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This paperpresentsresultsfor finite elementanalysesof thevertically spilt
yoke designfor the50mmSSCdipole,basedon coil crosssectionW67331. The
resultswerefirst presentedat theMay 23, 1990SSCDipole TaskForcemeeting,at
BrookhavenNationalLaboratory. The resultsfor thehorizontallyspilt design,the
BNL baseilnedipole design,havebeenreportedelsewhere2.Althoughrelated,
and similar in appearance,themechanicsof the two designsarequite different.
Ratherthan trying to ensurecollar to yoke contactaroundthewhole interface,the
vertical spilt designonly ensurescontactat thehorizontalregionof thecollar,
leavinga clearanceat thevertical ‘poles’ of thecollar. The collarsaredeilberately
oversizedhorizontally andundersizedvertically, so that shell tensionis needed
to closetheyoke to yokegap,andtheyokestransmittheshell tensionto the collars
throughthehorizontalinterferencefit. The shell stressis a critical factor, asit
determinesthecollar-yokeandyoke-yokeloadsduringassemblyandoperationof
themagnet. Insteadof constructinga structurewith line to line fits when warm,
thevertically spilt yokemagnetrelies on localizedinterferencesandclearances
betweenthecollar andyokepacksto achieveamorerigid supportassemblyafter
cooldown of the magnet. Furthermore,by creatinga yoke-yokecompressiveforce
greaterthantheexpectedLorentz loadingof themagnet,theyoke to yokecontact
is always maintained,andthe collarand coil motion dueto excitationis
reduced.

The goalsof themechanicalanalysisarethen: 1 to minimize thecoil
motionunderLorentzloading,2 maintaincompressiveloadsbetweenthe collar
andyoke at all times,3 allow for averticalcollar to yokeclearanceat all times,
and4 ensuretheyoke to yoke spilt is closedafterskinningof thecold mass. To
achievethesegoals,the finite elementmodelhasbeenusedto determinethe
shapeof theoutsidecollar surface,theshell thicknessandprestressnecessaryto
closetheyoke spilt whenwarm,the acceptablerangesof yoke taperwhich allows
for propermating of theyoke halvesdueto bendingof the iron duringassembly,
andthedesiredshapeof the coil cavity in thecollar laminntion for proper
conductorplacementafter cooldown. The effect of an internalpressureon the
shell, simulating quenchconditions,hasalso beeninvestigated.



MODEL

The 2-D ANSYS modelusedfor thesecalculationsis shownin figure 1. As
can be seenfrom the different meshpatterns,themodel is actually a composite.
The coil andcollar meshpatternsaretakendirectly from the horizontallysplit
yoke design2,with afew modificationsin the treatmentof thecoil systema
discussionof this changeis documentedelsewhere3,but the differencesare
small. The yoke and shellmesheswere thengeneratedto allow for theproper
treatmentof theyoke-collarinterfacenecessarywith thevertical split. Although
not particularly estheticallypleasing,neitherof the two meshescauseany
numericaldistortions. A greatthanksis dueto JonTurner andGiancarloSpigo
of theSSCLaboratory,for allowing useof theirwork in thegenerationofthecoil
andcollar sectionsandthe calculationsof theLorentz loadsusedin this model.

A numberof assumptionsaremadein 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 the surfacesarefreewith respectto one another.

RESULTS

Resultsarepresentedfor four assemblyand operationalsteps,namely
Collaring, which simulatesthecollaredcoil after removal from the collaring
press,Skinning, which simulatesthe completedcold massafter removal from the
yoking press,Cooldown,which simulatesthe conditionsof themagnetat 0 T, 4°K,
andExcitation,whichsimulatesthemagnetat 6.9T, 4°K. Tabulateddatashow
theradial deflectionsof thecollar outeredgeat thehorizontalandverticalplanes,
while plots showtheloadingat the collar-yokeandyoke-yokeinterfaces,andthe
shell tensileload.

1. Effectof ShellStress

Calculationsweremadefor casesof varying shell stress,to determinethe
minimum tensileloadnecessary,andtheallowablerangeof stressin the shell
while ensuringmagnetoperation. Table 1 showsthe calculateddeflectionsfor
eachcase,while Figures2 though4 show the collar-yoke,yoke-yoke,andshell
forcesassociatedwith eachcaseat eachload step. Aside from the shell stress,all
otherparameterswereheld constant.

At thepreloadstep,sincetheyokeandshell havenotbeenappliedyet, the
deflectionsof the collaredcoil areidentical for all cases. Thevertical ovalization
of the collar is expected,andthemagnitudeof thesedeflectionsagreewell with
thosecalculatedin thehorizontallysplit design,althoughdifferencesdo exist due
to thedifferencesin modelingtechniques.Until theyoke split is closed,all of the
shell loadis transmittedby theyoke to thecollar, which deflectsradially inward
horizontallyandexpandsvertically. After yoke to yoke contact,collar motion
stops,andfurthershell loadsresultin higher compressiveyoke-yokeloads. This
increasingcollar-yokeloadis apparentin Figure2, while theyoke contact



appearsto occuronly for thehighestshell stresscase,resultingin ayoke-yoke
load Figure3, decreasedcollar motionTable 1 anda smallerincrementof
collar-yokeload increaseFigure 2. Further shell loading would result in higher
yoke-yokeloads,but no increasein collar-yokeloador collar deflection.

Uponcooldown, therelativeshrinking of the shell,yoke, collar and coil
produceseveraleffects. First, theshrinkageofthe shellrelativeto theyoke
causestheyoke interfaceto close for all casesof shellstressexceptthe zero
prestresscase. Both thedeflections,whichshowthecollar to be in thenearlythe
samepositionfor all shell loads,and theforce plots, which showthe identical
collar-yokeload in eachcasesupport this. Differencesin shell stressare reflected
as differing yoke-yokeloads. The decreasein collar to yoke load from thepreload
caseis due to theshrinkageofthe collar awayfrom theinside radiusof theyoke,
while thesmall differencesin collar positionaredueto thediffering shell
stresses,which bendtheyoke different amounts,and changetheyoke-yoke
interferenceat theverticalplane.

Finally, underexcitation, theLorentz loadsare transmittedinto increased
collar-yokeloads,andoffsetby decreasedyoke to yoke loadsin all casesexcept
wherethe shell initially hadno prestress.Whenenoughyoke to yoke compressive
load existsafter cooldown,the excitationof themagnetresultsin a tradingof
loads,minimal collar deflections,and constantshell loads. Radial collar
deflectionsdue to excitationare0.018mm 0.7 mils horizontallyand0.032mm
-1.25 mils vertically, lessthan thosepredictedfor thehorizontallysplit design
underthe sameconditions. The zero prestressshell casealso showsanincrease
in collar-yoke load, althoughsmallersincethe increasedhorizontaldeflectionof
thecollar in this caseresultsin moreof theexcitationloadbeingresistedby the
stifThessofthe collar packsthemselves,with lessof the total Lorentzloadbeing
transmittedto theshell by theyoke. Using thecriterion ofyoke interfaceclosure
whenwarm, theseresultssuggesta4.9 mm 0.195in shell prestressedto about
151.7MPa22.0ksi will closetheyoke gapandprovidethedesiredcollar-yoke
loading.

2. Effect of Shell Thickness

In anothercomparison,theshell thicknesswas increasedfrom 4.9 mm
0.195in to 6.35mm 0.250in to investigatetheeffecton thesupportof thecoil.
The predictedshell tensileloadsat room temperaturewere 117.9MPa 17.1ksi
and 110.3MPa 16.0ksi, respectively,while all otherparameterswereheld
constant. Displacementresultsareshownin Table 2, with forcesin Figures5
through7. The 4.9 mm shellresultsarethesameasthosepresentedin Section1.
The predictionsshowtheincreasedthicknessprovidesenoughadditionalsupport
to closetheyoke interfacethethinnershell resultsin aninterfacethatis just
open, andincreasedloading dueto cooldown,asexpected. However,theloading
of thethinner shell with cooldownalso resultsin yoke interfaceclosure,so that
with excitationthereis no differencein mechanicalperformance.Although a
thicker shell providesslightly increasedstiffliess anddecreasestheshell stress
necessaryto closetheyokesplit, it doesnot appearto providea greatmechanical
advantageover a properly stressedthinnershell, in this design.



3. Effectof Coil Preload

The compressivepreloadappliedto thecoil hasalsobeenvariedbetween
48.3MPa7.0 ksi and89.6MPa 13.0ksi to examinetheeffecton thesystem
mechanicsTable 3, Figures8 through 10. This providesa toleranceson the
verticalgap andhorizontalinterferencenecessarybetweenthecollar andthe
yoke. Thehigherpreloadcaseis identicalto thecasedescribedin section1 where
the yoke gapis closedafter skinninghighestshell stress. Table3 showsreduced
collar deflectionsfor the lower preloadcaselinear with coil preload,but after
skinningthecollar hasreachedessentiallythe samehorizontalposition,
althoughtheverticaldeflectionis still different dueto thevariationin coil stress.
Sincethecollar is morehorizontallyoval when lesscoil preloadis applied,more
oftheshell forcesare appliedto thecollar, andlessinto compressionof theyoke to
yoke split figures8 and9. Theyoke-yokeinterfaceis still dosed,with plenty of
margin, and after cooldown andduring operation,no differencein operationof
themagnetsis predicted.

The modelingresultsshow a maximumcollar deflectionin thevertical
directionof 0.19mm 7.58mils after skinning,suggestingthat leavingan
0.20 mm 8 mil radial gapwould just allow for freemotionbetweenthecollar
andyoke in this region. However,historically, finite elementmodelshave
underpredictedthe collar deflectionsmeasuredon actualmagnets,and sincethis
parameterdoesnot severelyaffectcollar stifihess,a 0.41mm 16 mil radial gap
betweenthecollar andyoke at theverticalhasbeenchosento ensureclearance
betweenthe two at all times. In contrast,thehorizontalinterferencebetweenthe
collar andyoke mustbe largeenoughto maintaincollar to yoke contactafter
cooldown. In a free standingstate,theoutsidecollar edgewould contractalmost
0.07mm 2.7 mils moreto helium temperaturesthan theinside radiusof the
yoke. Theinterferencefit of the collar andyoke at thehorizontalmustallow for
this differential to maintainthedesiredloading scheme,andthedesign
interferenceof 0.14mm 5.5 mils radially shouldbe morethanadequatefor this
purpose.

4. Yoke Taper

A yoke taperof 0.03mm 125 mils alongthemating surfacegreatergapat
theouterradiuswas foundto providethebestyoke to yoke matingwhenthe
bendingof theyoke was accountedfor afterskinning. However,tapersfrom no
taperto 0.08mm 3 mils producedno significanteffecton magnetoperation,so
thedefinition of this parameteris not critical. Due to thepartingplanelocation
on thevertical,thepresenceof agapat theyoke split is not expectedto havea
detrimentaleffect on themagneticperformanceof themagnet.

5. Shapingof theCoil Cavity

Sincethecollar andcoil movemorein thehorizontaldirection thanthe
vertical, andthe multipolesof themagnetarestrongfunctionsof conductor



placement,thecoil cavitycan be shapedto accountfor themotion andminimize
the multipolesduringoperation. By examiningthemotion of the coil in themodel
from theinitial stateto thecooldownstage,an estimateof theseplacement
correctionscanbe made. Anothercomputation,using a coil preloadedto
69.0MPa 10.0ksi the medianof theacceptablerange,was completedfor this
purpose.Deflectionschangeby lessthan±1 mil if thepreloadis at oneor the
otherextremefrom this case. For the 10 ksi case,the coil cavity deflections
cartesiancoordinates,in mm with mils in parenthesesareas follows:

Inner Coil, Inner Midplane -0.21 -8.07 0.25 10.00
Inner Coil, Inner Pole -0.02 -0.81 0.05 1.96
Inner Coil, OuterPole -0.03 -1.35 0.01 0.43
Outer Coil, Inner Pole -0.09 -3.49 0.03 1.19
OuterCoil, OuterPole -0.12 -4.87 -0.02 -0.95
Outer Coil, OuterMidplane -0.26 -10.25 0.25 10.00

The 0.25mm 10 mil verticaldeflectionsat themidplaneareartifactsof the
applicationof coil preloadin themodel. By correctingthecollar designfor the
remainderof the coil deflections,optimalpositioningof theconductorduring
operationcan be assured.

6. Comparisonwith othermodels

Theseresultscanbe corroboratedby comparisonwith othermodels. As
previouslymentioned,good agreementwith thecollar deflectionscalculatedby
thehorizontally split mechanicalanalysishasbeenachieved. A SAP1Vmodel of
theyoke andshell interactionunderLorentz loadsfor this geometryhasalsobeen
reported4. A comparisonof thevertical split predictions,the SAP1Vmodel, and
thedeflectionsfor a collar only no yoke or shell supportat anytime is shownin
Table4. The SAPW modelpredictsahorizontaldeflectionof theyokeby 0.06 mm
2.5 mils duringexcitation,while theverticalsplit modelpredictsa deflectionof
only 0.02mm 0.7 niils. However,the SAPIV modeldoesnot accountfor the
stiffnessof the collar, which alsoresiststheLorentzload of thecoil. The collar
only casepresentedin Table4 showsthecollar to be arelativelystiff support
member,havinga non-negligibleeffect on thesupportstructure. Summingthe
loadstransmittedbetweenthecollar andtheyoke showthatonly 45%of thetotal
Lorentzloadis transmittedto theyokeby thecollar. A linear scalingof the
SAP1V resultsby this amountreducesthepredicteddeflectionto 0.03 mm
1.125mils. Furthermore,the loadis actuallytransmittedasa distributedload,
insteadof asapoint load asusedin theSAPW model. Taking thesetwo effects
into account,good agreementis found betweenthe two models.

7. Effect of QuenchPressureson SupportSystem

Quenchesproducehigh internalpressureson the cold massshell, which
couldreducethe shell load on theyoke,alsoreducingtheyoke to yoke loadingand
thecollar to yoke loading. However,thedesignpressurefor the SSCmagnet,
2.1 MPa 300psi, is low enoughthattheyoke to yoke loading changesby only



350.3N/mm 2000 lb/axial inch. Quenchesshouldhaveno effect on the cold mass
mechanics.

CONCLUSIONS

The finite elementmodelof the 50mmvertically split dipole givesgood
agreementon collar deflectionswith two other,independentlycreatedmodels.
The resultssuggestthat a 4.9 mm 0.195in shell,prestressedwhen warmto
151.7MPa22.0ksi, will closetheyoke to yoke gap. Oversizingthecollar 0.14 mm
5.5 mils horizontally, andundersizingthe collar 0.41mm 16 mils vertically,
will supplythenecessarygeometryto takefull advantageof thevertically split
yoke supportmechanism.Furthermore,the coil cavityof the collar can be shaped
to providefor optimumfield quality duringoperationof themagnet.
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TathThs 1 Collar Radial Di1acementh
0.195" 4.90mm Skin, lSksi Coil Preload

mils mm

Ptd
FreeSkin
8.lksi Skin

12.5ksiSkin
17.lksi Skin
24.SksiSkin

Horizontal
-0.69 -.017
-0.69-.017
-0.69-.017
-0.69-.017
-0.68 -.017

Vertical
4.60 .117
4.60 .117
4.60 .117
4.60 C 117
4.60 .117

Skinning Horizontal Vertical AH AV
Free Skin -0.69 -.017 4.60 .117 0.00 0.00
8.lksi Skin -3.10 -.079 5.93.151 -2.41 1.33

12.5ksiSkin -4.39 -.111 6.65.169 -3.70 2.05
17.lksi Skin -5.63 -.143 7.37.187 4.94 2.77
24.SksiSkin -5.98 -.152 7.58.193 -5.30 2.98

Ccxildown Horizontal Vertical AH AV
Free Skin -11.68-.297 -2.98 -.076 -11.0 -7.58
8.lksi Skin -11.77-.299 -2.93 -.074 -8.67 -8.86

12.5ksiSkin -11.81-.300 -2.90 -.074 -7.42 -9.55
17.1kM Skin -11.86-.301 -2.88 -.073 -6.23 -10.25
24.SksiSkin -11.91-.302 -2.87 -.073 -5.93 -10.45

Excitation Horizontal Vertical S AY
FreeSkin -9.21-.234 -5.18 -.131 2.47 -2.20
8.lksi Skin -11.06-.281 -4.15 -.105 0.71 -1.22

12.5ksiSkin -11.11-.282 -4.11-.105 0.70 -1.21
17.lksi Skin -11.16-.284 -4.09-.104 0.70 -1.21
24.SksiSkin -11.21-.285 -4.06-.103 0.70 -1.19



Collar / Yoke Forces
4.95mm 0.195" warm skin stress

Collaring Excitation

skin, varying
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Yoke / Yoke Forces
4.95mm 0.195" skin, varying warm skin stress
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Tensile Forces
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Table 2, Collar Radial Disiulacements
IncreasedSkin Thickness

mils mm

Thvjoad Horizontal Vertical
O.195"/17.lksi -0.69-.017 4.60.117
O.250"/16.Oksi -0.69 -.017 4.60.117

Skinning Horizontal Vertical zH All
O.195"/17.lksi
O.250"/lG.Oksi

-5.63 -.143
-5.95 -.151

7.37.187
7.56.192

-4.94
-5.27

2.77
2.96

Ccoldnwn Horizontal Vertical AR AV
O.195"/17.lksi
O.250"/16.Oksi

-11.86-.301
-11.93-.303

-2.88-.073
-2.84 -.072

-6.23
-5.98

-10.25
-10.40

Excitation Horizontal Vertical All AV
O.195"/17.lksi -11.16-.284 -4.09-.104 0.70 -1.21
O.250"/16.Oksi -11.23-.285 -4.05 -.103 0.70 -1.21



Collar / Yoke Forces
4.95mm 0.1 95" and 6.35mm 0.250" Skin Thickness

Collaring Excitation
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Sktn T e n Si le Forces
a 6.35mm 0.250" Skin Thickness
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TalbIte 3. Collar Radial Displacements
0.195" 4.9mm Skin 25 ksi WarmPrestress

mils mm

Prelóad Horizontal Vertical
7. ksi coil -0.37 -.009 2.48.063

13. ksi coil -0.68 -.017 4.60.117

Skinning Horizontal Vertical AH MT
7. kM coil

13. kM coil
-5.83 -.148
-5.98 -.152

5.71.145
7.58.193

-5.46
-5.30

3.23
2.98

Cooldown Horizontal Vertical AH AV
7. ksi coil

13. ksi coil
-11.76-.299
-11.91-.302

-4.77-.121
-2.87-.073

-5.93
-5.93

-10.48
-10.45

Excitation Horizontal Vertical âH Ày
7. ksi coil -11.11-.282 -5.94-.151 0.65 -1.17

13. ksi coil -11.21-.285 -4.06-.103 0.70 -1.19



Collar / Yoke Forces
4.95mm 0.1 95"/24.8ksi Skin, varying coil preload
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Yoke / Yoke
0.1 95"/24.8ksi

Forces
Skin, varying coil preload
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Tablie 40Collar Radial Displaceme]nlts
Comparisonof Collar only, comp1eteandSAPWmodels

1+eload Horizontal Vertical
Collar only -0.67 -.017 4.59 .117
24.SksiSkin -0.68 -.017 4.60 .117

Skinning Horizontal Verticth AR LW
Collar only -0.67 -.017 4.59 .117 0.00 0.00
24.8ksiSkin -5.98 -.152 7.58 .193 -5.30 2.98

Ccddown Horizontal Vertical AU
Collar only -8.99 -.228 -4.47 -.114 -8.32 -9.06
24.8ksiSkin -11.91-.302 -2.87 -.073 -5.93 -10.45
SAPIV -5.8

Excitation Horizontal Vertical AR AV
Collar only -4.35 -.111 -7.81-.198 4.64 -3.34
24.8ksiSkin -11.21-.285 -4.06-.103 0.70 -1.19
SAPIV 2.5 -1.7
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