousexperimentsconductedon targetrod materialsat

postulatedtransienttemperaturesand pressuresestablishedthe cladding

breachtemperatureand pressurethresholds. These thresholdsare above pre-

dicted temperaturesand pressuresfor a postulatedLOCA.

However, if futuretarget rod designsresultedin the possibilityof a

claddingbreach (burst),it would be importantto characterizethe pellet

relocationassociatedwith a burst. Becausethe lithiumaluminatepelletsin

the rods act as a neutronpoison,their relocationduring a burst can affect

the reactivityof the core. If significantamountsof lithiumaluminatepel-

let materialwere relocatedwhen the rod claddingburst,then the relocated

materialcould affectfurtherfissionreactionsin the core. Voids in the

tritiumtarget rods left by the relocatedlithiumaluminatewould not absorb

neutronsfrom the fissionchain reaction;these voids could increasecore

reactivity.
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To characterizethe pellet relocationbehaviorof target rods during a

burst, PacificNorthwestLaboratory(a)has conductedout-of-reactorburst

tests on targetrod specimensat postulatedtransienttemperaturesand pres-

sures. This study extendsthe resultsof previoustests by using longer

specimenswith pencilsthat are of prototypiclength. The primaryobjective

of this study was to determinewhetherpellet relocationis confinedto the

pencil at the burst locationwhen the pencilsare of prototypiclength. The

resultsof these out-of-reactortests could supportplant safetyanalysesto

determinethe effectsof replacingcertainfuel rods with tritiumtargetrods

in a reactorcore and to predictthe behaviorsof reactorcore coolingand

recriticalityif tritiumtarget rods burst during postulatedLOCA conditions.

Previoustestingaddressedthe effectof the barriercoatingon cladding

strengthwhen the target rod was subjectedto extremetransienttemperatures

and pressures(McKinnon1992). The previoustests used short targetrod

specimens[11-cm (4.4-inch)heatedcladdinglength]which were chargedwith

heliumgas and then inductivelyheatedto the point of bursting. A tempera-

ture ramp rate of 5.6°C/sec(10°F/sec)was achievedduringthe heatingproc-

ess. The short specimensfor pellet relocationstudiescontainedthree

pencils (composedof getters,pellets,and inner liners). All of the burst

tests were performedin air.

This report comparesthe strengthand pelletrelocationresultsof cur-

rent testingeffortwith the resultsfrom the previoustesting. The conclu-

sions and recommendationfrom the testingare presentedin Section2.0. Sec-

tion 3.0 describesspecimendesigns,test temperaturesand pressures,the test

apparatus,and the test plan. Section4.0 presentsthe test resultswith

supportingdiscussions. Lastly,AppendixA containsdata from the 4-ft

tritiumtargetburst tests. These data includeburst temperaturesand pres-

sures,volume,weight,and dimensionalchangesof the targetrod specimens.

AppendixB presentsan error analysis.

(a) PacificNorthwestLaboratoryis operatedby BattelleMemorial Institute
for the U.S. Departmentof Energyunder ContractDE-ACO6-76RLO1830.
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2.0 CONCLUSIONSAND RECOMMENDATION

Burst testingsuccessfullydemonstratedthat pelletdamagewas confined

to the pencil at the burst. The resultsfrom testing4-ft specimenswere not

significantlydifferentthan those from testingthe shorterspecimens. How-

ever, the short heated zone used duringthe test did not allow us to determine

the total extentof the damage that could occur for a full lengthtarget rod

with a prototypicaxial temperaturedistribution• lt was apparentfrom the

test that the strengthof the nickel-platedgettermay influencethe pellet

release associatedwith a burst.

The followingsubsectionspresentspecificconclusionsand a recommenda-

tion developedfrom the test results.

2.1 CONCLUSIONS

The resultsof the ex-reactorsburst tests lead to the following

conclusions.

• The burst strength,diameterchange,and breachdamageto the cladding
of the 4-ft specimenswere the same as observedfor burst testingwith
shorterspecimens.

• Pelletand pencildamage is confinedto the pencilat the burst
location• Burst damagedoes not propagateto adjoiningpencilsfor the
pressurestested.

• The lengthof the heated zone may affectpellet relocation. Using the
same heated length,approximatelythe same lengthof pelletcolumn
within the heated zone was expelledfrom the 4-ft specimensas had been
expelledfrom shorterspecimens. There is no indicationof pencildam-
age outsideof the heated zone.

• 2.2 RECOMMENDATION

The resultsof the ex-reactorburst tests lead to the following

recommendation:

• Tests shouldbe conductedwith specimenshaving longerheatedzones. To
determinepellet relocationfrom a target rod, the heatedzones need to
have prototypicalaxial temperE_ureprofiles(lengthand temperature).
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3•0 TESTING

This sectiondescribesspecimendesigns,test temperaturesand pressures,

the test apparatus,and the test plan.

3.1 TEST SPECIMENS

Severaltest specimendesignshave been used in the ex-reactorsafety

, testingportionof the TritiumTarget DevelopmentProject(TTDP). Each has

incorporatedthe design featuresof the generictargetro_ (Shiragaand Weber

1991). This sectiondescribesthe generictargetrod designand the other

designs as they have evolvedover the testingspan. The 4-ft target rod

specimenused in the performancetestingis also described•

3.1.1 GenericTargetRod Desiqn

The generictargetrod is shown in Figure I. The nominaldimensionsof

the cladding,nickelplated Zircaloy(NPZ) getter,LiAlO2 pellets,and inner

liner are summarizedin Table I. The generictarget rod contains12 pencils

of 30.5 cm length,end caps, and a compressionspringas shown in the

Figure I.

The earliesttests were performedwith the specimensshown in Figure 2.

The specimenshad about 12 cm (4.6 inches)of barriercoated stainlesssteel

cladding,containeda filler rod to limit gas volume,and were used to deter-

mine the effecton claddingstrengthof the barriercladdingand its associate

heat treatment. This specimenwas heated using an inductionheater• A heat-

ing coil used with the inductionheaterwas fabricatedto producea flat tem-

peratureprofilewithin+27.8°C (+50°F)of the mean temperatureover the

center 7.6 cm (3 inches)of the specimenscladding. This left very littleof

the short specimenthat was not heated.°

i The next specimendesign includedpellets,a NPZ getter,and an inner
• liner, lt is shown in Figure3 and was used for the initialpellet relocation

burst testing, lt did not includepenciltabs or gas plenums.
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FIGURE1. Generic Target Rod Design

TABLE 1. Target Rod NominalDimensions

Feature Dimension, mm (inch) Drawinq Number

Barrier Coated 316 SS Cladding OD(a) 9 423 (0.371 _ 0.001) 4D02256 Rev 3

Barrier Coated 31B SS Cladding ID 8 280 (0.326 ± 0.001) 4DO225B Rev 3

Nominal Cladding Barrier Thickness OD 0 0127 (0.0005) 4D02256 Rev 3

Nominal Cladding Barrier Thickness ID 0 0508 (0.002) 4D02256 Rev 3

Nickel Plated Zircaloy.,4Getter OD 8 128 (0.320 ± 0,0015) 4D02259 Rev 2

Nickel Plated Zircaloy-4 Getter ID 7 798 (0.307 ± 0.002) 4D02259 Rev 2

Nickel Plating Thickness 0 0051 (0.0002 >0.0012) 4D02259 Rev 2

Target Pellet OD 7 645 (0.301 ± 0.0015) B945C65 Rev i

Target Pellet ID 5 613 (0.221 ± 0.003) B945C65 Rev I

Inner Liner Thickness 0.1016 (0.B04) 4D02259 Rev 2

Specimen Gas Volume 8.6 cc (0.52 cubic inches)

(a) ID = inner diameter.
OD = outer diameter.

Note: Shroud dimension was adjusted to maintain a 0.889-mm (e.035-inch) gap between the
shroud and the target cladding.

3.2



Barrier Coated (SR-_)O/PP-ID)

/---- nr Uncoated 316 Stainless High Pressure

Steel Tubing End Fitting 7s /

_P , , , ,_/

" __ S,ainless steel \-- ri,,er Rod I

End Cap j
. !

t
!

~ 12.7 cm ---
(~ 5.0 in.)

FIGURE,2. Transient Burst Specimenwith Internal Filler Rod

Barrier Coated
(SR-OD/PP-ID)

S Stainless Steel Nickel Plated High PressureTubing /._ Zircaloy Getter End Fitting/7
t

uA,o: Zircon,urnStainless Steel Pellets Liner
End Cap

_.-- ~12.7 cm
[~ 5.0 in._

FIGURE3. TransientBurst Specimenwith InternalTargetRod Components

The specimenillustratedin Figure4 was testedto includemore of

• generic targetrod design features. This specimenhad transversecross sec-

tions prototypicof the genericrod design (TableI) and includedthree pen-

" cils. To test the specimenwith the same inductionheater and heatercoil,

the pencilswere shortenedto 2 and 7 cm (0.82 and 2.72 inches)respectively.

The pencils includedthe bent tabs so that gas flows,shock waves, and effects

of shock waves causedby the change in flow areas at the pencilinterfaces
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would be more prototypicof a l,,ngtarget rod. The specimenincludeda short

plenum regionto provideflow throughall of the pencils. The gas plenums

were outsidethe heatedzone during testing. Tests with this specimenindi-

cated that pelletdamagewas continedto the pencilat the burst location.

However,the shortnessof the pelletpencilsand the lack of a plenum spring

prohibitedextrapolatingpellet damageto the longergenericrods. None of

the specimenshad includedthe plenum spring. There was some concernthat the

plenum springassemblycould act as a gas pistonwhich would drive additional

pencil (pellet)materialto and out of the breachlocation.

The next logicalextensionof the testingwas to examinea longerspeci-

men that containedthe plenum springassembly. The design shown in Figure5

was tested becausesome longertarget rods used in criticalitytestingper-

formed at the AdvancedTest Reactor(ATR) reactorat Idaho NationalEngineer-

ing Laboratory(INEL)were available. This rod design allowed maximum use of

componentsin the ATR targetrods. These componentsincludedfour 30.5-cm

(12-inch)pencilsper ATR rod and the springplenumassembly. The pencils

includepelletsand unplatedZircaloygetters. To make the specimenbehave

prototypically,inner linerswere added to the pencils,one of the unplated

getterswas replacedwith a NPZ getter,and the uncoatedstainlesssteelclad-

ding used in the ATR criticalrods was replacedwith barriercoated cladding.

The NPZ getter was placed in the heated zone.
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In order to determinethe effectsof the plenumspringassemblyand

specimenlength,the lengthof the heatedzone was not changed. The same

heaterand heatingcoil from the prior tests was reused. The heater coil was

designedto producea relativelyflat temperatureprofilewithin

±27.8°C (±50°F)of the mean temperatureover the center 7.6 cm (3 inches)of

the specimens. This configurationheatedmost portionsof the short speci-

mens. However, this heatedlength left most portionsof the 4-foot specimen

unheated. Using this heatedlengthwould simulateactualburst characteris-

tics and allow us to determineif pelletdamagewas propagatedbeyondthe pen-

cil at the burst location. The heated lengthwas not expectedto indicate

temperatureeffects.

The specimenused in this study retainedall of the featuresof the

genericrod design exceptfor overalllength, lt containedfour 30.5-cm

(12-inch)pellet pencilsinsteadof twelvecontainedin the generic rod

design. Only one of the Zircaloygettersin the specimenwas nickel plated.

. This pencilwas positionedin the specimento be in the heated zone and to

provideopportunityfor an eutecticformationbetweenthe nickel platingand

• the Zircaloyof the getter. In previoustesting,nickel/Zircaloyeutectic

appearedto interactwith the cladding. The three unplatedgetterswere posi-

tionedout of the heatedzone. The plenumspringregion for the specimenwas

7.9 cm long comparedto about 11 cm for the genericdesign.

3.5
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Bent tabs were includedbecauseof their potentialimpacton the gas

dynamics insidethe specimenduringdepressurizationfollowinga burst. The

tabs form flow restrictionsat the ends of each pencil-pelletstack. When the

specimenbursts,the flow restrictionscan act as a throator nozzle and may

become locationsfor the attachmentof shockwaves. For a shock wave to form,

the pressureratio (pressuredownstream/pressureupstream)acrossthe shock

wave must be less than 0.49 (Owczarek1964).

When the targetcladdingbreaches,gas will flow out throughthe burst

location. As the downstreampressuredecreases,the velocityin the throat

(any flow restriction)will increaseuntil sonic velocityis achieved. At

sonic velocity,a shock wave will form at the restriction,and the flow rate

down the centerof the pencilwill become independentof furtherdecreasesin

downstreampressure. The pressuredrop acrossthe shockwave can approximate

the internalpressureof the targetrod just before bursting. In addition,

there are severalflow paths to the break location (betweenthe claddingand

NPZ getter,betweenthe NPZ getter and pellets,and down the center of the

pellets). Each of these flow paths could have differentlocationsfor shock

wave attachments. The locationof the shockwave could affectthe pressure

drop acrossthe variouscomponentscomprisingthe target rod. The potential

magnitudeof the pressuredrop could affectthe physicalintegrityof each of

the components. For this reason,pencils,pencil tabs, pellets,and liners

were consideredimportantdesign featuresof the specimens.

3.2 LOCA TEMPERATUREAND PRESSURERELATIONSHIPS

The LOCA temperaturesand pressuresused for testingwere derivedfrom

NPR TritiumTarget LOCA Analysis (Omberg1991). Typicalpredictedtemperature

and pressuretransientsand axial temperatureprofilesfor a target rod

shroudedby a guide tube are shown in Figures6 through8. Typicaltempera-

tures of the fuel, shroud,and targetcladdingas a functionof time for a

target shroudedby a guide tube are shown in Figure 6. The maximumcladding

temperaturefor the target is about 790°C (1460°F)about 140 secondsinto the

transient. The target beginsto cool after 140 seconds. The corresponding

3.6



2.3 ips Reflood Rate, Gap = 35 mil
0 20 40 60 80 1O0 120 140

1300 t ..... ' ' ' " ' ' '

1100 _ Fuel Cladding _• __P-, : 2000 u_

¢; 900 ¢"
• _- / _....'.Zh..,_.... 1500 _-D / _ ............, D

"700 / "" _ " _" " -........ _

o_° / ,,,"," ...................<........"""...................' _:-,ooo•_°• o.500 cL

E //_/ /," ............,-" .......... Target Cladding E¢__- 300 500

100

o 2'o 4'0 6'0 8'0 _60 _o 40
Time, sec

FIGURE6. LOCATemperature Transient

2.3 ips Reflood Rate, Gap - 35 mil, t = 100 seconds
0 0.2 0.4 0.6 0.8

1400 L .... 2500
1200

cD 2000 n,
• Fuel Cladding _ "1000

4
_- 1500 DD 800

o
o 600 - _-
¢_ 1000

E400 - , E
, "..,. - 500

_" 200 - / , , _. < . . l-

_,,.'........' Shroud .......--.....'...
0 I I I , I

0 0.2 0.4 0.6 0.8 I

Length Ix/li

FIGURE7. Predicted Axial Temperature Profile - Full Length Rod During LOCA

maximumguide tube and fuel temperatures are around 820°C (1510°F) and I040°C

(19000F), respectively. Other analyses indicated that the maximumtarget tem-

perature expected for an unshrouded target would be around I015°C (1860°F).

Figure 6 shows where the temperature difference between the target and the
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FIGURE 8. Target Rod Pressure Transient in LOCA

shroud (guide tube) varies continuously throughout the transient. The differ-

ence can be more than 3900C (700=F) near the beginning of the transient and

less than 250C (500F) just before cooling.

Figure 7 shows representative axial temperature profiles for the fuel,

shroud (guide tube), and target cladding. The target's axial temperature pro-

file was used to calculate the gas pressure in the target as a function of

time. As the figure indicates, the cladding and gas in the bottom portion of

the target rod are cooled by the reflood. This cooling will reduce the

internal gas pressure in the targetrod. The resulting pressure profile is

shown in Figure 8. For the pressures shown in Figure 8, it was assumed that

gas loading at end-of-life conditions was based on an unclassified production

rate of 85 million curies of tritium per year. Additionally, it was assumed

that all the tritium was released from both the lithium aluminate and the get-

ter, and that all helium was released from the lithium aluminate. The pres-

sures shown represent an upper bound and were used to develop the test matrix.

Gettering of the tritium and gas retention of tritium and helium in the

pellets will significantly reduce target rod pressures. Since tritium is
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heavy hydrogen,getteringof tritiumcan be inferredfrom data on getteringof

hydrogen. The NPZ getter will absorblarge amountsof hydrogenas a resultof

hydrideformation. The equilibriumconcentrationof hydrogenin the Zircaloy

dependson temperatureand hydrogenpartialpressure. For a given temperature

and quantityof hydrogenand zirconiumthere is an equilibriumpartialpres-

sure for hydrogen. The equilibriumpartialpressureincreaseswith both tem-

peratureand concentrationof hydrogenin the zirconium. As the temperature

changes,hydrogenin the zirconiumwill either be absorbedor desorbed. A

representativecompilationof the data on equilibriumpartialpressuresof

hydrogenin contactwith zirconiumas a functionof temperatureis shown

graphicallyin Figure 9.(a) For the target rod design test, the tritium/Zr

atom ratio at end-of-lifewould be less than 0.3. Becauseonly a portionof

the rod is hot (>1300°F)duringa LOCA (see Figure7), the tritiumdrivenoff

at the hot getter locationswould be absorbedin the gettersat cooler rod

locations. If tritiumacts similarto hydrogen,then the tritiumpartial

pressurewill be low (a few mm Hg). The tritiumgetteringwould reduce the

pressuresshown in Figure8 by 30% to 50% resultingin maximumtarget rod

pressuresbelow 20.7 mPa (3000 psi).

3.3 PRETESTAND POST-TESTSPECIMENCHARACTERIZATION

Both pretestand post-testcharacterizationsof the test specimenswere

performedso that changes in specimenweight,diameters,and lengthcould be

determinedafter testing. Pretestmeasurementsincludedinternalvolume,

diameter,length,and weight. In addition,radiographswere taken of speci-

mens containingLiAlO2 pelletsfor use in post-testanalysisof pellet reloca-

tions. Followercards were used to record materialsources,cleaning

procedures,fabricationprocedures,specimenvolumes,pre- and post-test

measurements,test conditions,and burst temperaturesand pressures. Copies

of blank followercards are shown in AppendixA.

(a) J. L. Brimhall,"Test Requirementsfor ObtainingData on Tritium/
HydrogenReleasefrom Nickel-PlatedZircaloy (NPZ) and Zirconium,"dated
June 22, 1990. [Has a list of referenceson zirconiumgetteringof
hydrogen.]
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After testing,each specimen'sdiameter,length,and weightwere meas-

ured. Radiographswere taken and metallographywas performedfor specimens

containingLiAlO2 pellets. These measurementsprovidedthe informationthat

was neededto assess the performanceof the specimen.

3.4 TEST APPARATUSDESCRIPTION

The test apparatusconsistedof a test stand to hold the specimen,a

• helium pressurizingsystem,a I.EPELinductionheater,and a computer-

controlleddata acquisitionand controlsystem. The test stand is shown in

Figure 10. The test stand had a raisedplatformthat containeda threaded

fittingto supportthe specimenand connectit to the pressurizingsystem.The

test stand also containedmetal rods for holdingand positioningthe induction

heater coil, diametricalstrainmeasurementfingers (not usedduring this pro-

gram), and a supportfor a plasticblast-deflectionshield. Althoughthe

plastic shield is not shown in Figure 10, the figuredoes show the LEPEL

inductionheater with its water cooled leads connectedto the heatingcoil.

The helium pressurizingsystemcontaineda high pressurecylinderof

helium,a Heise pressuregauge that has a NationalInstituteof Standardsand

Technology(NIST)traceablecalibration,and an assortmentof valves. The

Heise pressuregauge was used as a pressurereferencefor backfillingthe

specimenand for calibratingthe pressuremonitoringsystem.

The data acquisitionand controlsystemused a PDP 11/34 Computer. The

computersenses,controls,and recordsthe temperatureof the specimen

throughoutthe test. The computeralso recordsthe specimenpressure. Tem-

perature is computercontrolledthroughmonitoringa thermocouple(TC)

attachedto the specimenand then by adjustingthe power outputof the LEPEL

inductionheater to obtainoafixed temperatureramp rate of 5.6°C/second

(10°F/second).This temperatureramp rate is the averagerate during a postu-

• lated LOCA (Heacock1991).

The heater coil used for testingthe 4-ft rods had been used during pre-

vious testing (McKinnon1992). The coil was made by winding1/8-in.copper

tubing around a mandrel. The coil's axial spacingwas adjustedto producethe
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properaxial temperatureprofileand then was coatedwith Glyptal(a)to hold

it togetherduring testing. The insideof the coil was linedwith mica sheet-

ing to protectit when the specimensburst. Testingthe heatercoil's per-

formanceconsistedof attachingfive TCs at 1.9-cm(0.75-in.)intervalson the

centerportionof the length to be heated. Then the temperatureof the speci-

• men was ramped and the five axial temperatureswere recorded. The axial spac-

ing betweeninductionheater coils was adjusteduntil the desiredflatnessof

the temperatureprofilewas achieved. The heater coil used in testingpro-

duced temperatureswithin a 27.3°C (50°F)span over the center 7.6 cm (3 in.)

of the specimen. This span falls within the ASTM standard(ASTM E 151) for

hot tensiletesting.

3.5 TEST PLAN

The test plan requiredthe testingof four 4-ft targBt rods (Figure5)

using the basic inductionheaterused for ex-reactorsafetytests during 1990

(McKinnon1992). Testingincludedpre- and post-testspecimenweight and

diametermeasurements,photographs,and radiographs. Specimencladdingtran-

sient temperaturesand internalpressurewere controlledand monitoredduring

testing. The specimenwas pre-chargedwith heliumgas prior to heating. The

test plans designatedburst pressuresof approximately8, 12, 16.5, 21 MPa

(1150,1750, 2400, 3000 psi). The heatedzone was limitedto about 15 cm

(6 inches)of the specimencladdingand the remainderof the claddingwas to

remainunheated. The heatedzone was heated up to 300°C (572°F),held for

5 minutes,and then ramped at 5.6°C/sec(lO°F/sec)until the claddingbursts.

The center7 cm (3 inches)of the heatedcladdingwas kept withinthe guidance

for hot tensiletestingprovidedby ASTM E 151, which specifiedthat the uni-

formityof temperatureshall be within +1.0 and -2.0 percentof the nominal

- test temperatureabove 540°C (IO00°F). Tests were run in air with helium gas

in the target specimen.

• The amountof pelletmateriallost was determinedby comparingpretest

and post-testweightsof the specimens. The source (pretestlocation)of lost

(a) Insulatingpaint manufacturedby GeneralElectric.
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pelletmaterialwas determinedthroughexaminationof post-testradiographsof

the specimens. This reportdocumentsthe test results.

Followercards were used in the fabricationand testingof the speci-

mens. The followercards providetraceabilitybetweenthe specimenand a spe-

cific design,materials,and all proceduresused in its fabricationand

testing. The fol awer card containspre- and post-testmeasurementsof gas

volume,diameter,length,and weight and providestraceabilityto measurement

instrumentsand procedures. Initialspecimentemperatureand pressure,ramp

rate, and burst temperatureand pressurewere recordedon the followercard

along with name and locationof the data file containingthe temperature/

pressure-timedata associatedwith the test. Testingwas conductedaccording

to approvedtest procedures.
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4.0 TEST RESULTS

The transientburst testingof four 4-ft targetrods (Figure5) is an

extensionof earlierburst testing (McKinnon1992)using shorterspecimens

(Figures2 through4). The testingwas done to determinehow longerpencil

• lengthsand the plenumspringassemblyaffectthe relocationof pelletmateri-

als from the targetrods. This sectionpresentsthe test resultsobtained

• from the 4-ft target rods and comparesthem with burst data and resultscol-

lectedduring previoustesting.

4.1 CLADDINGBURST STRENGTH

The claddingburst strengthFor the four specimenstested is compared

with the data from previoustests in Figure11. The four data pointsgener-

ated for the currentburst tests are shown as open circles. The data points

from the 1990 pelletrelocationspecimen(Figure4) are shown as open diamonds

connectedby dashed lines. This specimenincludedthree sho_t pencilsand a

small plenum, lt did not containthe plenumspring assembly. The data from

the specimensshow a step decrease in strengthat about I000°C. This step

decrease in strengthis more evident in the 1990 data than in the current

study becauseof the number of data points and the largerdecreasein

strength. The step decreasewas attributedto the formationof a eutectic

betweenthe _lickelplatingand the Zircaloyof the getter. Evidenceof the

eutectic,as determinedby metallagraphy,is containedin the reportof the

previouswork (McKinnon1992}. The eutecticweakensthe stainlesssteel clad-

ding throughliquid-metalembrittlement.

Parts of other importantdata sets are also shown on Figure11. They

includeresultsof an extensivestudy by Hunteret al. (1975)used to qualify

" claddingused in the Fast Flux Test Reactor(FFTF). This data set is repre-

sentedby a dotted line in Figure 11. The other data shown on Figure11 were

• generatedin studiessupportingthe TTDP. The data on 20% cold-worked(CW)

(coatedor uncoated)claddingwas obtainedthroughtestingof burst specimens

with internalfillerrods (Figure2). Both uncoatedand barriercoatedclad-

ding with variousheat treatmentswere used in this study (McKinnon1992)•
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FIGURE 11. Comparison of 20% Cold Worked Cladding Strength to Prior
Testing Results

Only one data point is shown for a 1990 archive specimen• The archive speci-

men was similar to the burst specimen but included an NPZ getter, LiAlO2 pel-

lets, and an inner liner in place of the filler rod (Figure 3). Figure 11

shows that the strength data obtained from the 4-ft specimens is consistent

with that observed in previous tests.

4.2 BREACH CHARACTERISTICS

Dimensional changes are associated with cladding breach. The severity of

damage to the rod and cladding was found to depend on the pressure in the rod

at burst. The nature of the cladding breaches can be seen in Figures 12

through 15. At low internal pressure, the cladding is plastic and the breach
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Tritium Target Burst Test

Rod #17

FIGURF ]2. Burst Characteristics of Specimen 17 Burst
at. 8 _!Pa (]154 psi) and 1080_C (]976_F)

manifests itself as a bulge with a split. At high internal pressure, the

cladding shears and is peeled back to release the pressure. The series of

pictures of the breached cladding illustrates that the breach damage increases

with pressure.

An effort was made to quantify the strain or diametrical change asso-

ciated with each burst. [his was done by comparing pretest and post-test

diameter measurements near" the burst location. The location of the pretest

and post-test burst locatior, s are shown in Figure ]6. The location for the
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Tritium Target Burst Test

Rod #18

FIGURE 13. Burst Characteristics of Specimen 18 Burst
at 12 MPa (1740 psi) and I028°C (1873°F)

post-test measurement was selected to be as close to the end of a split or

tear as possible (see Figure 16). Tabulated measurement values are presented

in Appendix A. The post-test measurement location makes the data imprecise

because it is difficult to obtain a consistent measurement location with

respect to the center of the burst. At low pressures, specimens tend to bulge

and may depressurize through a small split. At burst, the diametrical change

at the end of the split is preserved. At high pressures, the tearing at the
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Tritium Target Burst Test

Rod #19

FIGURE ]4. Burst Characteristics of Specimen 19 Burst at
]6.7 MPa (2425 psi) and ]007°C (]845°F)

end of the split may mask the amount of strain that took place before the

burst. The diametrical changes at the intact full tube location adjacent to

the burst (Figure ]6) are shown in Figure ]7 (symbols '4').
w

Also shown on Figure 17 are the diametrical changes for other specimens

tested as part of the TTDP. The four data points from the current study agree

reasonably well with previous burst results. The 20% CWcladding has fairly
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Tritium Target Burst Test

Rod #20

FIGURE 15. Burst Characteristics of Specimen 20 Burst at
20.8 MPa (3020 psi) and 960_'C (1761°F)

constant burst strains up to about 950 to I000°C. Above these temperatures,

the cladding becomes more plastic and more strain is associated with the

burst.
i

Specimen length measurements were made at the beginning of testing. Post-

test length measurements were not made because length changes had not been

observed in the previous study (McKinnon 1992) with shorter specimens.
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Pretest Diameter Measurement Locations

Dimensions measured from 16.1 18.3 20.5 22.7 25.0 cm

I=. bottom of threaded fitting 6.33_, 7.205 8.08 8.955 9.83 inches-, I I l I
#,./-///////-.. i ,. ! ,... ,,_..111/111111111111 _ ............ tt .... --//" /(= . . -

L-H..N.-_-._........................, .... ............
//

i

Post-Burst Diameter Measurement Locations

Oimensions measured from 16.1 18.3 End of 22.7 25.0 cm

• I_ bottom of threaded fitting 6.33 7.205 Split 8.955 9.83 Inches•- , I I I I

"__._ Low Pressure Burst
Ballooning with Small Split

Dimensions measured from 16.1 18.3 22.7 25.0 cm

I- bottom of threaded filling 6.33 7.205 8.955 9.83 inches-' l _I I

,&

End of Split / High Pressure Burst,
Measurement ----/ Large Opening with

Location Little Ballooning at
the Edges

FIGURE16. Pre- and Post-Test Diameter Measurement Locations

4.3 PELLETRELOCATION

Pelletrelocation/dispersionwas estimatedbased on weight changesof the

specimenand interpretationof the radiographs,which allowedidentification

of missingcomponents. During specimenassemb]y,the weightsof the getter,

inner liner, and LiAlOz pelletsof the NPZ pencilwere measured. The weights

of each penciland plenumspring assemblywere also measured. After the

specimenswere assembled,a pretestweightwas obtainedand a pretestradio-

graph was taken for each specimen. After each specimenwas burst tested,iti

was removedfrom the test stand and weighed,and a post-testradiographwas

taken.

The post-testweights indicatedthat the pretestweightswere in error.

The differencebetweenthe pretestweightsand the post-testweightsexceeded
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FIGURE 17. Target Rod Specimen Diameter Change During Burst Testing
(20% CW Cladding)

the total weight of the four pencils and the plenum spring assembly. The pre-

test specimen weight was reconstructed by removing the remaining pencil mate-

rial and plenum spring assembly from two of the specimens. The stainless

steel cladding and end fittings were weighed, and then this weight was added

to the pretest pencil and spring assembly weight of the specimen to calculate

a pretest specimen weight. The average weight of the cladding and end fitting

was added to the components of the other two specimens to estimate their pre-

test weights. Table 2 lists the reconstructed pretest and post-test weights

of the specimens. Table 2 also lists the weight of pellet material expelled

from the rod based on comparison of the post-test radiographs with the pretest

radiographs. The weight of the rod after burst assumes that all the pellet

material associated with increases in the plenum area or gaps between pencils

was expelled from the rod during the bursts. The radiographs of the burst and

plenum areas for each specimen are shown in Figures 18 to 21.
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TABLE2. Specimen Weight Before and After Burst Testing

Specimen Number 17 18 19 20
Reconstructed Pretest Weight, gm 332.87 332.83 332./8 332.27
Post-Test Weight Measurement, gm 331.78 328.50 328.70 328.50
Weight Lost during Burst, gm 1.09 4.33 4.08 3.77

Pretest Plenum Length, cm 15.9 15.9 15.95 15.95
• Post-test Plenum Length, cm 18.1 21.5 21.40 21.95

Gaps between Pencils, cm - - 1.55 -
Increase in Plenum/Gap Length, cm 2.2 5.6 7.0 G.O
Pellet Weight Loss, gm 1.22 3.12 3.9 3.34

• (from Photos/Radiograph)
Burst Temperature, C 1080 1023 1007 960
Burst Pressure, MPa 8.0 12.0 1G.7 20.8

Figure 22 compares the amount of material expelled from the specimens at

burst. The locations of the lost material can be inferred from the post-test

specimen radiographs shown in Figures 18 to 21. No loss of cladding was

assumed; this is consistent with the weight loss information obtained from the

previous study (McKinnon 1992).

Figure 22 shows an apparent peak in specimen weight loss between 12 and

16 MPa. The data are insufficient to establish the peak. Figure 22 does not

show much difference between the pellet loss from the i-ft and the 4-ft speci-

mens. From an examination of the radiographs (Figures 18-21) it appears that

the amount of material lost may have been controlled by the length of the

heated zone. lt appears that the pencils are driven toward the breach by the

gas pressure. The getter material in the heated zone does not appear to have

sufficient strength to withstand the axial driving force. As a result, the

getter plasticly deforms and forms a bellows-type structure in the breach

zone. As the brittle pellet material is exposed to the breach opening, it is

broken up and expelled. Loss of the pellet material allows cooler portions of

• the pencil material to be driven to the breach area until a point is reached

where the getter material is cool enough to have sufficient strength to with-

ii " stand the axial driving force. At this point, the expulsion of pellet mate-
rial stops. A post-test examination of pellets from two breached rods did not

indicate pellet damage away from the breach opening. The pellets in the pen-

cils adjacent to the breached pencil did not show any evidence of damage

either, nor was pellet material below the breach driven to the breach.
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FIGURE18. Radiographs of 4-ft Specimens After Burst Testing
(burst pressure 8 MPa, temperature I080°C)
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FIGURE 19. Radiographs of 4-ft Specimens After Burst Testing
(burst pressure 12 MPa, temperature I023°C)
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FIGURE20. Radiographs of 4-ft Specimens After Burst Testing
(burst pressure 16.7 MPa, temperature I007°C)
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FIGURE 21. Radiographs of 4-ft Specimens After Burst Testing
(burst pressure 20.8 MPa, temperature 960 °C)
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FIGURE 22. Comparison of Specimen Weight Loss During Burst Testing
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SpecimenNo. I_7Data Sheet

MATERIALS" ATR CR.._;ICALSI Rod No. WK-31 (getters,pellets,and plenum

springsource),SR-OD/PP-IDCoatedTube No. 117____0,NPZ GetterTube No." 21

TEST SPECIMENCOMPONENTS

Lengths(inch):

Pencils: NPZ (Lower) 12.0____00,No NPZ (Bottom to Top) 12.01, 12.02, 12.01.

Specimen" Pretest 57.065

Weights (gm)"

Getter from ATR Rod 6.5323, NPZ Getter 6.4650, Liner 2.8543, Pellets 16.991

Pencils" NPZ (Lower) 26.3____12,No NPZ (Bottom to Top) 26.407, 26.446, 26.291

Specimen" Pretest _ Corrected 332.869, Post-test 331.78, Dif _. 1.089

Specimen Internal Gas Volume: 39.6 ml

TC LOCATIONS

From threadedfittingend (inch)6.58 , 7.33 , 8.08 , 8.83 , 9.58

DIAMETERMEASUREMENI_

Distancefrom
End of Bottom CircumferentialLocation,Deqre_s
pluq, inch 0 45 90 135
PretestMeas.

6.33 0.3709 0.3708 0.3704 0.3707
7.205 0.3718 0.3706 0.3706 0.3705
8.08 0.3706 0.3709 0.3709 0.3706
8.955 0.3705 0.3703 0.3708 0.3704
9.83 0.3707 0.3704 0.3707 .03705

Post-testMeas.
6.33 0.3745 0.3745 0.3745 0.3750
7.116 0.4280 0.4235 0.4275 0.4260
8.08 0.4145 0.4140 0.4190 0.4220

• 9.83 0.3955 0.3960 0.3960 0.3960

' TEST DATA:

Test Date" S_ep.27, 1991, Time" 10"45a.m., Heater Coil Number/ID"1-4/24/90

HeliumCharge Pres. 1030 psia., Burst Pres. 1154 psia., Burst Time 138.5 sec.

Soak Temperature300°C, Ramp Rate lO°F/sec,Burst Temperature1976°F,

A.I
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SpecimenNo_ I__88Data Sheet

MATERIALS" ATR CRITICALSI Rod No. WK-32 (getters,pellets,and plenum

spring source),SR-OD/PP-IDCoated Tube No. 1166, NPZ GetterTube No." 3_55

TEST SPECIMENCOMPONENTS

Lengths(inch):

Pencils. NPZ (Lower)11.97,No NPZ (Bottomto Top) 11.97,11.97, 11.97.

Specimen" Pretest57.065

Weights (gm)"

Gecter from ATR Rod 6.505,NPZ Getter 6.5283,Liner 2.8478,Pellets16.941

Pencils" NPZ (Lower)26.317,Ro NPZ (Bottomto Top) 26.340,26.343,26.444

Specimen" Pretest_19._ Corrected332.834,Post-test 328.5 , Diff. 4.334

Specimen InternalGas Volume: 39.7 ml

TC LOCATIONS" From threadedfittingend (inch)6.58 , 8.08 , 9.58

DIAAETERMEASUREMENTS

Distancefrom
End of Bottom CircumferentialLocation,Degrees
Flu_, inLh 0 45 90 135

Pretest Meas.
6.33 0.3704 0.3703 0.3704 0.3703
7.205 0.3700 0.3700 0.3700 0.3700
8.08 0.3701 0.3700 0.3700 0.3702
8.955 0.3700 0.3701 0.3701 0.3701
9.83 0.3700 0.3701 0.3702 .03702

Post-testMeas.
6.33 0.3745 0.3730 0.3750 0.3720
7.205 0.3740 0.3790 0.394_ 0.3820
8.08 0.3845 0.3890 0.3990 0.3995
8.955 0.3740 0.3755 0.3770 0.3730
9.83 0.3695 0.3710 0.3710 0.3715

TEST DATA"

Test Date" Sep. 26, 1991, Time- 10"30 a.m., HeaterCoil Number/ID"I_4/24/90

Helium Charge Pres. 1560 psia., Burst Pres. 1740psia., Burst Time 13___00sec.

Soak Temperature30___0.°C,Ramp Rate 10°F/sec,Burst Temperature1873°F,

A.2
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SpecimenNo. I__99Data Sheet

MATERIALS. ATR CRITICALSI Rod No. WK-33 (getters,pellets,and plenum

springsource),SR-OD/PP-IDCoatedTube No. 116____88,NPZ Getter Tube No." 4_!

TEST SPECIMENCOMPONENTS

Lengths(inch)-

Pencils" NPZ (Lower)11.97,No NPZ (Bottomto Top) 12.00,12.00, 12.00.

Specimen" Pretest57.065

Weights (gm)"

Getter from ATR Rod 6.484, NPZ Getter 6.4630,Liner 2.8522,Pellets16.975

Pencils" NPZ (Lower)26.290,No NPZ (Bottomto Top) 26.330,26.194,26.551

Specimen" Pretest520.0 Corrected332.780,Post-test 328.7 , Diff. 4.08

SpecimenInternalGas Volume" 39.6 ml

TC LOCATIONS" From threadedfittingend (inch)6.58 , 8.08 , 9.58

DIAMETERMEASUREMENTS

Distancefrom

End of Bottom CircumferentialLocation,Deqrees
Pluq, inch 0 45 90 135
PretestMeas.

6.33 0.3710 0.3710 0.3705 0.3705
7.205 0.3711 0.3708 0.3707 0.3702
8.08 0.3707 0.3705 0.3704 0.3705
8.955 0.3704 0.3705 0.3705 0.3706
9.83 0.3704 0.3704 0.3702 0.3705

Post-testMeas.
6.33 0.3720 0.3740 0.3745 0.3765
7.205 0.3775 0.3820 0.3780 0.3780
7.55 0.3880 0.3745 0.3930 0.3900
8.382 0.3925 0.4020 0.4060 0.4010

• 8.955 0.3810 0.3800 0.3805 0.3810
9.83 0.3710 0.3715 0.3715 0.3710

. TEST DATA

Test Date: Sep. 25, 1991, Time: 10:25 a.m., HeaterCoil Number/ID:1-4/24/90

HeliumCharge Pres. 2160 psia., Burst Pres. 2425 psia.,Burst Time 138.5 sec

Soak Temperature300°C,Ramp Rate 10°F/sec,Burst Temperature1845°F,
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SpecimenNo. 20 Data Sheet

MATERIALS" ATR CRITICALSI Rod No. WK-34 (getters,pellets,and plenum

springsource),SR-OD/PP-IDCoatedTube No. 1171, NPZ GetterTube No." 64

TEST SPECIMENCOMPONENTS

Lengths(inch):

Pencils: NPZ (Lower)11.97,No NPZ (Bottomto Top) 12.00,12.00, 12.00.

Specimen: Pretest57.065

Weights (gm)"

Getterfrom ATR Rod 6.607, NPZ Getter 6.4825,Liner 2.8427,Pellets16.940

Pencils: NPZ (Lower)26.265,No NPZ (Bottomto Top) 26.247,26.188,26.137

Specimen: Pretest_ Corrected332.277,Post-test 328.5 , Diff. 3.777

- SpecimenInternalGas Volume: 39.6 ml

TC LOCATIONS" From threadedfittingend (inch)6.58 , 8.08 , 9.58

DIAMETERMEASUREMENTS

Distancefrom
End of Bottom CircumferentialLocation,Degrees
Plug, inch 0 45 90 135
PretestMeas.

6.33 0.3701 0.3702 0.3703 0.3700
7.205 0.3700 0.3702 0.3702 0.3702
8.08 0.3700 0.3703 0.3702 0.3701
8.955 0.3700 0.3701 0.3703 0.3701
9.83 0.3700 0.3701 0.3702 0.3700

Post-testMeas.
6.33 0.3710 0.3720 0.3730 0.3710
7.205 0.3755 0.3740 0.3810 0.3810
8.08 0.3855 0.3880 0.3920 0.3870
9.055 0.3965 0.3980 0.3950 0.3895
9.83 0.3715 0.3720 0.3720 0.3720

TEST DATA"

Test Date" Sep. 24, 199!, Time" 11"00 a.m., Heater Coil Number/ID"1-4/24/90

Helium Charge Pres. 2700 psia., Burst Pres. 3020 psia., BurstTime 120.5 sec.

Soak Temperature300°C, Ramp Rate 10°F/sec,Burst Temperature1761°F,
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APPENDIXB

ERRORANALYSIS

Uncertainty limits in pressure and temperature were analyzed from data

that was generated during transient burst testing. A computer program that

calculates hoop stresses in thin wall target cladding was applied to the

analysis of data uncertainty limits.

Data generated during the tritium target transient burst testing and

tritium target transient safety testing was subject to the following uncer-

tainty Iimits"

Thermocouple Uncertainty" ±9.375°C

Thermocouple Signal Conditioner Uncertainty" ±3.000°C

Total Uncertainty in Temperature Data" ±12.375°C

Heise Pressure Gauge Uncertainty" ±15.0 psig

Total Uncertainty in Pressure Data" ±15.0 psig

Thermocouple uncertainty was calculated from manufacturer's data as follows.

The thermocouple is accurate to within ±2.2°C or ±0.75% of 1250°C, whichever

is greater.

(1250°C)x (0.0075): 9.375°C

Since 9.375°C is greaterthan 2.2°C, the greateruncertaintyof 9.375°Cwas

appliedto the calculationof total uncertaintyfor temperaturemeasurement.

(Note" Actual test temperatureseldomexceeded I060°C,which gives an actual

uncertaintyof 8°C).

• To calculatethe total uncertaintyof the pressuredata, the pressure

transducerwas first comparedto the Heise gauge uncertaintyof +15.0 psig.

Accordingto the manufacturer'sdata, the pressuretransduceraccuraciesare

as follows"
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+0.09% full scale, plus additional tolerances of the following:

+0.0056% full scale per degree F (from ambient) for thermal zero

+0.0017%full scale per degree F (from ambient)for thermal sensitivity.

For purposesof making calculations,assumethat a 10,000psi full-scale

transduceris used, and that the temperaturedeviationof the transducerfrom

ambientis negligible. Thus:

(10,000psig) x (0.0009)= 9.000 psig

(10,000psig) x (O.O00056/psig-F)x (I.0°F): 0.560 psig

(10,000psig) x (O.O00017/psig-F)x (I.0°F)--0.170psig

Thus the total uncertaintyin the pressuretransduceris

(9.000+ 0.560 + 0.170) = 9.730 psig.

Since the pressure transduceruncertaintyis less than the Heise gauge

uncertainty,the Heise gauge uncertaintyof ±15.0 psig is used in the

calculationof pressuredata total uncertainty.

The uncertaintylimits inherentin the transienttestingdata were

consideredacceptablefor the followingreasons:

I. The test data was more accuratethan actualtemperaturemeasure-
ments that would be availablein the reactorcore itself. That is,
during a LOCA transientevent, the temperatureinformationthat may
be recordedor presentedto the controlroom operatorwill have
greateruncertaintythan the temperaturemeasurementsmade during
transienttesting.

2. The uncertaintiesin transienttemperaturemeasurementdata are
more accuratethan, or at least as accurateas, the computermodel-
ing resultsof postulatedLOCA transients.
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3. One can use existingdata to predictthe uncertaintiesin burst
propertiesof the barriercladdingstainlesssteel alloy,and to
show that this uncertaintyis within the boundsof uncertaintiesin
the temperatureand pressuredata from the barriercladdingtran-
sient testing.

4. Finallythe data uncertaintiesare less than the applicablesafety
factorsused for the design of core componentsand reactorsystems.

B.I SAMPLECALCULATIONOF BURST HOOP STRESS UNCERTAINTIES

The formulafor hoop stressis:

Pxid
Hoop Stress- 2t

where P = internalpressure,psig

id = tube insidediameter,inches

t = tube wall thickness,inches.

One can comparethe nominalvalues of burst hoop stressand values at

the limitsof uncertaintyto determinethe relativeeffect of unknownsin

pressureversus wall thickness. By examiningthe computationtables,it is ,

apparentthat wall thicknessvariationsplay a much greaterrole in hoop

stress uncertaintythan does pressurevariation.
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