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ABSTRACT

In orderto supportthedevelopmentof controlsfor theSSC6.6 kA currentleadsa review of
currentleadperformancefrom otherdesignsanda seriesof operatingconditionsfor theASST
leadshasbeenanalyzed.From theseresultstheflows to requiredto operatetheleadsat different
operatingconditionsencounteredcanbe determined.Theflowsprovidethebasisfor the
determinationof therequiredcontrol valveflow coefficients.A detailednumericalthermalmodel
of a6.6kA powerleadfor theSuperconductingSuperColliderpreviouslydevelopedwasusedfor
theanalysis.Theacceleratorsystemsstring testASST leaddesignis usedfor theanalysis.The
cryogeniccurrentleadanalysismodelprogramCCLAMP usesthenumericalmethodof lines
NUMOL approachto solvefor thetransienttemperaturedistributionsalongthelead.Themodel
wasdevelopedto providea tool for analyzingcoolantcontrolstrategiesaswell asan
understandingof thebehaviorof the leadsunderpresumedsystemtransients.

INTRODUCTION

TheSuperconductingSuperCollider SSCis a high-energyproton acceleratorthat is being
designedandconstructedin Texas,just south of Dallas.Whenthe SSCcomeson line in theyear
2000, it will be theworld’s largestscientific instrument,with a main ring 87 km 53 miles in
circumference.TheSSCwill probethestructureof matterat scalesbelow i018 m to detennineif
quarks,of which neutronsandprotonsarecomposed,aretheultimateparticlesof matter.In
particular,theSSCwill be usedto searchfor thetop quarkif existingacceleratorsat Fermilaband
CERN areunableto find thetop in interveningyears,andto investigateotheraspectsof the
structureof matterandthefundamentalforceswithin thecontextof theStandardModel. Also, the
SSCwill createconditionswhich arethoughtto haveexistedio secondsaftertheBig Bang.1

The acceleratingof protonsto the20 Tev level requirespowerful steeringmagnetsto be
placedaroundthe mainring. Therequired6.6 Teslafield can be practicallyachievedonly through
theuseoflow temperaturesuperconductingmagnetswhich will be cooledto 4 K using
supercriticalhelium He. Thus, electricalpowermustbedeliveredfrom ambienttemperatureas
receivedfrom thelocal powergrid to themagnetsoperatingat 4 K. This requirementis achieved
using a powerleadwhich mustoperatethrough a temperaturedropfrom ambientto 4K. The
designof theSSCpowerleadscan significantly affect their performanceandefficiency,and
thereforetheoverall powerconsumptionof theSSC.

Thedesigngoals for a currentleadto be usedin a cryogenicinstallationsuchastheSSCare
1 that thetop endbe maintainedwarmto preventfrost formationthat could causeelectrical
shortcircuits andpossiblymechanicaldamageto the leadmountings.2 Thecold endmustbe
maintainedsufficiently below thetransitiontemperatureof thesuperconductingcableconnecting
to themagnetssothat it doesnotquench.3 Theheattransferto theend of theleadat liquid
helium temperaturesmustbe belowspecifiedlimit. 4 Theheliumconsumptionusedto coolthe
leadsmustbe belowspecifiedlimit. 5 It is desirableto obtain stableoperationof theleadswith
minimumimpact to thecryogenicsystem.6 Theleadmusthave sufficientmassto permit short
durationexcursionsfrom its designoperatingpoint without damageto the lead.The4 K heatleak
and heliumcooling flow budgetsproposedfor someof theSSCleadsareprovidedin Table 1.

Theleadswill haveseveraloperatingmodesincluding initial cooldown,cold with no current,
currentramp,currentflat top, andcurrentinvert. During eachof theseoperatingmodestheloadto
thecryogenicssystemshould be assmall aspracticalwithout compromisingsafetyor damaging
the leads.The resultspresentedhereprovidea basis for determiningthebestway to control the
coolant flow andachievethis objective.



Thenormaloperationandperformanceoptimizationof cryogeniccurrent leadshasbeen the
subjectofmanyinvestigations.214Thetransientbehaviorof heliumcooledcurrentleadshasalso
beeninvestigatedby Joneset. a!.7, Aharonianet. al.8 andDemkoet. al.9 Jonesinvestigatedthe
responseof a leadto a currentoverloadpulse,anddeterminedconditionsfor which thelead
wouldbecomethermallyunstable.Aharonianinvestigateda scenarioin which thecoolantflow is
interruptedto thelead,and whattime constantsarepresent.Demkopredictedthetransients
temperaturesandcoolantflow during a 5000 amperecurrentrampexperimentwith reasonable
agreementwith themeasureddata.His model containsa 300 mm long low temperature
superconductorat thecold endof the leadin which he showstheadvancingof the
superconductingtransitionasa functionof rime. Additionally, he showsthat theuseof fixed
warmendandcold endtemperaturesasboundaryconditionsdoesnot agreewith actualoperating
practiceof currentleads.

Table 1: Proposedheatleak and coolingflow budgets

Type
Budget4 K
HeatLeak

W

Budget
MassFlow

g/s

6.6kA 7.92 0.396

CEPL 1.20 0.060

By-Pass 0.34 0.012

Thedynamicmodel usedhereis basedon Schiesser2which usesthenumericalmethodof
lines MOL. Themodelwasdevelopedto providea tool for analyzingcoolantcontrol strategies
aswell asan understandingof thebehaviorof theSSCleaddesignsunderpresumedsystem
transients.6’9Sincethe SSCleadswill be cooledby supercriticalhelium, theflow of helium is
regulatedby acontrol valve.Theseleadsinclude a superconductingsectionat theat thecold end
to reduceresistiveheating,aswell asa normalconductingcoppersectionat thetop end.The
propertiesof thesematerialsand of thehelium areprogrammedasfunctionsof temperaturein the
model.Pressureis alsoincludedin thecalculationof theHeproperties,althoughthepressuredrop
alongthe leadis not takenintoaccountsinceit is small anddoesnot effect theheliumproperties
significantly.

POWERLEAD MODEL

Thepowerleadtransientthermalanalysiswasperformedby applyingan energybalanceto the
solid conductorandthehelium to computethe helium and conductortemperaturesasa function
of time andpositionalong the lead.Theenergybalanceequationsfor thesolid andtheheliumare
given by thepartial differential equations1 and 2.

a a-pedv = y.kAy-5dx+ a0P T-Tdx + 1



ape dv = th-ds + a0P T - T dx 2

In theseequations,e ande representthe internalenergyof theconductorand theheliumvapor
respectively,Pc andPv referto thedensityof theconductorandhelium vapor,h is thehelium
vaporenthalpy, is theconvectiveheattransfercoefficientandP is theconvectionsurface
areaperunit lengthof the lead,m is thehelium massflow rate,T andT arethehelium and
conductortemperaturesrespectively.Thequantitiesdv, dr, anddsarethedifferential conductor
volume,differential distancemeasuredalongthe axis of the lead, andthedifferential distance
measuredalongtheflow pathof the helium respectively,for which theenergybalanceis written.
Thejoule heatingis determinedfrom thefollowing relation:

p dec

A dx 3
elec

wherethequantitiesPejec andAeiecrefer to theelectricalresistivityof thelead,andthecross
sectionalareafor electricalconduction.

Thefirst termof theright handsideof thehelium energyequationcan be written in termsofx
usingequation4 to relatethedistancetravelledby theflow to the axial locationalongthe lead.

dx= icxPjtchxDds 4

Theheattransfercoefficient is determinedfrom a Dittus-Boelterrelationwhentheflow is
turbulentRe > 2000 given in Wilson14 andfor laminarflow theNusseltnumberbasedon the
aspectratioof thechannelis a constantfrom Kayst5.Theheattransfercoefficient is given by
equations5 and 6 for thesetwo flow regimesrespectively.In themodel, theconvectionarea
includedtwo sidesof thechanneland thechannelbase.Thechannelsideswere assumedto be
isothermalin theradial direction.
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Themassflowrateof thehelium can be determinedusing a proportional-integralP1 control
algorithmwhich adjuststhemassflowrateof thehelium to maintain thetemperatureat thetop of
the leadat a setpoint.Theequationwhich describesthis control actionis:

th = inss+Kgx T_Tsej +XJ;T_Tsetdt 7



Thefirst termrepresentstheproportionalcontrollerwith a gain of Kg andthe secondtermis
the integralactionwith a time constant‘r. This additional ordinarydifferential equationcan be
integratedaspartof thesolution to providethemassflow at eachtime step.For theresultsgiven
here,thecontrollergain was set to 0.0 andthe massflow through theleadssetby thesteadystate
termm3.

A convectiveboundaryconditionis appliedat eitherendof theleadthroughan overall heat
transfercoefficientdeterminedby engineeringjudgement.For thecold end, thehelium sink
temperaturewasassumedto be 4.2 K andin thebaselineruns,theoverallheattransfercoefficient
wastakento be 1.0W/cm2/K. Thebottomleadtemperatureis determinedby an energybalance.
The flow alongthenosepiece is laminarfor mostof the budgetedflow rangeat themaximum
flow of 0.396 s theReynoldsnumberis 2300. Thisresultsin a convectiveheattransfer
coefficientof 0.966W/m2/K. Oncetheflow entersthe spiral fin region, theflow areais
substantiallyreducedand theReynoldsnumberbecomesvery large.Theheattransfercoefficient
for thefinnedregionbecomes36.6W/m2/K. Thus the heattransferthrough thenosepieceis
dominatedby conduction.Thewarm end sink is 300K with an overall heattransfercoefficientof
2.0 Wfcm2fK.

This formulation canbe simplified by realizingthat the heatcapacityof thehelium is very
small comparedto thesolid conductorso thetime derivativein theheliumequationmaybe
neglected.By applyingan upwind finite differencetechniqueto theenthalpyderivative,the
helium energyequationbecomesan algebraicexpressionfor determiningthehelium liquid
temperature.Theresultingalgebraicexpressionfor thehelium energybalanceis givenby
equation8. Theenthalpytermandtheconvectiveheattransfercoefficientmaybe evaluated
using theconductortemperaturesat a given time. This equationcanthenbe usedto solvefor the
newvaluesof the heliumvaportemperaturealongtheleadsinceh = h1T. This approximationis
acceptablebecausethethermalcapacitanceof thehelium is very small in comparisonto thelead
sothehelium temperaturechangesalmostinstantaneouslywith a changein theleadtemperature.
It is alsoassumedthat thereis a small differencebetweenthetemperatureof the leadandthegas.

In eventthat the temperatureof the gasandleadaresignificantly different, it is necessaryto
eithersolvefor thehelium temperatureiteratively,assumingthat thethermalcapacitanceof the
helium is small comparedto the lead,or solvethefull partialdifferential equationfor the
instantaneousenergybalancefor thehelium. Both of theseapproacheswere usedand showedno
appreciabledifferencefor small temperaturedifferencesbetweenthehelium and theconductor.
Thecomputerrun time canbe significantlylongerfor thesetypesolutions.Thesolutions
presentedhereassumethe small temperaturedifferenceapproximation.

= aconvPTc-Ty. 8

Thematerial propertiesof theconductorweretakenfor OFHCcopperwith a RRR=100.The
propertiesof the Nb-Ti superconductorwerebasedon a copperto superconductorratio of 1.67.
Thecopperpropertiesaredeterminedfrom NIST report16,from Collings’7, andReedand
Clark.16Theresistivityof thecopperjoints betweensectionsof the leadandthe changeof
resistivity dueto annealingwas discussedin Datskovet. aL19 Specialconsiderationis also
requiredfor thesuperconductingsectionin calculatingthecompositethermalconductivityand
theelectricalcurrentflow whenthesuperconductingtransitionoccursin this region.Thethermal



conductivityasafunctionof temperaturewasobtainedfor theNb-Ti from Collings.17A linear
interpolationofall theconductorpropertiesis utilized. Thethermalconductivityof thecomposite
regionwasbasedon a simple areaweightedaverageof the thermalconductivities.WhentheNb-
Ti cableis in a superconductingstatei.e. T c Tn, it is assumedthattheelectricalresistivity
becomesthatof thecopperstabilizingthesuperconductorbasedon a copperto superconductor
ratioof 1.67 andthat all of thecurrentflows throughthe superconductingcable.Thecritical
temperaturewastakento be 9 K assumingno magneticfield.17

To solvetheresulting systemof partialdifferential equations,thenumericalmethodof lines
approachwasusedasdiscussedin Schiesser.20In this method,thefirst termon theright handside
of theequation1, which representsthenetconductionheattransferalongthelead,wascastinto
afinite differenceform givenby equation9. Thetemperaturedependentthermalconductivities
at the1+1/2 and1-1/2 locationswerecomputedbasedon thegeometricmeanasrecommendedby
Patanka?1asgivenby equation10.
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Uponmaking theabovealgebraicsubstitutionsfor thespatialderivativesandapplyingthe
requiredboundaryandinitial conditions,a systemofordinarydifferential equationsin time
results.TheLSODESintegratorwasusedto solve theresultingsystemof ordinarydifferential
equations.A total of 51 equally spacednodeswereusedin themodel.Spatialconvergencewas
checkedby comparingsolutionsfor 101 and51 equally spacedpoints.

Thepressuredropof theheliumacrosstheleadswasbasedon a correlationgiven in Maehata
et. al. for thepressuredropin a spiral shapedtubeis givenby equation11. Thecritical
Reynoldsnumbermaybe determinedfrom equation12. For laminarflow Re<Recyj,,equation
13 is usedto obtainthefriction factor.For turbulent flow Re>Re,.j,equation14 is usedto
obtaintheturbulentfriction factor.Thepredictedpressuredrop is expectedto be low using these
correlationsby about20% basedon comparisonsperformedby Maehatawith measurementsin
the VENUS currentlead.

A figure of merit for theoperationof theleadis theCarnotpowerwhich combinesthe ideal
work requiredto liquefy thehelium usedto cool the leadsandthe ideal refrigerationrequiredto
removetheheattransferto the4 K helium. Theexpressionfor the Carnotpoweris givenby
equafiot11. In this expressiontheenvironmentconditionsT0, = 300K andP00 = 1.01 Bar, and
the inlet conditionsT1 = 4.2 K andP = 4.0 Barswere usedto evaluatetherequiredentropies
andS andenthalpieshc,, and
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Additional parametersthat maybe usedto theoverall heattransferperformanceof a leadarethe
heattransfereffectiveness,C, andnumberof transferunits, NTU. Thesearedefinedin this
reportby equations12 and 13 givenbelow.Theeffectivenessrelatestheactualheattransferred
to theheliumto theavailablepotentialfor heattransfer,andthe numberof transferunits relatesto
theheattransfersizeof the lead.
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6.6 kA POWER LEAD DESCRIPTION

In orderto providebackgroundinto what canbe practicallyachieved,a reviewof someof the
currentleadsthat areavailablehasbeenperformed.Table2 providesa summaryof theoperating
parametersof currentleaddesignsfrom severallaboratoriesand institutes.On a perkiloanipere
basis,alt of the leadsoperatewithin small flow andheatleakmarginsof eachother.Some
measuredtemperaturedatais availablefor a few of thecasesin thetable.The VENUS lead
describedby Maehatais similar in constructionto the ASSTdesign.For the10 kA designthetop
andbottom temperatureswerereportedto be approximately232 K and 7 K respectivelyatthe
designcurrentfor stableoperation.TheCERN leadwasoperatedusing a thermostaticvalve to
controlcoolantflow. Valuesmeasuredfor operationwith andwithout thevalve areshownin



Table3. Thedataindicatesthat stableoperationmaybe obtainedwith the top endof the lead
warm by propercontrolof the leadcoolantflow.

An isometricview of theASSTleadpair theassemblyis shownin Figure 1 .This figure
illustratestheflangemountingof the leadsto the feedand endcanvacuumvessels,andthe
bellowson theendof theleadswheretheypenetrateinto theheliumflow region.Detailsof the
actualcurrentcarryingandheattransfersectionsof theleadareprovidedin Figure2 which is an
assemblydrawing of theASSTlead.In Figure2 it is shownthat the leadwasfabricatedfrom 5
finnedsectionsanda final nosepiecesectionthat were solderedtogether.Thelast two sections
andthenosepiecesectioncontainNb-li superconductorcable.Thesuperconductoris
sandwichedbetweentwo half-roundsectionsand solderedinto thehollow finned sectionsand
nosepiecesection.Thescopeof thecurrentmodel is thefinned sectionbetweentheflag and the
nosepiece.

Thepowerleadhasa corediameterof 1.59 cm. Thereareapproximately3.15 fins/cm. Thefin
thicknessandspacingare0.159cm. Thedepthof thespiral fins washeldconstantat 1.18 cm.
providinga constantcrosssectionalareaof 0.188cm2for theheliumflow. An Nb-Ti
superconductorcablesurroundedby a coppercasingis includedin thefirst 30 cm. of the leads
length. Thecablehasa rectangularcrosssectiongiven as0.813 cm. x 0.305cm. resulting in a
crosssectionalareafor theNb-li of 0.248cm2. An assumedcopperto superconductorratio for

Table 2: Comparisonof operatingparametersfor leads

I

A
Q@I=O

W
Q/I

W/kA
rn

g/s
rn/I

gIs/kA mV
Al’

Wa

HER.A1° 6500 2O.8 3.2+/..3*. 0.34 0.052 29.

MAEHATA11

KEK

7000

10000

7.47

10.4

1.07

1.04

0.387

0.506

0.055

0.049

11.6

6.87

CERN12 1600 2.7Z 1.7

LBL 2000 3.0 1.5

AMI

1.4 lit/b/kA

6600. 0.321 0.049 110. 0.2

JINR/LHE’3 4000

6000 6kA

7kA

9 kA

4.02.5

6.04.0

6.72 3.5

7.026.0

1.0

1.0

1.12

1.17

0.2

0.3

0.316

0.351

0.05

0.05

0.053

0.059

10.

12.

10.

11.

a. Valuesshownare for combinationof heatleakandboil-off.

thecableof 1.67 wasalsousedin this modeLTheremainderof theleadcore is solidcopper.The
total lengthof the leadis 76.64 cm. for the acceleratorsystemstring testASST leadsand83.5
cmfor prototypeleadstestedatFermiNationalAtomic LaboratoryFNAL not including theend
hardwareusedto connectto connectto the powersupplyorto thecryogenicdevice.The whole
leadis convectivecooledby liquid helium thatentersat 4K andapressureof4 atmospheres.The
cooling passagesspiral aroundtheoutsideof the leadremovingheatfrom thelead.Heat transfer



resultsfrom two sourcesthat include conductionfrom the roomtemperatureenvironmentto the
cryogenicheliumconditionsat thecold end,andfrom internalheatgenerationfrom theresistance
of theleadto theflow of electricalcurrent.

Table3: CERN leadtop temperaturecomparisonfor differentmodesofcoolantcontrol

Mode 1A
TOPTEMP

K

Without thermostaticvalve 0 220

1600 270

With thermostaticvalve 0 283

1600 286

COOLDOWNANALYSIS

Figure 3 is an approximatedcool downof thelead.Theleadis initially at 300K and the
heliumflow pastthebottom ofthe leadis 4.2 K. Thedevelopmentof thetemperatureprofilesasa
functionof time is shown.No helium is allowedto flow through theleadfor this phaseof the
cooldown.Thecooldowntime to a steadystateconditionoccursafter2000 seconds33 minutes.
At steadystatefor no flow throughthe lead,thetop endis at 291 K, thebottomendis at24 K, and
about39 W of heattransferoccursto the4 K. This condition is unacceptablefor allowing current
to flow to themagnetssincethebottomendis abovethetransition.temperaturefor Nb-li.

STEADY STATE RESULTS

Comparisonsof predictionswith theCCLAMP model andmeasurementshavebeen
documentedfor a testof prototypeleadundersteadystate6andtransient9operation.The
predictionscomparedfavorablywith thetemperaturemeasurementsbut therewassome
disagreementbetweenthepredictedandmeasuredvoltagedrop. In addition, therewereno
experimentalresultsfor theheatleakor off-design transients.Testdatafor theseconditionswould
be veryuseful in validating themodel.

Comparisonsof the feedcan lower bus lead top andbottomtemperaturesand upperbustop
temperaturedatafrom theASSTrun 3 datais shownin Figures4 through7 for caseswith no
current.Figures4 and5 show thesensitivityof thecalculationsto variationsin theconvective
boundaryconditioncoefficientUA1 which wasvariedfrom 0.1 to 1.0. TheASSTrun 3 bottom
temperamredataarecontainedwithin theenveloperesultingfrom varyingUA1. Theleadtop
temperaturepredictionschangeonly slightly dueto thevariation in UA1.

Theeffectsof varyingthetop endconvectiveboundaryconditioncoefficientUANO is
shownin Figures6 and7 for thebottom andtop end temperatures.For a rangeof thecoefficient
UANG=1.0 to UANG=2.0 thereis almostno changein thepredictedbottomendtemperatures.
In Figure 7 themeasuredtop endtemperaturesall fall betweentheselimits. Thebaselinevalues
mentionedpreviouslyof UA 1 = 1.0 andUANG=2.0 reasonablyreflect theexpectedoperation
of theASST design6.6 kA leadsfor collider operation.

The4 K heattransferandCarnotrefrigerationload for theno currentcaseis shownin Figures
8 and 9 for thebaselinecoefficients.Theheattransfercontinuesto decreaseasthemassflow
increases.TheCarnotpowerhasa minimumnear0.2 g/s.



Figures10, 11 and 12 showthe top temperature,bottomtemperature,and4 K heattransferfor
caseswith currentsfrom 1 to 7.5 kA. For the5 kA andabovecases,thepredictionsindicatethat
the leadswill not be thermallystableif themassflows aredecreased0.005g/s from thelowest
valueshown.Thus, this maybe takenasthethermallimit of thelead.Figure 10 indicatesthat it is
probablynotpossibleunderthepresentassumptionsto operatethe leadatcurrentwithoutfrosting
thetop. At currentsof 5 kA or below, it may bepossibleto keeptheflag warmbut at theexpense
of a high heattransferto the4 K asshownin Figure 12 andbeingcloseto thesuperconductor
critical temperatureasshownin Figure 11. Figure 13 showstheCarnotpowerrequiredto cool an
individual leadfor thedifferent currentsandmassflows. Thereis a flow which minimizesthe
Carnotpowerfor eachof thecurrentsshownalthoughat currentsgreaterthan6 kA theminimum
occursnearthepredictedlimit of theleadsoperation.

Thevoltagedrop acrossthe leadis shownin Figure 14. Thevoltagedropis monitoredby the
quenchprotectionsystemandwhenit exceeds30 mY, thepoweris turnedoff. This settingis
conservativeanddoesnot permitoptimaloperationof the leadsat thehighercurrents.

Thehelium exit pressureascalculatedby themethoddescribedin Maehata11is shownin
Figure 15. Theseresultsmayunderestimatethepressuredropby asmuchas22%,but in any case
thepressuredropis probablyunder10 kPa.For currentsbetween1000 to 4000amperes,the
pressuredropdecreasesalmostlinearlywith increasingmassflow. This is becausethehelium
exits the leadatfairly cold temperatures.For currentsof 5000amperesand above,thereare
relativelyhigh temperaturesnearthetop of the leadwhich produceslowerdensityflow and
higherpressuredropsthroughthe lead.

As discussedearlierin thisreport,thereis someconcernasto theheattransferthroughthe
bottomof the lead.A studyof thesensitivity to this for thedesigncurrentof 6,600ampereshas
beenconducted.Theresultsfor theaffectof thebottomend heattransfercoefficienton thetop
temperature,bottom temperatureand 4 K heattransferare shownin Figures16, 17, and 18 for a
variationin theheattransfercoefficientfrom 0.1 to 1.5 W/cm2/K. As wasdemonstrated
previously,this magnitudeof variationin the heattransfercoefficientcanbe realizedbetween
laminarand turbulentflow. Thetop temperatureof the leadchangedafew degreesK with a 10
timesvariationof theheattransferfor thelower flow rates.Thebottomendtemperaturechanged
just under 1 K due to this variationin theheattransfercoefficient. It is thereforeimportantto
properlydesignthe low end flow pathin orderto keepthe heattransfercoefficientand surface
areaashigh asis practical.

FLOW COEFFICIENTS

Theflow coefficientscan be determineddirectly from themassflow requiredto maintain the
leadsin stablecondition.Additional constraintsarethat theheatleakto the4 K be under7.9 W
per lead, themassflow througheachleadnot exceed0.396 g/s1 andthe bottomof the leadmust
be maintainedsufficiently below thecritical temperaturefor theNb-li superconductor.Some
operatinggoalsareto maintainthetop end warm to preventfrost buildupand to minimize the
loadto thecryogenicsplants.TheminimumCarnotpowervaluesgenerallymeetthesecriteria,
and areselectedastheoperatingpointsfor thedifferentcurrentsasprovidedin Table4.

In Table 5 aretheoperatingconditionsof the helium at the inlet andoutletof the lead.In
addition, a flow coefficient Cv for a controlvalvedownstreamof the leadis shown.Thevalueof
C, assumesthatthepressuredownstreamof thevalvei.e. in the leadflow headeris 1.5 bars.No
pressuredropfor the lines from the dischargeof the leadto thecontrol valveare includedin this
evaluation.



CONCLUSIONSAND RECOMMENDATIONS

Examplesof leadsusedatothermajorinstitutionsandlaboratoriesaswell astheir operational
characteristicshasbeensummarized.It hasbeendemonstratedthat properleaddesignand a
propercoolantcontrolstrategycan be realizedwhich will meetthestatedgoalsfor thedesignand
operationof thepowerleadsfor the SuperconductingSuperColliderLaboratory.Leadsfor the
SuperconductingSuperCollidercanbe madeto meettheheatleakand massflow budgetsaswell
asoperatewith a top end temperatureabovethedewpoint through a combinationof proper
mechanicaldesignandcoolantflow control.This hasbeendemonstratedat both CERNand JINR.

A methodof lines solutionprocedurehasbeenemployedto determinethetransient
temperatureandvoltagedistributionsin a prototype6500 ampcurrentleadfor the
SuperconductingSuperCollider. Thepredictionsarein fair agreementwith measureddata.

Themassflows usedin theoperationof theleadcan be determinedfrom theminimumCarnot
powerof thecryogenic system.For the ASST leaddesign,the leadcannotoperatewith awarm
top, sotherewill be frost building up wheneverthepoweris on. Somemeansto preventfrost
build up is requiredin orderto preventelectricalshortingandpossiblemechanicaldamageto the
warmendof the leadsfor thecollider design.Thereforemechanicaldesignchangesand/ora
controlstrategymustbe implementedthateitherpreventthewarm end from frosting up orto
controlthefrostbuild up so that electricalshortingandmechanicaldamageto theleadswill not
occur. It is importantto havetestdatato assessthe empirical modelcoefficientsusedin the
applicationof boundaryconditionsin orderto havereliablepredictions.This canbestbe achieved
throughexperimentationwith leadsat representativeoperatingconditions.



Table 4: Operatingparametersfor ASST 6.6 kA lead

"

Mass
Flow
g/s

TK TK QW Voltage
Carnot
Power
W

0.0 0.200 241.4 5.544 5.0915 0.00000E+00 1778.59

1.0 0.200 242.2 5.578 5.2808 O.49138E.02 1791.92

2.0 0.200 244.8 5.681 5.8935 0.10303E.01 1835.07

3.0 0.225 243.5 5.329 4.2139 0.14869E.01 1894.28

4.0 0.225 251.1 5.587 5.5834 0.22774E-01 1990.73

5.0 0.250 255.5 5.398 4.7417 0.30182E-01 2108.95

6.0 0.285 259.8 5.018 3.1423 O.37515E-01 2244.81

6.6 0.305 266.7 4.874 2.5960 0.44904E-01 2348.33

7.0 0.320 274.4 4.809 2.3683 0.52490E-01 2438.80

7.5 0.345 274.3 4.589 1.5078 0.53914E.01 2555.69

Table5: Operatingparametersfor ASST 6.6 kA leadflow

I
kA

Mass
Flow
W K

P
Bar

T0
K

T’out
Bar

,,
v

g/s/Bar

0.0 0.200 4.2 4.0 218.5 3.977 0.0807

1.0 0.200 4.2 4.0 219.6 3.977 0.0807

2.0 0.200 4.2 4.0 223.2 3.976 0.0807

3.0 0.225 4.2 4.0 218.6 3.972 0.0910

4.0 0.225 4.2 4.0 229.5 3.969 0.0911

5.0 0.250 4.2 4.0 247.4 3.962 0.1015

6.0 0.285 4.2 4.0 252.1 3.953 0.1162

6.6 0.305 4.2 4.0 259.9 3.944 0.1248

7.0 0.320 4.2 4.0 268.7 3.935 0.1314

7.5 0.345 4.2 4.0 268.4 3.931 0.1420



NOMENCLATURE

- Crosssectionalareaof theconductorcm2.

ec,ev - Internalenergyof theconductorandthe helium vaporrespectively,Jig.

It - Helium enthalpyat environmenttemperatureand pressureJig.

- Helium enthalpyatinlet temperatureand pressureJig.

- Helium vaporenthalpy,J/g.

I - Finitedifferencenodeindex.

I - Electricalcurrentamperes.

k - ThermalconductivityW/cm/K.

m - is thehelium massflow rate,g/s.

- Laminarflow Nusseltnumber.

- Turbulentflow Nusseltnumber.

P - Convectionsurfaceareaperunit length of thelead,cm2/cm.

Pr - Prandtlnumberof thehelium.

"Carnot - CryogenicsystemCarnotpowerW.

- Helium inlet pressureset to 4.0 Bars.

Pc,, - Environmentpressureset to 1.01 Bar.

- JouleheatingW

Q4K - Heattransferto the 4 K W

Re - Reynoldsnumberof thehelium flow.

- Helium entropyat environmenttemperatureandpressureJiGiK.

- Heliumentropyat inlet temperatureand pressureJIgIK.

T 7 - Thehelium andconductortemperaturesrespectivelyK.

- Leadconductortemperatureat bottomend of leadK.

- Leadconductortemperatureat top endof leadK.

T c,,- Environmenttemperatureset to 300 K.

- Helium inlet temperatureset to 4.2 K.

x - Distancealongtheaxis of the leadcm.

dv - Differential conductorvolume, cm3.

dx - Differentialdistancemeasuredalong theaxis of the lead,cm.

ds - Differential distancemeasuredalong theflow path of thehelium,cm.

- Convectiveheattransfercoefficient

Pc’ Pv - Densityof theconductorand helium vapor,gicm3.

Pelec - Electricalresistivityof thematerialOhm-cm.
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FIGURE 1: ISOMETRIC VIEW OF THE ACCELERATOR SYSTEMS STRING TEST ASST LEAD PAIR
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FIGURE 2: ASST 7000 AMPERE POWER LEAD ASSEMBLY DRAWING
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FIGURE 3: ASST LEAD INI11AL COOLDOWN ANAL YSIS
TRANSIENT TEMPERA TURE DISTRIBUTIONS

HEATTRANSFER AT LEAD BASE ONLY
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FIGURE 4: ASST LEAD COLD END TEMPERATURES
FOR STEADYSTATEATkO KA
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FIGURE 5: ASST LEAD WARM END TEMPERATURES
FOR STEADYSTATEATI=O KA

0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225
Mass Flow g/s

0.25

300

290

280

270

260

250

240

230

a
I

+-*m
I-
aa
E
a

F-

220

SSC/ASD/CRYOIJAD/04-OCT-93



FIGURE 6: ASST LEAD COLD END TEMPERATURES
FOR STEADYSTATEATkO KA
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FIGURE 7: ASST LEAD WARM END TEMPERATURES
FOR STEADYSTATEATk.O KA
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FIGURE 8: ASST LEAD 4 K HEATTRANSFER
FOR STEADYSTATEATI=O KA
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FIGURE 9: ASST LEAD CARNOTCRYO SYSTEM WORK
FOR STEADYSTATEATI_-O KA
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FIGURE 10: ASST POWER LEAD FOR COLLIDER OPERATION
WARM ENDSTEADY STATE TEMPERATUREPREDICTIONS
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FIGURE 11: ASST POWER LEAD FOR COLLIDER OPERATION
COLD END STEADY STATE TEMPERA TURE PREDICTIONS
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FIGURE 12: ASST POWER LEAD FOR COLLIDER OPERATION
COLD END STEADYSTATE HEATTRANSFER
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FIGURE 13: ASST POWER LEAD FOR COLLIDER OPERA liON
PREDICTED CRYOGENICSYSTEM CARNOT WORK
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FIGURE 14: ASST POWER LEAD FOR COLLIDER OPERATION
STEADY STATE LEAD VOLTAGE PREDICTIONS
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