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ABSTRACT

. A finite element analysiswas performedfor the structuralconnectionsof a

downhole nuclear test emplacement assembly.The bolt loads as well as the

stresses in the cable trayr and end platesof the assemblywere examined for a

rangeof bolt preloadsand appliedexternalaxial loads.The focus of this study

was the effectsof preloadon the bolt loadand the stressesin variousparts of

the assembly.The effects of bolt size and door strap were also examined.A

full-scalepulltest of the structuralconnectionswas performed.The resultsof

the test validatednot only the finite elementanalysisbut also the computer

code NIKE3D used in the analysis.
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EXECUTIVESUMMARY

o

A finite element analysis was performedfor the structuralconnectionsof a

• downhole nuclear test emplacementassembly. The bolt loads as well as the

stressesin the cable trays and end plates of the assemblywere examined for a

range of bolt preloadsand appliedexternalaxial load.

The resultsof the finiteelementanalysisindicatedthatthe bolt load increases

with the preload for any given externalload. The resultsalso showed that an

unevendistributionof boltloadsexistsbetweeninnerand outer boltsdue to the

eccentricityin the loadpath throughthe connections.The innerboltscarry more

load than the outer bolts.

Preloadgenerallydoes not improvethe bolt loads and the cable tray stresses

except in makingthe boltloadsbetweeninnerand outerboltsmore equitable.The

summationof all bolt loads at a canisterinterfaceis greaterthan the applied

externalaxial loaddue to the combinedeffectsof preloadand prying.The prying

is caused by the bolts being off-centerfrom the cable tray. As a resultof the

bending in the end plates,some bendingmoment also exists in the bolts due to

the rotationof bolt heads.

Because the end plates are thick,they experienceonly low levels of stresses

except in the regionsbetweencable tray flangesand the bolt holes. There are

two regions of high stresses in the cable trays. One is in the curved region

betweenthe flange and the web of the cable tray just above the end plate. The

other is on the cable tray flangebelowthe cut-offpoint of the door strap.This

latter region of high stresses does not exist if door straps are not used.

However, without the door straps,the stresses in the former region will be

higher.The door strapsalsohavethe advantageof causingmore even distribution

in bolt loads by shiftingthe neutralaxis of the cable tray radially outward.

• Stress informationfor bolts,cable trays,and end plates is documented in this

report. For a _pecific design, stresses such as primary membrane, primary
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bending,localmembrane,localbending,or the combinationof these stressescan

be obtained.An evaluationof the designcan be made using the NTED Design Guide

or the existing codes, such as the ASME Boiler and PressureVessel Code.

The analyticalstudy documentedin this reportwas based on the finite element

method using NIKE3D code. A full-scalepull test of the canister frames was

carriedout by a team of EG&G personnelat a DOE facilityin Las Vegas, Nevada.

Two canisterframes havingthe same end plate geometryand cable tray thickness

were bolted togetherwith sixteenbolts.The four bolts aroundone of the four

cable trays are load-sensingbolts. Three levels of preload were tested. The

appliedexternalaxial load on the canisterassemblyand the bolt loads in these

load-sensingbolts were monitored.There was a good agreement in bolt loads

between the test and the finite element analysis. The agreement not only

validated the analysis results presented in this report but also provided

additionalevidence about the validityof the LLNL computercode, NIKE3D.

The study documented in this reportwas for an 86-inch-diametercanisterwith

cable tray thickness of 0.5 inches and end plate thickness of 2.25 inches.

Althoughthis study providedvaluableinsighton the behaviorof other canisters

with the same geometry but with differentdimensionalcharacteristics,these

other canistersmay have significantlydifferentlocal stresses.Therefore,it

is recommendedthat these dimensionaleffectsbe examined in future studies.

A coupleof areas which were not includedin this studybut are importantin the

designof canisterframes shouldbe examinedin the future.These areas are the

weld integrityand the optimumtype of canister-to-canisterconnectionmethod.

The currentmethod of canister-to-canisterconnectionproduceshigh stressesin

cable tray flanges and is not the optimumdesign. Other types of connections

shouldbe explored.Modifyingcurrentdesign,suchas changingthe locationsand

the number of bolts around the cable tray, providesa good startingpoint for

this effort.
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TEST ANDANALYSISOF CANISTER-FRAMECONNECTIONS

b

1.0 INTRODUCTION

The work documented in this report is a continuationof a sensitivitystudy

startedby Dave McCallenand TonyDavito in 1988 (Ref.I). The objectiveof this

sensitivity study is to examine the connectionsof a downhole nuclear test

emplacementassemblyin detail using the NIKE3Dcode (Ref.2). The focus of the

study is the effect of preload,bolt size, and door strap on bolt load and the

stresses in variousparts of the assemblyexcept the welds.

A nuclear test assemb!y consists of several specialpurpose canister modules

connected in series.The most severelyloaded connectionof the test assembly

occurs at the upper-mostmodule interface,which is betweenthe streak camera

module and the upper diagnosticcanistermodule.A typicalmodule of interestin

this study is shown in Fig. I. This module consistsof three major components:

four channels used as cable trays;ring-shapedplates used as the end plates of

the module; and sixteenbolts used as the connectingelements of two modules.

Cable trays and end plates are welded togetherto form a module.The bolts are

used to connectthe end platesof two modules;the bolts are placed on the side

of channelflanges.There are two bolts for each flangeof a cable tray channel.

The material for the cable trays and the end plates is ASTM A-537. In some

modules, 3/8" x 5" platesmade of A-36 steel are welded to the freeedges of the

cable trays to serve as door strapsfor 3/8"-thickaluminumdoors.

The externalloadingon the test assemblyis mainlyaxial,and is due to the dead

weight of the assembly,the stemmingload, and the pull-testload. Of interest

in this study are the bolt loads and the stressdistributionsin the cable trays

and in the end plates under combinedeffectsof the external load and the bolt

preloads.

McCallen'sfiniteelementmodelwas constructedof 8-nodebrickelementsand beam

(or truss)elements (Ref. I). Shellelementswere not used becausethey were not
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working properly at the time. Use of brick elements to model cable trays is

cumbersome because more nodes are needed. Also, using only one brick layer

through the thicknessof a cable tray is not desirablein terms of analytical

accuracy.The NIKE3Dcode has beensignificantlyimprovedsinceMcCallen'sstudy

was completed. The problem associatedwith the shell element was ironed out.

Also, a beam or truss elementwith circularcross sectionwas implementedin the

code. This circularbeam or truss elementmakes possiblemore precisemodeling

of the bolts.

An importantfinding in McCallen'sstudy is that an eccentricityexists in the

load path throughthe connections.The neutralaxis of the cable tray parallel

to the web of the channelis closerto the inner bolts than to the outer bolts;

the line of actionof the bolts is not collinearwith the axial forcetransmitted

by the cable tray. As a result,the inner bolt carriessignificantlymore load

than the outer bolt. This unevendistributionof bolt loads affectsthe stress

distributionin the cable trays and in the end plates.The unevendistributior,

of bolt loads will be examinedfurtherin this report.

The sensitivitystudydescribedin this reportwas made to examinethe behavior

of the connectionsunder bolt preloads.The materialswere assumedto be linear

elasticto avoidthe complicationsdue to materialyieldingand strainhardening.

The resultsof the studyare presentedin figuresand tables such that important

stress informationcan be extractedfor any given externalappliedload and any

prescribed bolt preload. The stresses are valid for canister frames with

2.25-inch-thickend platesand O.5-in-thickcabletrays.The nominalboltdiame-

ters consideredare I-3/8 and I-I/8 inches.
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2.0 FINITE ELEMENTANALYSISMODELS

In this study, a typical86-inch-diameterdownholeassemblywas analyzed.The

cable tray is O.5-inchthick and the end plate is 2.25 inches thick. The bolts

consideredare SAE I-3/8 - 6 Gr. 8 and SAE I-I/8 - 7 Gr. 8. These bolts have a

yield strength of 120 ksi and a tensilestrength of 150 ksi. Finite element

models were constructedusing the mesh generatorSLIC (Ref. 3), and they are

based on several assumed symmetry conditions.These symmetry conditions are

describedin the followingparagraphs,and they are graphicallyillustratedin

Fig. 2.

I. The streak camera module and the upper diagnosticcanister frame were

assumedto be identicalin geometry.This assumptionwill not create any

significanterror in the resultsbecausethe cable trays are very long.

The advantageof this assumptionis that the two modules become mirror

imagesof each other. By using the stone wall featureof the NIKE3D code,

only one moduleneeds to be modeled.Pleasenote that, for each bolt, only

half of the shank length is modeled.The mid-pointof the bolt shank is

locatedon a plane coincidingwith the stone wall.

2. It was assumedthat each module has a plane of symmetryperpendicularto

the axis of the test assemblylocated at the mid-pointbetween the end

plates of a module. This assumptionreducesthe model to one-half of a

module.

3. The cable trays,end plates,and boltswere assumedto have two perpendic-

ular planes of symmetry along the axis of the test assembly in both

loadingand geometryconditions.As a resultof this assumption,only one

quadrantof the structureneeds to be modeled.This quadrant consistsof

a cable tray, a 90-degreesectorof an end plate, and four bolts.

a

4. Each quadrantwas assumedto consistof a plane of symmetrybisectingthe

cable tray and the end plate into two equal 45-degreesegments of the

structure.

4



The above assumedsymmetryplanes are reasonableand are not expectedto cause

significanterror in results.Due to the fact that only a small portionof the

structureneeds to be modeled, a refinedfiniteelementmesh in the regionsof

. interestcan be achieved.The shankof the bolts was modeled as a circularbeam

element. The bolt head was simulatedby a group of rectangularbeam elements

which are connectedto a group of surface nodes of the end plate. The area

coveredby these nodes and beams is the contactarea betweenthe bolt head and

the end plate. The models thus constructedconsistof a half segmentof a cable

tray, a one-eighthsector of an end plate, and two bolts. Various parts of a

typical finiteelementmodel are shown in Figs.3a, 3b, and 3c. A completemodel

with associatedsymmetryplanes is shown in Fig. 4. Also shown in Fig. 4 is the

coordinate system of the model. The origin of the coordinatesystem is at the

centerof the end plate on the stonewall. The x-axis is perpendicularto the web

of the cable tray, and the z-axis is along the axis of the downhole assembly.

As stated in the previous section,the materialswere assumed to be linearly

elastic.However,the finiteelementanalysesare nonlinearbecauseof the stone

wall, from which the end plates may become separatedas the external load is

applied.The externalload representingthe pull-testload, the dead weight,the

emplacedload, and the stemmedload is appliedto the centroidof the cable tray

cross sectionat the model boundaryplane of symmetry.The centroidshares the

same axial (or vertical)degreeof freedomwith all nodes on this boundaryplane

of symmetry.

In the finite elementanalysis,the preloadin a bolt can be appliedby pulling

the mid-pointof the bolt for a predeterminedamountof axial displacement.This

displacementis equalto the sum of the anticipatedboltelongationunder preload

and the displacementsof bolt heads due to the compressionof the end plate in

the thicknessdirection.The displacementsof the bolt heads can be calculated

with the followingformulation.

do LfoifooJ Fo
b



where d, F, and f are the displacementsof the bolt head in the directionof the

bolt axis, the desired preloads, and the elements of a flexibilitymatrix

representing the flexibilityof the end plate at the bolt locations. The

subscriptsi and o representthe inner and outer bolt locations,respectively.

For example,d_ and F,are the bolthead displacementand the desired preloadof

the inner bolt.

In Eq. (I), fo_ equals f_o in accordance with the reciprocal theorem of

elasticity.The terms fo_and f_orepresentthe interactioneffectsbetweenthe

inner and outer bolts.The elementsof the flexibilitymatrixwere calculatedby

performingthree finiteelementanalyses,in which differentloads were applied

to the bolt heads while observingtheirdisplacements.Pleasenote that in these

finiteelementanalyses,the boltshankswere excludedfromthe model. For an end

plate thicknessof 2.25 inchesand a nominalbolt diameterof I-3/8 inches,f1_,

fol (or f_o),and foo have values of 2.15E-8, 2.16E-9, and 2.59E-8 in./Ib.,

respectively.The followingformula(Refs.4, 5, 6 and 7) was used to verify the

flexibilityvalues,f_ and foo.

f = t/(EAc) (2)

where Ac = 3.14"[(Db+t/l,O)2 - Dh2]/4

E = modulusof elasticity(psi)

t = total thicknessof plates= grip length (in.)

Db = diameterof contactbetweenthe bolt head and

the plate.

D, = diameterof bolt hole.

Equation (2) is for a single-boltconnectionwith large inplanejoint dimension

(diametergreater than 3Db,and with t less than eight times the bolt nominal

diameter).The hand calculationusing Eq. (2) yields a flexibilityvalue of

2.35E-8 in./Ib,which is very close to the f_ and foovalues obtained in the

finiteelement analysisdescribedabove.The foovalue is slightly larger than

f_ and the hand calculatedvalue. It is larger becausethe outer bolt hole is

near a free edge, therefore,the end platesare more flexiblein the thickness

directionat that location.

6
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Inthis study,the informationof interestis the stresses,deformations,forces,

and bendingmoments in the bolts,cable trays,and end plates.Effectivestress

(or von Mises stress) is used extensively in this study because it is an

. excellentgauge of material distortionunder loads. Other stress information,

such as the axialmembranestressesand the maximumprincipalstresses,were also

calculated.

Another finite elementmodel was also constructedin this study (Fig. 5). This

model consistsof a cut-outin the end plates.This cut-outwas needed for the

placementof a diagnosticinstrument.As expected,thismodel yields information

of interestdeviatingvery littlefrom that of the model shown in Fig. 4. The

small deviationis due to the fact that the cut-outis not near the load path of

the connection.Therefore,the results of the finite element model shown in

Fig. 5 will not be presentedin this report.
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3.0 ANALYSISRESULTS

By varyingthe bolt size and the bolt preload,and by eitherconsideringor not

considering the door straps, eleven NIKE3D finite element analyses were

• performed.Preloadsof O, 50, 75, 100,and 125 kipsper boltwere used. The inner

and outer bolts were given the same amountof preloadconsistentwith the field

practice,althoughdifferentvalues can be applied.Table I shows the relevant

parametersof these analysiscases.

Typical load curves for the preloadand the appliedexternal load are shown in

Fig. 6. In a NIKE3D static analysis,the "time"is only a fictitiousparameter

for applyingthe loads.As describedearlier,the preload is appliedby pulling

the mid-pointof a bolt to a predetermineddisplacementequal to the sum of the

surfacedisplacementof the end plate calculatedin accordancewith Eq. (I) and

the expected elongationof the half-lengthof the bolt shank. In the finite

element analysis,the applieddisplacementat the mid-point as a function of

"time" is equal to the product of the load factor shown in Fig. 6 and this

predetermineddisplacement.When the loadfactorreaches1.0,the full amountof

the predetermineddisplacementis appliedand the desiredpreload is achieved.

Thereafter,no furtherpullingof the bolt mid-pointis administeredby keeping

the load factor at 1.0. Figure7 shows a typicaldisplacementplot of the bolt

heads and the mid-points of the inner and the outer bolts. In Fig. 7, the

displacementsof bolt mid-points(nodesB and C) are kept unchangedafter the

predeterminedvalues are reachedat "time"= 0.5, while the bolt heads (nodesA

and D) are unconstrainedand move upwardas the external load is applied.

3.1 Deformed Shape

The deformed shape of the canister connectionsis generally consistentwith

McCallen'sfinding.Two exaggeratedviewsof the deformedshape of a typicalcase

are shown in Fig. 8, along with McCallen'splot of his model. As stated by

McCallen,the end platestend to pull apart at the locationof the cable tray.

13



The maximum separation is along symmetry plane #5 (Fig. 2). The end plate

deformationdrops sharplybeyond the locationof the bolts. There is a prying

action on the bolts as the load is transferredfrom the cable tray to the end

plate,and then to the bolts.The flangesof the cabletray bend outwardnear the

end plate, while the web bends inward.The axial elongationof the bolts is

clearly visiblein these plots.

3.2 Bolt Loads

Figure 9 shows the calculatedaxial bolt load (ordinate)as a function of the

total appliedexternal load or the averageappliedload on a bolt (abscissa).

Figure 9 is for cases with I-3/8-in.bolts and with door straps included(i.e.,

cases I through 4). The averageappliedload on a bolt is equal to the total

appliedexternal load divided by the number of bolts in a connection.For the

typicalconnectionsconsideredin this study,the number of bolts is 16. Also

shown in Fig. 9 is a 45-degreeline,which representsan imaginarycase in which

the effectsof preload,prying,and unevendistributionbetweenthe innerand the

outer bolts are nonexistent.Severalobservationscan be made:

I. The bolt load increaseswith the preload.Thisappliesto both the innerand

outer bolts. The bolt loads start with the preloadswhen the external load

is initiallyapplied.The bolt loadsconvergegraduallyas the externalload

increases.The increasein bolt load beyondpreloadcan be explainedby the

use of a joint diagram.Readersare referredto Section3.1 of Ref. 8 and

text books by Bickford(Ref.4), Shigleyand Mitchell(Ref.9), and Juvinall

(Ref. 10) for the detailsof the joint diagram.

2. There is an uneven distributionof bolt loads betweenthe inner and outer

bolts. The inner bolts carrymore load than the outer bolts. The sourceof

this difference is due to an eccentricityin the load path - the neutral

axis of the cable tray is closerto the innerbolts than to the outer bolts.

3. The preloadgenerallyimprovesthe unevendistributiondescribedin Item 2.

For any given external load, the differencebetween inner and outer bolt

14



loads decreases as the preload is increased.However, the improvementis

insignificant.

• 4. The summationof bolt loads is greaterthan the appliedexternalload; i.e.,

the averageof inner and outer bolt loads is above the 45-degreeline. The

excess bolt load is the combinedeffectof preloadand prying. For the case

without preload, prying is the only cause of higher total bolt load. If

there were no prying effect, then one of the bolts would fall below the

45-degree line. Prying exists in these connectionsbecause the bolts are

off-centerfrom the cable tray flanges.

5. The occurrencesof end plate separationare identifiedin Fig. 9. It is

interestingto observethatthe separationsare close to being on a straight

line throughthe origin.This appliesto both inner and outer bolts.Another

interestingobservationof the cases withpreloadsis that, after end plates

are fully separatedfrom eachother (or fullyrecoveredfrom the deformation

due to preload)at the bolt locations,the bolt loads are still higher than

the case without preloadfor any given externalload. This indicatesthat

the prying effect is higher for cases with preloads than for the case

withoutpreloads.

The observationsdescribed above can also be applied to other bolt sizes.

Figure 10 is an identicalplot of Fig. 9, except that it is for a bolt size of

I-I/8 in. In general,the preloadincreasesthe bolt load. It is especiallytrue

when the externalload is low as shown in Figs. g and 10. Preventingleakagein

a pressurevessel and preventingvibrationlooseningare two of the most common

reasons for applyingbolt preloads.For the downholeemplacementassembly,the

only benefit in prescribingthe preloadis to make inner and outer bolt loads

more equitablebecauseleakageand vibrationlooseningare unimportantin this

case.

In the cases describedabove, door straps are included in the finite elementb

models.Withoutthe door straps,the neutralaxisof the cable tray moves closer

to the inner bolts.Therefore, it is expectedthat the uneven distributionin

axial loads between the inner and the outer bolts will get worse. This larger

15



differencebetweeninnerand outer boltloads can be observedin Figs. 11 and 12,

which are comparisonsof bolt loads for cases with and without door straps for

the two bolt sizes consideredin this study.

Anothercomparisoncan be made on the effectsof bolt sizeon the bolt load. This

comparison is shown in Figs. 13 and 14, for the inner and the outer bolts,

respectively.Larger bolts will result in slightlyhigher bolt loads.However,

the effectof bolt size is reallynot significantconsideringthe fact thatthere

is a large increaseof approximately50% in stressarea from i-I/8-in,bolts to

I-3/8-in.bolts. For a given preload,the difference is due solely to prying

effects becausethere is no other identifiablesource.This observationshould

not be interpretedas the bolt sizebeingan unimportantfactorin the designof

downholeassembly.In fact,the boltsize shouldbe selectedbased on appropriate

stress requirementsin accordancewith the NTED DesignGuide.The stresslimits

for bolts in the NTEDDesignGuide are higherthan thoseof the ASME Code because

these bolts are subjectedto much more stringentinspectioncriteria than the

bolts designed in accordancewith the ASME Code.

The above discussionis limitedto the axial bolt loads.There is a small amount

of bending in the bolts due to the bendingof the end platesor, as a resultof

this bending,the rotationof bolt heads.Figure15 showsthe bendingmomentson

the bolts about an axis parallelto the flangeof the cable tray for a typical

case (Case 7, Table I). Correspondingto these bendingmoments, the bolt heads

experiencea small amountof angularrotations,which are shown in Fig. 16. The

amount of angularrotationswas verifiedby a hand calculationconsideringthe

effectsof a bendingmomentand an axial loadon the extremeend of a cantilever

beam. The calculatedbendingmoments in bolts can be consideredas the upper

bound values because, in reality, the bolt head may have a small amount of

rotationrelativeto the end plate due to possiblelocal plasticdeformationof

the end plate under the bolt heads.Pleasenote that the bolts are usuallymade

of higher strengthmaterialthan the joint, or the end plates in this case.
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3.3 Stresses in End plates and Cable Trays

3.3.1 Definitionof Stresses

J

The canister frames in a downhole assembly can be considered as mechanical

components.It is thereforenaturalto classifythe stressesin a canisterframe

in terms of ASME B&PV Code stress definitionssuch as the normal, shear and

bendingstresses,and the primaryand secondarystresses.The stressdefinitions

included in the NTED Design Guide (Ref. 11) are corisistentwith the ASME B&PV

Code. These stressdefinitionsare presentedin the followingparagraphsalong

with examples applicableto the nucleardownholeemplacementassembly.

(I) Stress Intensity.Stress intensityis definedas twice the maximum shear

stress.In other words,the stressintensityis the differencebetweenthe

algebraicallylargest principal stress and the algebraicallysmallest

principal stress at a given point. Tension stresses are considered

positive,and compressionstressesare consideredas negative. For thin

plates,e.g, the cable tray, the stresscomponentnormalto the surfaceof

the plate is generallyvery small and can be assumedto be zero.

(2) Gross StructuralDiscontinuity.Grossstructuraldiscontinuityis a source

of stress or strain intensificationwhich affects a relatively large

portionof a structureand has a significanteffect on the overallstress

or strain pattern or on the structure as a whole. Example of gross

structuraldiscontinuitiesare end plate-to-cabletray and cable tray-to-

door strap junctions.

(3) LocalStructuralDiscontinuity.Localstructuraldiscontinuityis a source

of stress or strain intensificationwhich affects a relatively small

volume of material and does not have significanteffects on the overall

stress or strain pattern or on the structure as a whole. Examples are

small attachmentsand partialpenetrationwelds.

(4) Normal Stress. Normal stress is the componentof stress normal to the9

plane of referencesuch as the stress normal to the cross section of a
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cable tray. Usually the distributionof normal stress is not uniform

throughthe thicknessof a part, so this stress is consideredto be made

up in turn of two components,one of which is uniformlydistributedand

equal to the averagevalue of stressacrossthicknessof the sectionunder

consideration,and the otherof which varieswith the locationacrossthe

thickness.

(5) Shear Stress.Shear stressis the componentof stresstangentto the plane

of reference.

(6) Membrane Stress.Membranestress is the componentof normal stresswhich

is uniformlydistributedand equal to the averagevalue of stressacross

the thicknessof the sectionunder consideration.

(7) BendingStress.Bendingstressis the variablecomponentof normal stress

describedin (4) above.

(8) Primary Stress.Primary stressis a normal or shear stress developedby

the imposedloadingwhich is necessaryto satisfythe laws of equilibrium

of externaland internalforces and moments.The basic characteristicof

a primarystress is that it is not self-limiting.Primarystresseswhich

considerablyexceed the yield strength will result in Failure, or at

least, in gross distortion.A thermal stress is not classified as a

primarystressbecausea slightdistortionof the structurewill resultin

significantreductioninthisstress.A generalprimarymembranestressP,,,

is one which is so distributedin the structurethat no redistributionof

load occursas a resultof yielding.An exampleof primarymembrane stress

is the normal stress averagedacrossthe cable tray cross-sectionalarea

due to the gravityloadof the downholeemplacementassembly.Anothertype

of primarystressis the primarybendingstress,Pb.Primarybendingstress

is the bendingportionof the normal stress at a location far away from

structuraldiscontinuities.An exampleof the primary bending stress in

the downholeemplacementassemblyis the bendingstressat a cross section

far away from the bolt holes and the cable trays.
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(9) SecondaryStressQ. Secondarystress is a normalstressor a shear stress

developedby the constraintof adjacentparts or by self-constraintoF a

structure.The basic characteristicof a secondarystress is that it is

o self-limiting.Local yielding and minor distortions can satisfy the

conditionswhich cause the stressto occur and failurefrom one applica-

. tion of the stress is not to be expected.Examplesof secondarystressare

the general thermalstress and the bendingstress at a gross structural

discontinuity.

(10) Local PrimaryMembrane Stress PL.Cases arise in which a membrane stress

produced by pressure or other mechanical loadingand associatedwith a

primary or discontinuityeffect produces excessive distortion in the

transferof load to other portionsof the structure.Conservatismrequires

that such a stress be classifiedas a local primarymembrane stress even

though it has some characteristicsof a secondarystress.

(11) Peak Stress.The basic characteristicof a peak stress is that it does not

cause any noticeabledistortionand is objectionableonly as a possible

source of fatiguecrack or a brittlefracture.Peak stress is generally

not a problem for the down-holesystem.

Followingthe stressdefinitionsof the ASME B&PV Code describedabove and the

NTED Design Guide, the stressesin variouslocationsof a canisterframe can be

classified (Table 2). These locationsare shown in Fig. 17. In this figure, a

total of seven locations(LocationsA throughG) are identifiedto be of interest

in the design of a canisterframe.Becausethe ASME B&PV Code appliesmainly to

pressurevessels,the stressdefinitionsof the code cannotbe followedstrictly

without some degree of engineeringjudgementfor the end plates and cable trays

of a canisterframe. Therefore,the stressclassificationsincludedin Table 2

considernot only the definitions,but alsothe structuraldeformationcharacter-

isticsand the stresslimitswithwhich the ASMEB&PV Code stressdefinitionsare

closely associated.i

• The ASME B&PV Code uses stressintensitylimitsfor vesseldesignsbased on the

maximum shear stresstheory (or Trescacriterion).This theory is less accurate
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than the distortionenergytheory (orMises criterion)in which effectivestress

is used to predict significantstructuraldistortion. Therefore, effective

stressesbased on the distortiontheorycan also be used in lieu of the stress

intensitiesin determiningthe adequacyof a design.The effectivestresseswere

calculatedin this study and are the major stress informationpresentedin this

report.

3.3.2 AllowableStresses

The allowablestresses,or the stresslimits,for downholeemplacementassembly

are documentedin the NTED DesignGuide (Ref. 11).These allowablestressesare

defined in terms of stresscategories(primary,local,and secondarystresses)

and types of loading (emplaced,stemmed, and pull test loads) as stated in

Section 3.3.1. These allowablestresses are shown in Table 3. Table 3 also

includesthe correspondingstresslimitsof the ASMEB&PVCode SubsectionsNB and

NF. CertainterminologyassociatedwithASME B&PVCode suchas the ServiceLevels

and stress intensityvalue Sm, are providedin the table.SubsectionNB is for

Class I pressurecomponentsand is used for all major safety-relatedcomponents

in nuclearpower plant design.SubsectionNF appliesto componentsupportsand

is used here because, similarto the downholeemplacementassembly,the major

loading is mechanicalloads ratherthan pressureloads.

As describedearlier in Section3.3.1, the applicationof the ASME Code to the

downholeemplacementassemblyneeds somedegreeof engineeringjudgementbecause

the Code appliesmainlyto the designof pressureretainingcomponents.Based on

the definitionof servicelevels,it seems that:

(i) The emplacedand stemmedloads can be categorizedas loads associatedwith

a Level A servicecondition.

(2) The pull test load can be categorizedas a load associatedwith a Level B

servicecondition.

Based on the above load categorization,it is shown in Table 3 that the stress

limits of the NTED Design Guide are compatiblewith those of the ASME Code
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Section III, if the tensilestrengthof the material is less than two times the

yield strength,which is usuallytrue. 'Thestresslimits for stemmed loads are

the same as those for the Level A servicecondition.The stresslimits for pull

. test loads are slightlymore conservativethan thoseof the ServiceLevel B. The

emplacedload is uniquefor the downholeemplacementassemblyand, accordingto

. the NTED Design Guide, has lower stresslimits than the stemmedload.
i

3.3.3 Stresses in the End plates

Comparedto the cabletrays,end platesare very thick.There are littlemembrane

stresses in the end plates; i.e., Pm and PL are close to zero. The stresses in

the end plates are mainly due to bendingand are generallyvery low except in

localizedregionsbetweenthe cabletrayflangesand the bolt holes.As a result,

no stressevaluationin the regionrepresentedby LocationD (orthe regionsfar

away from the cable tray and the connectingbolts) is necessary.

To illustratethe stress distributionsin the region between bolt holes and

flanges,the resultsof Case 7 are again presented.Figures18 and 19 show the

contoursof effectivestresson the surfacesof the end plate in the bolt hole

region.Stress is higher at one edge of the bolt heads (Fig. 18) as the external

load is transmittedfrom the cable tray to the end plate of one canisterframe,

to the bolts, and then to the end plate and cabletray of anothercanisterframe.

On the other surface of the end plate (Fig. 19), the peak effective stresses

occur along the line connectingthe centersof the two bolt holes. The bending

moment along this line is the largest in the end plates. The primary bending

stress,Pb, can be calculatedbased on the appliedexternal load, the distance

(2.22 in.) betweena cable tray flangeand the center line of the bolts next to

this cable tray flange, and the area moment of inertia (12.34 in4) of the end

plate cross sectionalong the boltcenterline.The extremefiber stress,Pb,due

to this primary bendingmoment is approximatelyequal to 25.3 ksi per million

pounds of total external appliedaxial load on a canister.Assuming the yield

strengthof the end plate materialis 50 ksi, the normal stress,P_+Pb,along thet

bolt center line is equal to 25.3 ksi and is lower than the allowablestress of

37.5 ksi (0.75Sy)based on the NTED DesignGuide and the ASME Code (Table3) for

an emplacedload of one millionpounds.The local surfacestressesin the region
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between bolt holes and cable tray flangesare secondarystressesdue to local

bending.In the downholeemplacementassembly,the regionnearthe cable tray-end

platejunctionis vitalto the integrityof the system.To preventlarge deforma-

tion, it is thereforerecommendedthat this local bendingstressbe upgradedto

a primary bending stress, Pb, except at LocationE where strain hardening is

usuallyallowedfor seatingof the bolt headand at LocationF at the edge of the

bolt hole.

Figure 20 shows the effective stresses at two of the most severely loaded

locations (LocationsE and F) as functionsof "time" (or the external load,

Fig. 6). Clearly, the stresses in the end plates are dependent on both the

preload and the applied external load. The high stress at Location E is the

result of contact force betweenthe bolt head and the end plate; and the high

stress at Location F is due to bending occurring at a gross structural

discontinuity- the bolt hole. The stressesin these regions are of no major

importancein the canister frame design becausestress concentrationin these

regions is usually relieved by the slight strain hardening in the end plate

material unless the bolt holes are significantlylarger than those commonly

required in codes and standards.In addition,the stresses at Location E are

mainly compressive stresses,which are less detrimentalcompared to tensile

stresses.The stressesat these locationsare secondarystresses.The ASME B&PV

Code placeslimitson the secondarystressesto avoid large plasticdeformation.

The effectivestressesat LocationF are presentedin Figs. 21 and 22 for the two

bolt sizes includedin this study.An evaluationof the stressesat tocations E

and F can be made using the stresslimits for secondarystressesin accordance

with the ASME B&PV Code and/or the NTED Design Guide.

3.3.4 Stressesin Cable Trays

Contraryto the end plates,the cabletraysexperiencemainlyinplaneor membrane

stress instead of bending stress as the external load is applied. Figure 23

clearlyshows that the bendingmoment is small except in regionsclose to gross

structuraldiscontinuities.That is the primarybending stress Pb is close to

zero. For example,the bendingstressat LocationC shown in Fig. 17 is a primary

bendingstress.
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The membranestress is mainly along the axisof the cable tray. As a result,the

contoursof mid-planez-stress(ormembranestressin the axial or z direction),

effectivestress,and maximum principalstress are not much differentfrom one

another.This is shown in Figs. 24, 25, and 26.

Stress peaks occur in the cable tray at two locationsmarked as LocationA and

LocationB in Fig. 25. LocationA is just above the end plate and is locatedon

the curved region betweenthe flange and the web of the cable tray. LocationB

is on the cable tray flangebelow the cut-offpoint of the door strap. Without

door straps,LocationB does not existbecausethe grossstructuraldiscontinuity

caused by the door strap is eliminated.Figures27, 28, and 29 show the same

plots as Figs. 24, 25, and 26, exceptthat the door straps are not includedin

the model. By excludingthe door straps,the peak stresses at Location A are

increased.

Besidestheir main function,the door strapsproducea more equitabledistribu-

tion of bolt loads (Figs. 11 and 12) and smaller peak cable tray stresses

(Table4). The disadvantage is that they create a second location of high

stresses (Fig. 30) in the cable tray due to the effect of bending (Fig. 23) at

LocationB.

Unlike the stressesin the end plate, the stressesin the cable tray are mainly

dependent on the external load. These stresses are close to being linearly

proportionalto the appliedexternalload as shown in Figs. 31 through34. The

insensitivityof the cable tray to the preload is understandablebecause the

preloadaffectsmainly the bolt loads and the stressesin the localizedregion

around the bolt holes in the end plates.

Becausethe stresses in the cable tray are close to being linearlyproportional

to the appliedexternal load, these stressescan be expressedas follows"

S_ = C_ F , (3)

. where St representsa stress componentof interestin the cable tray; F is the

total applied external axial load; and C_ is a proportionalconstant. The
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subscripti identifiesthe component.For example,inTable 4, the values of Cm.,

C,,,Cm,,and Cmpare associatedwith the maximum effectivemembrane stress S_,,

maximumeffectivesurfacestressS,,,maximummembranez-stressSm,,and maximum

principalmembrane stressStop,respectively.

The resultsshown in Table 4 clearlyindicatethat boththe preloadand the bolt

size do not significantlyaffect the CI values. There is no significant

difference between the maximum and the minimum values among the cases with

differentpreloads.The differencein these C,values is also small betweenthe

two bolt sizes studied. The door straps have some effect on the C_ values.

However, the difference in stressesbetween the cases with and without door

straps are still less than 20 percentfor all the preloads and the bolt sizes

consideredin this study.

The averagemembrane stress,S, or C,F,in the axial direction (total external

axial load, F, dividedby the cross-sectionalarea, A, of the cable tray) is a

generalprimarymembrane stress(P_)and is equalto 21.3 ksi per million pounds

of externalforce F. This generalprimarymembranestress is applicableto any

cross section of the cable tray includingthe region near the cable tray-end

plate junction (a gross structuraldiscontinuity).A large safetymargin should

be maintainedfor generalprimarymembranestress.The ratios of maximum local

primary membrane stresses, PL, and the average axial membrane stress (i.e.,

Max/C, values in Table 4 for Cm,, Cm., and Crop) are slightly less than 2 for cases

with door straps and are close to or slightly over 2 for cases without door

straps. There is little primary bending stress in localized regions; i.e., Pb

equals zero. Therefore, the ratio of P_ and (PL+Pb) is around 1:2. The ratio of

peak effective surface stress, C,,F, (or peak effective extreme fiber stress) and

the average axial membranestress, C,F, is around 3 for the case with door straps

and is slightly over 3 for the case without door straps, The surface stresses at

Locations A and B are the combinations of local primary membrane (P,) and local

bending stresses (Q), and are secondary stresses, i.e., PL+Pb+Q.Therefore, the

ratio of P_, (P_+Pb),and (P,+Pb+Q)is approximatelyequal to 1:2:3.

Basedon the limitedcases studied,the local stresscriteria(PLand P,+Pb)seems

to govern the design of cable trays because the ratio of stress limits
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Pm:(PL+Pb):(PL+Pb+Q)in accordancewith eitherthe NTED Design Guide or the ASME

B&PV Code Section Ill is 1.0"1.5:3.0;i.e.,

NTED Design Guide: General : Local : Secondary = I : 1.5 : 3.0

. ASME Stress Limits: Pm : PL+Pb: PL+Pb+Q = Sm : 1.5S,,.'3.0S m

= I : 1.5 : 3.0

Approximateratio of maximumstressesin a cable tray:

Pm : P_+Pb: PL+Pb+Q = I : 2 : 3

Sm is the design stressintensityfactordefinedinAppendix Illof the ASME B&PV

Code Section Ill. For the designof canisterframes,Sm is the smallerof 2Sy/3

and Su/3.Syand Suare the minimumyield and tensilestrengthsof the cable tray

material at room temperature.

The above assessmentwas based on classifyingthe bending stressat LocationA

as the local bending stress (i.e., a secondary stress, Q). In the downhole

emplacementassembly,the regionnearthe cabletray/endplate junctionis vital

to the integrityof the systemas describedin Section3.3.3. It is therefore

recommendedthat this localbending stressbe upgradedto primarybendingstress

Pb as shown in Table 2 to prevent large deformation.Following this stress

reclassification,the maximumvalue of PL+Pb+Qoccurs at LocationB and is less

than the maximum surface stressin LocationA. We, thus, have the following:

Approximateratio of maximum stressesin a cable tray:

P_ : PL+Pb: PL+Pb+Q = I : 3 : [less than 3)

The local stress criterion is again governing the design of the downhole

emplacementassemblyafter the reclassificationof the bendingstress near the

cable tray/endplate junction,becausethe ratio of maximumprimary to maximum

• local stresses is 1:3 compared to the allowablestress ratio of 1.0"1.5. In

short, the surfacestress at LocationA governsthe design,and there is no need

• to evaluatethe stressesat other Locations.It is the authors'opinionthat the

applicationof local stress criterion at Location A should not be strictly
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enforced in accordance with either the NTEDDesign Guide or the ASMECode if the

exceedance at Location A is not significant, because the bending stress at the

cable tray/end plate junction is, afterall, a secondary stress. The amount of

relaxation should be evaluated on a case-by-case basis using engineering

judgement.

3.3.5 Stresses in Welds.

The stresses in welds were not examined in this study. It is not practical to

perform a finite element analysis each time welding of two pieces of metals are

involved. The weld requirements of existing civil structure codes, such as the

AISC Code, have the advantage of being simple. However, because the welds between

the cable trays and the end plates are vital in the performance of canister

frames, a larger margin of safety is required compared to regular civil
structures.

While it is not practical to perform finite element analysis of welds in the

design of canister frames, it seems to be a good investment to perform a finite

element analysis of limited scope with the objective of examining the stress

distribution in the welds between the cable trays and the end plates.
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Table i. Finite elementanalysiscases.

' _]; ,

. Case Model Bolt Cable Tray End plate Preload Include
Number Number Size Thickness Thickness Door

(in.) (in.) (in.) (Rip,s) Straps'/ii

I 300 1.375 0.500 2.25 0 yes,,,,,

2 301 1.375 0.500 2.25 7'5 yesL

3 302 I.375 0.500 2.25 i[)0 yes, ,, __

4 303 1.375 0.500 2.25 125 yes,,,,

5 400 1.125 0.500 2.25 0 yes,,,

6 401 1.125 0.500 2.25 !50 yes, , , , ,,, ,,

7 402 1.125 0.500 2.25 75 yes

8 403 1.125 0.500 2.25 100 yes,,, ,,, ,,,,
i i i ] i

9 310 1.375 0.500 2.25 0 no
,,,,,,, ,,,

10 311 1.375 0.500 2.25 75 no
,,,

11 312 1.375 0.500 2.25 100 no
iii iiiii

12 410 1.125 0.500 2.25 0 no

13 411 1.125 0.500 2.25 50 no....

14 412 1.125 0.500 2.25 75 no
.....
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Table 2. Categorizationof normal stressesin variousregionsof a canister
frame.

LocationType of Normal Stress Category •
Stresses

A Membrane Local primarymembranestress,PL
Bending Primarybendingstress Pb (NOTE: It is, in reality, a

local bending stress; i.e., a secondary stress, O. Due to the
ln_)ortance of this region in the downhote assenW_ty, it is appro-

. _riate to treat it as a primary bending stress)

B Membrane Local primary membranestress, PL
BendinB Local bendin_ stress (a secondary stress), Q

C Membrane Generalprimarymembranestress,Pm
Bendin9 Primarybendipgstress,P=

D Membrane Generalprimarymembrane stress,Pm
Bending Primarybendingstress,P_

E Membrane Local primarymembranestress,PL
Bending Local bendingstress (a secondarystress),Q

Yieldingis generallyallowedfor seatingof
bolt head.

,,....

F Membrane Local primarymembranestress,PL
Bending Local bendingstress (a secondarystress),Q

G Membrane Local primarymembranestress,PL
Bending Local bendingstress (a secondarystress),Q

NOTE' General primarymembranestress and primarybendingstress exist at al
locationsincludinglocationsator neargross structuraldiscontinuities.
See Sec. 3.3.4, Sec. 3.3.3, and Table 4 for details.

A - Curved region of a cable tray near the end plate. It is at a gross
structuraldiscontinuity.

B - A regionon the flangeof a cable tray beneaththe door strap cut-off.It
is at a gross structuraldiscontinuity.

C - Regions on the cable tray and door strap" (I) far away from structural
discontinuities, (2) near a gross structural discontinuity;but the
stressesare calculatedbased on a large cross-sectionalarea. ExampLe:P_
described in Section 3.3.4, or C, in Table 4. This stress is apgLicab[e to regions far away
as welt as near the cable tray-end plate junction.

D - Regions on the end plate" (1) far away from bolt holes and cable trays,
and (2) near a gross structuraldiscontinuity;but the stresses are
calculated based on a large cross-sectionalarea. ExampLe: Pbdescribedin
Section 3.3.3.

E - The contactregion betweenthe bolt head and the end plate,
F - Undersideof the end plate near the outer bolt hole.
G - Welds and the regionsadjacentto the welds.A gross structuraldisconti-

nuity.
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Table 3. Allowablestressesin the NTED Design Guide and the ASME B&PV Code.

NTED ..D.es..ignGuide

' General Local Secondaryc
Primary° Primaryb

• Pro,Pb,or Pm+Pb PL+Pb PL+Pb+Q
iiii i

Emplaced Load O.500Sy 0.750Sv ...I..500SV.

Stemmed Load O.667SV I.O00S, 2.O00Sy

...P..ulI Test Load ,0"750Sy ].125Sy 2..250Sv
ii

' Maximum allowablelimit for generalmembrane Pro,bendingPb, and general
membrane plus bendingstresses(Pm+Pb).

Ib Maximum allowablelimit for localmembrane PLand local membrane plus
bendingstresses (PL+Pb).

Maximum allowablelimit for sum of membranePL plus primarybending,Pb,
plus secondarystresses(Q).

SvMaterial yield strength.

Stress Limits in SubsectionsNB and NF of ASME B&PV Code Section Ill

.,, Pm PLor PL+.Pb PL+P:+Q
i i

Design Loads Sm (0.67Sv) _ 1.5Sm (Sy) 3.0Sin(2Sy)

.ServiceLevel A Sm IO.67Sy).... 1.5.Sm .(Sy).. 3.0Sm (2Sy)

....Service Level B I.IBOSm (0.77Sy) 1.725Sm (.I.15Sy) 3.450Sm (2.30Sv)

Testing Condition Pm< 0 9S
- Pressuretest Pm+P_< i. _S_, , ..

Sm is the smallerof 2S_/3and Su/3,where Sy and S. are the yield
strengthand tensilestrengthat room temperature.The number in
parenthesisis obtainedassumingthat 2Sy/3< So/3.

Service Level A is associatedwith loads for which the componentsmay be
subjectedto in the performanceof its specifiedservicefunction.

Service Level B is associatedwith loads for which the componentmust
withstand so that no damage requiringrepairwill occur.
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Table 4. The stressesin a cable tray.

S = C F = Stress

F = Total appliedexternalaxial load on a canister
C = S/F = Stress per 106of F

Cm,= Peak effectivemembrane stress (ksi)per 106Ib of F
C,,= Peak effectivesurfacestress (ksi)per 106Ib of F
Cmz= Peak axial membrane stress (ksi) per 106Ib of F
Cz Average axial membrane stressper 106 Ib of F = F/4A(Cz = 21.3 ksi)

(A = Cross sectionalarea of the cable tray = 11.7 in_
Cmp= Peak principalmembranestress (ksi)per 106Ib of F

Cz is a general primarymembranestress.
Cm,,C_z,and Cmpare local primarymembranestresses.
Cseis a surfacestresswhich includesboth local primarymembrane and

local bendingstresses.C,,is a secondarystress.

Bolt Values of Cm_,C_,,Cm_,and Cm_ Max. Min. I Max/Cz
Diameter
(in.) Preload(kips) True Ap-

I

0 50 75 I 100 125
prox

With door straps

C_, 1.375 36.1 NA 36.6 36.7 36.7 36.7 36.1 1.72 2
1.125 37.1 36.3 36.5 36.6 NA 37.1 36.3 1.74 2

C, 1.375 62.5 NA 63.4 63.5 63.2 63.5 62.5 2.98 3
1.125 63.8 62.9 63.0 63.1 NA 63.8 62.9 3.00 3

C_, 1.375 39.7 NA 37.4 36.6 37.0 39.7 36.6 1.86 2
1.125 41.0 39.3 38.5 37.5 NA 41.0 37.5 11.92 2

C_p 1.375 40.7 NA 38.1 37.3 37.7 40.7 37.3 11.91 2
1.125 42.4 40.4 39.4 38.3 NA 42.4 38.3 1.99 2

Without door straps

Cm, 1.375 41.3 NA 39.2 38.7 NA 41.3 38.7 1.94 2
1.125 42.9 41.1 40.3 NA NA 42.9 41.1 2.01 2

C, 1.375 68.5 NA 62.3 60.7 NA 68.5 60.7 3.22 3
1.125 72.8 67.9 65.5 NA NA 72.8 65.5 3.42 3

Cm, 1.375 45.3 NA 43.2 42.7 NA 45.3 42.7 2.13 2
1.125 46.7 44.9 44.1 NA NA 46.7 44.1 2.19 2

Cmp 1.375 47.1 NA 44.6 44.0 NA 47.1 44.0 2.21 2
1.125 49.0 46.9 45.9 NA NA 49.0 45.9 2.30 2

NA = Not availableor not calculated.NTEDDesignGuide"
NOTE" The values given in the last column are for calculatingapproximate

stress ratios as describedin Section3.3.4.
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Figure 14. Effects of bolt size on the calculated bolt loads - outer bolts.
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Figure 15. Bendingmoment in the bolts about an axis parallelto the cable
tray flanges.
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Figure 16. Rotation of bolt heads•
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Figure 17. Locationsat which the stressesare of interestin design.
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Figure 18. Contoursof effectivestress in the endplate- top view.
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Figure 19. Contours of effective stress in the endplate - bottom view.
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Figure 21. Peak effective stresses at Location F in the endplate for cases
involving i-3/8" bolts•
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Figure 23. Typical contours of moment resultant (Mxx) in the cable tray with
door straps.
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Figure 24. Typical contours of axial membrane stress (z-stress) in the cable
tray with door straps.
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4.0 FULL-SCALEPULLTEST OF CANISTERCONNECTIONS

To validate the analysispresentedin the previoussections,a full-scalepull

test of canister frame bolts was conductedby a team of EG&G personnelat a DOE

horizontalload test facility(HLTF)in Las Vegas,Nevada.HLTF is describedin

Ref. 11. Two canisterframeswere boltedtogetherback-to-backwith sixteenSAE

I-3/8 - 6 Gr. 8 bolts in a horizontalposition.These canisterframes have the

same dimensionsexcept for the lengthof the cable traysand the geometryof the

end structures at two extreme ends of the assembly. From our experience in

analyzingcanister frames, these differenceshave little effect on the bolt

loads.The thicknessesof the cable trays and the end plates are 0.50 and 2.25

inches,respectively.

A torque wrench, which was calibratedperiodicallyin the shop, was used to

preloadthe bolts. This test assemblywas pulledat the two extremeends in the

opposite axial directions.The bolt loadsdue to the bendingeffect of the dead

weight of the assemblyis minimaland was neglected.Of the sixteenbolts, four

bolts around a single cable tray were load-sensingbolts. These load-sensing

bolts were designatedas bolts #23, #24, #25, and #26. Bolts #23 and #26 are

outer bolts; bolts #24 and #25 are innerbolts.Also, bolts #23 and #24 are on

one side of the cable tray, while #25 and #26 are on the other side. The loads

in these bolts were monitoredduringpreloadand during pull test.

Three levels of preload (approximately75, 50, and 25 kips) were tested in

sequencein descendingorder of magnitude.Each load-sensingbolt was loaded 25

kips above the desired preloadbeforedropping back to the desired level. The

objective of this exercise was to reduce the short-termpreload relaxation

generallyobservedin bolts.For eachpreloadlevel,two to three pulltests were

performed.Ineach pull test,the loadingand unloadingof the test assemblywere

done slowlyto avoiddynamiceffects.The loadcapacityof the load-sensingbolts

is 100 kips. Unloadingwas manuallyset to start when the load in any of these J

load-sensingbolts reachedthis limit.The raw data of these tests was recorded

as bolt load versus appliedexternalaxial load to the assemblyfor each of the
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load-sensingbolts. The data acquisition system used in this pull test is

described in AppendixA of this report.

. The bolts followclearlydifferentloadpaths inthe loadingand unloadingphases

of the first pull test at each preloadlevel. Some preload is apparently lost

duringthis loading/unloadingcycle.The firstpulltest seemsto havegottenrid

of most of the remaining short-termpreload relaxation after the bolts were

preloadedbecausethe deviationof the unloadingpath from the loadingpath is

very small for the second and the third pull tests.Three pull tests each were

performed for 75- and 50-kip preloads.There is little difference in results

betweenthe second and the third pull tests.Repeatabilitywas clearlyachieved

after the first pull test. Therefore,the third pull test was not performedfor

the case involving25-kip preload. The resultsof the last pull test at each

preloadlevel are used in comparingtest and analysisin this report.Becauseof

the loss of preloadin the first pull test, the preloads in these load-sensing

bolts are slightlyless than the prescribedvalue.

Figure 35 shows the results of the last pull tests for all three levels of

preloads.The inner bolts carry a largerportionof the external load than the

outer bolts as predictedin the analysis(Sec.3). There is a slightdifference

in bolt loads on two sides of the cable tray becausethese canister frames are

not perfect structures.Average inner and outer bolt loads were calculatedfor

the correspondingbolts on either side of the cable tray and are presented in

Fig. 36. Figure37 shows a comparisonof these averagedbolt loads from the test

and the calculated bolt loads from the correspondingNIKE3D finite element

analyses.Relevantparametersfor the threefiniteelementanalysesare presented

in Table 5. There is a good agreementbetweenthe test and analysisresults.The

maximumdeviationof the calculatedboltloadfrom the bolt loads obtainedinthe

tests is less than 10% for all three preloadlevelsand at all levelsof applied

external axial load.

The test resultsshow less spreadbetweenthe innerand the outer bolt loads than

those obtained in the calculation.The difference between test and analysis

resultsmay be due to a slightdeviationin the inner radius of the end plates

considered in the analysis from that which actually existed in the test
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canisters.The end plate inner radius is 33 inchesin the test canisters.It is

30 inches in the analysis.

As describedin Sec. 3.2, there is no great incentiveto prescribehigh preload

in component and vessel design except for the purpose of leak preventionand

avoiding vibration loosening.This argument is also true for the design of

canistersand is substantiatedby Fig.38. Figure38 is a plot of the total load

in the 16 bolts as a functionof the appliedexternal axial load. This plot

assumesthat each cable tray carriesone quarterof the appliedexternalaxial

load. The total bolt load is always greaterthan the appliedexternalload if

there is preloadin the bolts.The total bolt load is higherfor higher preload.

To eliminatethe slight differencein preloads betweenthe test and analysis

results,adjustmentsweremade by shiftingthe curvesshown in Fig.35 up or down

to the preloads used in the analysis.This adjustmentwould have been perfectly

valid if these boltswere loadedseparatelyin an axisymmetricsituationwithout

prying. For the bolts used in the canisterframes,it is not a bad adjustment

becausethe amountof shift in preloadis minimumand the error introducedwill

not be significant.With this adjustment,Figs.35, 36, and 37 are replottedand

are shown in Figs. 39, 40 and 41, respectively.These new figures generally

retaintheir originalcharacteristicsand the observationsdescribedearlierare

still valid.

In summary, the pull tests validatedthe analysis presented in the previous

sectionsbecausethere is a good agreementbetweenthe test and analysisresults.

These pull tests also provided additional validationfor the computer code

NIKE3D,which has been used extensivelyin the past both inside and outsideof

LLNL.
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Table 5. Finite elementmodels correspondingto the pull test cases.

' Case Model Bolt !CableTray End plate Preload Include
Number Number Size Thickness Thickness Door

(in.} (,in.,) (in.} (kips} Straps?

15" 311 1.375 0.500 2.25 75 no
....,, ,,.. ,,, ......

16 313 1.375 0.500 2.25 50 no

17 314 1.375 0.500 2.25 25 no

* Same as Case 10 (TableI)
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5.0 SUMMARYANDCONCLUSIONS

. This study providedneeded insightinto the bolt and canisterframe design for

the nucleardownholeemplacementassembly.Althoughthe study was performedfor

, 86-inch-diameterdiagnosticcanisters,the resultsare expectedto be applicable

to 68-inch-diametercanistersas well.The reason is that the resultsare mainly

affected by the local geometriesof the canister at the interfacebetween the

cable trays and the end plates includingthe connectionbolts; and these local

geometriesare essentiallythe samefor86- and 68-inch-diametercanisterframes.

A few finiteelementanalysesof a 68-inch-diametercanisterframeare sufficient

to provide needed validation.

The resultsof the finiteelementanalysisindicatedthatthe bolt load increases

with the preload for any given externalload. The results also showed that an

uneven distributionof bolt loads existsbetweenthe inner and outer bolts due

to the eccentricityin load path throughthe connections.The inner bolts carry

more load than the outer bolts for the canistersincludedin this study.Preload

generallydoes not improvethe bolt loads and the cable tray stresses,but it

does make the bolt loads betweeninner and outer bolts more equitable.However,

operationalconsiderationsmay requirea certain amount of preload to prevent

looseningof the bolts and excessiveseparationof the end plates.Readers are

advised that the study documentedin this report is for canister modules with

cable tray thickness of 0.5 inches and end plate thickness of 2.25 inches.

Although the overall behaviorof canisterswith differentplate thicknessesis

expectedto be similarto the canistergeometrystudied,the actualstressvalues

and local stress patternsmay be significantlydifferent.It is suggestedthat

the effectsof cable tray and end platethicknessbe includedinfuture studies.

Theoretically, different preloads can be applied to the inner and outer bolts to

achieve equitable bolt loads. Applying different preloads is not needed if the

door straps are included because the difference in bolt loads is _ut great in

this case. This is especially true when some preload exists in the bolts. More

equiteble bolt loads can also be achieved if it is practical to move the bolt

holes inward radially.
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Summationof all bolt loads at a canisterinterfaceis greaterthan the applied

external load due to the combinedeffectsof preloadand prying.The prying is

caused by the bolts being off-centerfromthe cable tray flanges.As a resultof

the bending in the end plates,same bendingmoment also exists in the bolts due

to the rotationof bolt heads.

Because the end plates are thick, they experienceonly low levels of stresses

except in the regionsbetweencable tray flangesand the bolt holes.There are

two regions of high stresses in the cable trays. One is in the curved region

betweenthe flange and the web of the cable tray just above the end plate.The

other is on the cabletray flangebelowthe cut-offpoint of the door strap.This

latter region of high stressesdoes not exist if door straps are not used.

However, without the door straps, the stresses in the former region will be

higher.The door strapsalsohavethe advantageof causingmoreeven distribution

in bolt loads by shiftingthe neutralaxis of the cable tray radiallyoutward.

Stress informationfor bolts, cable trays,and end plates is documentedin this

report. For a specific design, stresses such as primary membrane, primary

bending,local membrane,local bending,or the combinationof these stressescan

be obtained.An evaluationof the designcan be made in accordancewith the NTED

Design Guide or the existingcodes such as the ASME B&PV Code. The NTED Design

Guide has the same design philosophyas the ASME Code in classifyingstresses,

such as primary vs. secondarystressesand membranevs. bending stresses.The

NTED Design Guide and the ASME B&PV Codeprovidehigherallowablevalues for the

bending and secondary stresses than for the membrane and primary stresses,

respectively.

The analytical study documented in this report is based on a finite element

method using NIKE3D code. A full-scaletest was carriedout by a team of EG&G

personnelat a DOE facilityin Las Vegas,Nevadato validatethe analysisand the

computercode used in the analysis.Two canisterframeshavingthe same end plate

geometryand cable tray thicknesswere boltedtogetherwith sixteenbolts, four

of which tray are load-sensingbolts around a single cable. Three levels of

preloadwere tested.The appliedaxialloadon the canisterassemblyand the bolt

loads in these load-sensingbolts were monitored.There is a good agreementin
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bolt loads between the test and the finite element analysis. The maximum

deviationis less than iO percentfor all preloadlevels tested.The agreement

not only validated the analysis results presented in this report but also

. providedadditionalevidenceaboutthe validityof the LLNLcomputercodeNIKE3D.

, A couple of areaswhich were not includedin this study but are importantin the

design of canister framesshouldbe examinedin the future.These areas are the

weld integrityand the optimumtype of canister-to-canisterconnectionmethod.

The currentmethod of canister-to-canisterconnectionproduceshigh stressesin

cable tray flanges and is not the optimumdesign. Other types of connections

shouldbe explored.Modifyingcurrentdesign,suchas changingthe locationsand

the number of bolts around the cable tray, providesa good starting point for

this effort.
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Appendix A

Data Acquisition System
I

Full-Scale Pull Tests of Canister Frame Connections
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n Eo¢G ENERGVMEASUREMENTS
Las Vegas Area Operations
EG&G ENERGY MEASUREMENTS, INC., P.O. BOX 1912, LAS VEGAS, NEVADA 89125 TEL (702)

May 9, 1990
, SM:90A-153

Mr. Tony Davito
Lawrence Livermore National Laboratory
P.O. Box 808
Livemore, California 94550

SUBJECT: LOAD BOLT TEST DATA ACQUISITION SYSTEM

The following information is being provided, per the request of Ting Lo,
for the Test Data Acquisition System used to record the load test performed
on the load bolts at the ATLAS facility on 25 April 1990.

The data acquisition system consisted of an HP 3497A data acquisition unit,
an HP 85 computer, and an HP 9895 floppy disk drive. The system was
connected via an HPIB buss network. Gauge excitation was provided by two
HP 6114A power supplies which were monitored by a Fluke 8860A DVM.

The 3497A was used as the input multiplexer and the system DVM. It was set
to make five digit measurements with a resolution of one microvolt. The
3497A monitored both the load bolt outputs and the bridge outputs of the
Horizontal Load Test Facility. Once the measurements were made, the
results were transferred to the HP 85 computer.

The computer stored the raw data from the 3497A on the disk. It also
converted the raw data to engineering units aunddisplayed the converted
data on its CRT.

The software was developed by EG&G Department 1262 for this test. It
allowed for setting a tare on any and all data channels. The tare values
once set were recorded on disk for use in data reduction. The software
uses a value of 3 mV/V at 100K ibs to convert from load bolt out[mJtto
engineering units. This conversion factor was based on the manufacturer's
calibration data.

The system was able to make one scan approximately every 1.5 seconds. One
scan consisted of time and date, Bridge A and Bridge B from the Horizontal
Load Test Facility, and four load bolt channels. The data was recorded on
floppy disk after each scan.

The data reduction software was also developed by EG&G Department 1262. It
used an HP 7475A pen plotter to plot the results in a load vs load format.
The plot routine has an autoscaling feature that will insure the data is

, displayed completely. It also has manual scaling capabilities so that a
plot may be made with any scaling desired.
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Page /p
May 9, 1990
LOAD BOLT TEST DATA ACQUISITION SYSTEM

If we can provide further assistance or additional information, please
contact me at 702-295-2533.

Very truly yours,
EG&G Energy Measurements, Inc.

David C. Fannin, Tech. Supv.
Special Measurements

DCF:bae

Copies:
Ting Ix),L-197
G. Hill
L. Davies
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