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This paperpresentsresultsfor finite elementanalysesof thevertically split

yoke designfor the50mm SSC dipole,basedon coil crosssectionW67331. The

resultswere first presentedat theMay 23, 1990 SSCDipole TaskForcemeeting,at

BrookhavenNationalLaboratory. The resultsfor thehorizontallyspilt design,the

BNL baselinedipole design,havebeenreportedelsewhere2.Although related,

and similar in appearance,themechanicsof the two designsare quite different.

Ratherthan trying to ensurecollar to yoke contactaroundthewhole interface,the

vertical split designonly *enurescontactat thehorizontalregionof thecollar,

leavinga clearanceat the’poles of the collar. The collarsaredeliberately

oversizedhorizontally andundersizedvertically, so that skin tensionis needed

to closetheyoketo yoke gap,and-ocs theyokes4transmittheskintensionto

thecollarsthroughthehorizontal interferencefit. The skin stressis a critical

factor, asit determinesthecollar-yokeandyoke-yokeloadsduringassemblyand
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operationof themagnet. Insteadof constructinga structurewith line to line fits

whenwarm, thevertically split yoke magnetrelies on localizedinterferencesand

clearancesbetweenthecollar andyoke packsto achieveamorerigid support

assemblyafter cooldownof themagnet. Furthermore,by creatingayoke-yoke

compressiveforce greaterthantheexpectedLorentz loading of themagnet,the

yoke to yoke contactis alwaysmaintained,andthecollar andcoil motiondueto

excitation is reduced.

The goalsof themechanicalanalysisarethen: 1 to minimize thecoil

motionunderLorentz loading, 2 maintain compressiveloadsbetweenthecollar

andyoke at all times,3 allow for a verticalcollar to yoke clearanceat all times,

and4 ensuretheyoke to yoke split is closedafterskinningof thecold mass. To

achievethesegoals,the finite elementmodelhasbeenusedto determinethe

shapeof theoutsidecollar surface,theskin thicknessandprestressnecessaryto

closethe yoke split when warm,theallowablerangesof yoke taperwhich allows

for propermating of theyoke halvesdueto bendingof theiron duringassembly,

andthedesiredshapeof thecoil cavity in thecollar lamination for proper

conductorplacementafter cooldown. The effect of aninternalpressureon the

skin, simulatingquenchconditions,hasalso beeninvestigated.

MODEL

The 2-D ANSYS modelusedfor thesecalculationsis shownin figure 1. As

can be seenfrom thedifferent meshpatterns,themodel is actuallya composite.

The coil andcollar meshpatternsaretakendirectly from thehorizontallysplit

yoke design2,with a few modificationsin thetreatmentof the coil systema
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discussionof this changeis documentedelsewhere3,but thedifferencesare

small. The yoke andskin mesheswere thengeneratedto allow for theproper

treatmentof theyoke-collar interfacenecessarywith theverticalsplit. Although

notparticularly estheticallypleasing,%4 neitherof thetwo meshescauseany

numericaldistortions. A greatthanksis due to JonTurnerand GiancarloSpigo

of theSSCLaboratory,for their allowanceof 4wuseof theirwork in the

generationof the coil andcollar sectionsandthecalculationsof the Lorentzloads

usedin this model.

A numberof assumptionsare madein the model,including constant,

isotropic,and elasticmaterialproperties,frictionlesscontactsurfaces,plane

stressanalysis,andLorentz loadscalculatedusing infinite permeabilityiron.

Collar to yoke interferenceis assumedonly until an azimuthalangleof 30°, after

which thesurfacesarefree with respectto oneanother. Otherpertinent

parameters,including material properties,arelisted in TableL

RESULTS

Resultsarepresentedfor four assemblyandoperationalsteps,namely

Preload,which simulatesthecollaredcoil after removalfrom the collaring press,

Skinning, which simulatesthe completedcold massafter removalfrom the

yoking press,Cooldown,which simulatesthe conditionsof themagnetat 0 T, 4°K,

andExcitation,which simulatesthemagnetat 6.9T, 4°K. Tabulateddatashow

theradial deflectionsof thecollar outeredgeat thehorizontalandverticalplanes,

while plots showtheloadingat thecollar-yokeandyoke-yokeinterfaces,andthe

skin tensileload.
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1. Effectof SkinStress

Calculationsweremadefor casesof varying skin stress,to determinethe

minimum tensileload necessary,and theallowablerangeof stressin the skin

while ensuringmagnetoperation. Table2 showsthecalculateddeflectionsfor

eachcase,while figures 2 though4 show thecollar-yoke,yoke-yoke,andskin

forcesassociatedwith eachcaseat eachloadstep. Aside from the skin stress,all

otherparameterswereheld constant.

At thepreloadstep,sincethecasesareall identical, no differenceis noted

in thedeflectionsof thecollaredcoil, andthereare no loadson theyoke or skin,

sincetheyhaven’tbeenappliedyet. The verticalovalizationof thecollar is

expected,andthemagnitudeof thesedeflectionsagreewell with thosecalculated

in thehorizontallysplit design,althoughdifferencesdo exist dueto the

differencesin modelingtechniques.After skinning, thehigher skin stresses

producegreaterhorizontalmotion of the collar, until theyoke gap closes. Before

theyoke split is closed,all of the skinloadis transmittedby theyoke to thecollar,

which deflectsinward horizontallyandradially outwardvertically. After yoke to

yoke contact,collar motion stops,andfurther skin loadsresult in higher

compressiveyoke-yokeloads. The increasingcollar-yokeloadingis apparentin

figure 2, while theyoke contactappearsto occuronly for thehighestskin stress

case,resultingin ayoke-yokeload figure 3 anddecreasedcollar motion table 2

and a smallerincrementof collar-yokeload increasefigure 2. Further skin

loadingwould resultin higheryoke-yokeloads,but no increasein collar-yokeload

or collar deflection.
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Uponcooldown,therelative shrinking of theskin, yoke, collar andcoil

produceseveraleffects. First, the shrinkageof the skin relativeto theyoke causes

the yoke interfaceto closefor all casesof skin stressexceptthezeroprestresscase.

Both thedeflections,which showthecollar to be in thenearlythe sameposition

for all skin loads,andthe force plots,which showthe identical collar-yokeload in

eachcasesupport this. Differencesin skin stressarereflectedas differing yoke-

yoke loads. The decreasein collar to yoke loadfrom thepreloadcaseis dueto the

shrinkageof the collar awayfrom theinside radiusof the yoke, while thesmall

differencesin collar positionaredue to thediffering skin stresses,whichbendthe

yoke differentamounts,andchangetheyoke-yokeinterferenceat thevertical

plane.

Finally, underexcitation,theLorentz loadsaretransmittedinto increased

collar-yokeloads,andoffsetby decreasedyoke to yoke loadsin all casesexcept

wheretheskin initially had no prestress.The zeroprestressskin casealso shows

an increasein collar-yokeload, however,althoughsmaller, sincethe increased

deflectionofthis systemresultsin moreoftheexcitationloadbeingresistedby the

stiffnessof thecollar packsthemselves.When enoughyoketo yoke compressive

load existedafter cooldown,theexcitationof themagnetresultedin a tradingof

loads,minimal collar deflections,and constantskin loads. Collar deflections

underexcitationis 0.7 mils horizontallyand-1.25 vertically, less thanthose

predictedfor the horizontallysplit designunderthe sameconditions. Using the

criterion of yoke interfaceclosurewhenwarm, theseresultssuggesta 4.9mm

skin prestressedto about22ksiwill closetheyokegap andprovidethedesired

collar-yoke loading.

2. Effectof SkinThickness
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In anothercomparison,the skin thicknesswas increasedto investigateits

effect on the supportof thecoil. Thicknessesof 4.9mmand6.35mmwere

compared,with thesamedisplacementload placedon each. Theseresultsin

skin tensileloadsof 17.lksi and16.Oksi, respectively. All otherparameterswere

held constant. Displacementresultsareshownin table3, with forcesin figures 5

through 7. The 4.9mmskin resultsarethe sameasthosepresentedin section1.

The predictionsshowthe increasedthicknessprovidesenoughadditional support

to closetheyoke interfacethe thinnerskin resultsin aninterfacethat is just

open,andincreasedloading dueto cooldown,as expected.However,the loading

of the thinnerskin with cooldownalsoresultsin yoke interfaceclosure,so that

with excitation thereis no differencein mechanicalperformance.Although a

thicker skin providesslightly increasedstiffitess anddecreasesthe skin stress

necessaryto closetheyoke split, it doesnot appearto providea greatmechanical

advantageover a properly stressedthinnerskin, in this design.

3. Effect of Coil Preload

Since, duringassembly,a rangeof coil preloadsis acceptable,the

compressivepreloadappliedto thecoil wasvariedto examinetheeffect on the

systemmechanicsTable4, Figures8 through 10. This also providesa

tolerancingon theverticalgapnecessarybetweenthe collar andtheyoke, andthe

necessaryhorizontal interference.The higherpreloadcaseis identical to thecase

describedin section1 wheretheyoke gapis closedafter skinninghighestskin

stress. Table 4 showsreducedcollar deflectionsfor the lower preloadcaselinear

with coil preload,but afterskinningthe collar hasreachedessentiallythe same

horizontalposition, althoughtheverticaldeflectionis still different dueto the



variationin coil stress. Theforcesare redistributedslightly, with moreof the

skin stresstransferredto thecollar afterskinningfor the lower coil stresscase.

Sincethecollar is morehorizontallyoval whenlesscoil preloadis applied,more

of theskin forcesa-re appliedto thecollar, andlessinto compressionof theyoke to

yoke split figures 8 and9. The yoke-yokeinterfaceis still closed,with plentyof

margin, andafter cooldown andduringoperation,both modelstrack eachother.

No differencein operationof eithermagnetis predicted.

4. Yoke Taper

A yoke taperof 1.25 mils along thematingsurfacegreatergapat the outer

radiuswasfound to providethebestyoke to yokematingwhenthebendingof the

yoke was accountedfor afterskinning. However,tapersfrom 0 mils no taperto

3 mils producedno significanteffect on magnetoperation,so thedefinition of this

parameteris not critical. Due to thepartingplanelocationon thevertical,the

presenceof agapat theyoke split is not expectedto havea detrimentaleffecton

the magneticperformanceof the magnet.

5. Vertical Clearance

The modelingresultsshow amaximumcollar deflectionin the vertical

direction of 7.58mils afterskinning, suggestingthat leavingan 8 mil radial gap

would just allow for free motionbetweenthecollar andyoke in this region.

However,historically, finite elementmodelshaveunderpredictedthe collar

deflectionsmeasuredon actualmagnets,and sincethis parameterdoesnot

severelyaffect collar stiffixessor mechanics,a 16 mil radialgap betweenthecollar

andyoke at theverticalhasbeendesigned.



6. Horizontal Interference

In a free standingstate,the outsidecollar edgewould contractalmost

2.7 mils moreto heliumtemperaturesthanthe inside radiusof theyoke. The

interferencefit of thecollar andyoke at thehorizontalmustallow for this

differential to maintainthe desiredloading scheme. The designinterferenceof

5.5 mils radially shouldbe morethanadequatefor this purpose.

7. Shapingof theCoil Cavity

Sincethemultipolesof themagnetare strongfunctionsof conductor

placement,thecoil cavity shouldbeshapedsothe coil is in theproperpositionfor

operation. By examiningthemotionof thecoil in themodel from the initial state

to the cooldownstage,an estimateof theseplacementcorrectionscan be made.

Anothercomputation,usingacoil preloadedto 10 ksi the middle of theacceptable

range,was completedfor this purpose. Deflectionschangeby lessthan ±1 mil if

thepreloadis at oneor theotherextremefrom this case.For the 10 ksi case,the

coil cavity deflectionscartesiancoordinates,in mils areas follows:

Inner Coil, Inner Midplane -8.07, 10.00

Inner Coil, Inner Pole -0.81, 1.96

Inner Coil, OuterPole -1.35, 0.43

OuterCoil, Inner Pole -3.49, 1.19

OuterCoil, OuterPole -4.87, -0.95

OuterCoil, OuterMidplane -10.25, 10.00



The 10 mil verticaldeflectionsat the midplaneareartifactsof theapplicationof

coil preloadin themodel. By correctingthecollar designfor theremainderof the

coil deflections,goodpositioningof the conductorduringoperationcanbe

assured.

8. Comparisonwith other models

A brief comparisonwith theresultsof othermodelsis usefulfor

corroborationof theseresults. As previouslymentioned,good agreementwith the

collar deflectionscalculatedby the horizontallysplit mechanicalanalysishasalso

beenachieved. Another calculation,modelingtheyoke andskin interaction

underLorentz loadsfor this geometryhas alsobeenreported4. A comparisonof

theseresults,theSAPW model,andthe deflectionsfor a collar only no yoke or

skin supportat any time is shownin Table 5. The SAPW model predictsa

horizontaldeflectionof theyokeby 2.5 mils during excitation,while thevertical

split modelpredictsadeflectionof only 0.7 mils. However,the SAPIV modeldoes

notaccountfor thestiffnessof thecollar, which alsoresiststheLorentz load of the

coil. The collar only casepresentedin Table5 showsthecollar to be a relatively

stiff supportmember,which hasa non-negligibleeffect on the supportstructure.

A slimming of theloadstransmittedbetweenthecollar andtheyoke showthat

only 45% ofthe total Lorentzloadis transmittedto theyokeby thecollar. A linear

scalingof theSAP1V resultsby this amountreducesthepredicteddeflectionto

1.125mils. Furthermore,the loadis actually transmittedas a distributedload,

insteadof asa pointload asusedin theSAPW model. Takingthesetwo effects

into account,thegood agreementis found betweenthetwo models.



9. Effect of QuenchPressureson SupportSystem

Concernsaboutthe effectof a quenchpressure300 psi on thesystem

mechanicsresultedin an additional load stepbeinginsertedin themodel,which

hada pressureload on the inner surfaceof thecold massskin, If largeenough,

this pressurecould reducetheskin loadon theyoke, which would reducetheyoke

to yoke loadingandthecollar to yoke loading. However,the300psi design

pressurefor theSSCmagnetwasnot largeenoughto do this, asit changesthe

yoke to yoke loadingby only 2000 lb/axial inch. Quenchesshoulshaveno

permanenteffect on thecold massmechanics.

CONCLUSIONS

The finite elementmodelof the 50mmvertically split dipole givesgood

agreementon collar deflectionswith two other,independentlycreatedmodels.

The resultssuggestthat a 4.9 mm skin, prestressedwhenwarmto 22 ksi, will

closetheyoke to yoke gap. Oversizingthecollar 5.5 mils horizontally,and

undersizingthe collar 16 mils vertically, will supplythenecessarygeometryto

takefull advantageof thevertically split yoke supportmechanism.Furthermore,

the coil cavity of thecollar canbe shapedto providefor optimumfield quality

during operationof themagnet.
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Collar Horizontal and Verthal Disi1acements
4.9mm Skin l3ksi Coil Preload

Varying Skin Prestress

N472
-0.69-.017
-0.69-.017
-0.69-.017
-0.69-.017
-0.68 -.017

N689
4.60.117
4.60.117
4.60.117
4.60.117
4.60 .117

Skinning
dsxskf
dsxsklO
dsxskl5
dsxsk2O
dsxsk25

1-N472
/-mic.O17
/ -3.10 4079
-4.39 .J.111
-5.63 &143
-5.9W-.152

N689
4.60 .117
5.93 .151
6.65.169
7.37.187
7.58.193

AR
0.00
-2.41
-3.70
-4.94
-5.30

LW
0.00
1.33
2.05
2.77
2.98

- --

Cooldown 472 N689 Mi AV
dsxskf -11.68-.297 -2.98 -.076 -11.0 -7.58
dsxsklO -11.77-.299 -2.93 -.074 -8.67 -8.86
dsxskl5 -11.81-.300 -2.90 -.074 -7.42 -9.55
dsxsk2O -11.86-.301 -2.88 -.073 -6.23 -10.25
dsxsk25 -11.91-.302 -2.87 -.073 -5.93 -10.45

Excitation N472 N689 MI AlT
dsxskf -9.21-.234 -5.18 -.131 2.47 -2.20
dsxsklO -11.06-.281 -4.15-.105 0.71 -1.22
dsxskl5 -11.11-.282 -4.11-.105 0.70 -1.21
dsxsk2O -11.16-.284 -4.09-.104 0.70 -1.21
.dsxsk2fi -11.21-.285 -4.06-.103 0.70 -1.19

=0.

Preload
dsxskf’
dsxsklO
dsxskl5
dsxsk2O
dsxsk25
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Yoke Gap Forces
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Collar Horizontal and Vertical Displacementh
Varying Skin Thickness

Preload N472 N689
4.90 mm skin -0.69 -.017 4.80.117
6.35 mm skin -0.69-.017 4.60.117

Skinning N472 N689 AR AV
4.90mm skin
6.35mm skin

Cooidown

-5.63 -.143
-5.95-.151

N472

7.37.187
7.56.192

N689

-4.94
-5.27

AR

2.77
2.96

AV
4.90mm skin -11.86-.301 -2.88 -.073 -6.23 -10.25
6.35mm skin -11.93-.303 -2.84-.072 -5.98 -10.40

Excitation N472 N689 AM iIV
4.90 mm skin -11.16-.284 -4.09-.104 0.70 -1.21
6.35 mm skin. -11.23-.285 -4.05-.103 0.70 -1.21
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Yoke Gap Forces
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Skin Forces
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Collar 1RIorizota1 and Vertical DisDlacementh

Excitation
7. hi coil
13. ksi coil

N472
-11.11-.282
-11.21-.285

N689
-5.94 -.151
-4.06 -.103

AR All
0.65 -1.17
0.70 -1.19

a

77

-

Preload

Varying Coil Preload
4.9mm Skin 25 ksi Presfress

N472 N689
7. ksi coil -0.37 -.009 2.48 .063
13. ksi coil -0.68-.017 4.60 .117

Skinning N472 N689 AR AV
7. ksi coil -5.83-.148 5.71.145 -5.46 3.23
13. ksi coil -5.98-.152 7.58.193 -5.30 2.98

Cooldown N472 N689 MI LV
7. ksi coil -11.76-.299 -4.77-.121 -5.93 -10.48
13. hi coil -11.91-.302 -2.87-.073 -5.93 -10.45

fl’s
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/ Yoke Forces
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Yoke Gap Forces
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Sktn Forces
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Collar Horizontal aKad Vertical JDi1acements

Preload N472 N689
collar -0.67-.017 4.59 .117
dsxsk25 -0.68-.017 4.60 .117

Skinning 11472 N689 MI AV
collar -0.67-.017 4.59 .117 0.00 0.00
dsxsk25 -5.98-.152 7.58 .193 -5.30 2.98

Cooldown N472 N689 All AV
collar -8.99-.228 -4.47 -.114 -8.32 -9.06
dsxsk25 -11.91-.302 -2.87 -.073 -5.93 -10.45
SAPIV -5.8

N472
4.35-.111

-11.21-.285

N689
-7.81-.198
-4.06-.103

Excitation
collar
dsxsk25
SAPIV

All
4.64
0.70
2.5

ày
-3.34
-1.19
-1.7
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