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INTRODUCTION

TheNitrogensystemfor theSSCis designedto serveasarefrigerationmediumfor the84
K shieldof thecryostats,to distributeand supplynitrogenusedforprecoolingby thehelium
refrigerationprocess,andtransportthevapornitrogengeneratedin thetunnel to thehelium
refrigeratorsfor furtherprocessing.Detailsofthedesignandoperationof the84Knitrogensystem
areprovidedin references[1,2].

Thenitrogensystemconsistsof twelveliquid nitrogeninlets with atotal input flow of
approximately5000g/s. Thesystemcanbe operatedwith anycombinationof activeintakes.The
input liquid flow is designedto be distributedaroundthetwo storagerings of thecollidesand
aroundtheHEB ring throughtheLN2 line in therings. It can also be distributedby surface
transportationby independentdistribution to eachof the twelve locationsof thehelium
refrigerationplants.Thepressurein thenitrogendistributionsystemdependson thelocationof the
main supplies,thenumberof pumpsinstalledin the tunnel,the local flow rates,and on the
inclinationof thelines. Thenitrogensystemtemperaturedependson the local heatload,the local
flow rate,and on thenitrogenrecoolingscheme.

TheSSCmagnetcryostatscontaina thermalshieldwhich is cooledwith liquid nitrogen.
Theshieldinterceptsandabsorbsthethermalradiationheatloadfrom the300Koutercasingof the
cryostatandtheconductionheatloadfrom themagnetsupports.Theliquid nitrogenis supplied
from a nitrogensupplyon thesurfaceand flows through theliquid nitrogenline attachedto the
shield.To limit thetemperaturerise thenitrogenvaporis periodicallyrecooledin a heatexchanger
wherea fractionof the liquid is allowedto boil removingtheheatbeinginterceptedby the80K
shield.A secondline is attachedto the 80 K shield throughwhich thevapornitrogenproducedin
theperiodic recoolersis returnedto the surface.

Thesimplestrecoolingschemeis basedon onecompactrecoolerheatexchangerfor each
string 1 km long, neareachfeedor endspool SPRF,SPREassuggestedin theCDR [3]. This
schemeis sufficientaslongastheliquid flow rateis high andtheheatloadis small. Fora heatload
of 3.2 W/m and flow rateslower than 1100g/s theLN2 temperaturerisesby morethan6 K over
4.3 km. This is an unacceptabletemperaturerise so higherflow ratesoradditional recoolersare
needed.Theheatloadvaluesareexpectedto exceed3.2 W/m somorecompactrecoolersare
required.Theheatloadis highly dependenton theamountofmulti layerinsulationMLI used,the
insulatingvacuum,andtheshielddesign.Theuseof a recoolerevery 1 km wasdiscussedin [2].

As an alternative,thesecondline maybe usedfor two phaseflow in a way that eliminates
theneedforperiodicrecoolers.Thetwo phaseflow methodof recoolingcontinuousrecoolingof
thenitrogenis basedon theideaof injecting controlledratesofliquid in thevaporline. Onceall of
the liquid is evaporated,theheatload is absorbedby thesensibleheatoftheliquid in the liquid line.
Thereareplacesin thering wherethe lines are horizontal.At thesehorizontalsectionsthe liquid
will not distributealongthe line socontinuousrecoolingcannotbe used.Additional recoolersare
needed.

Thedesignof thecontinuousrecoolingis describedin thispaper.Theconceptprovidesa
logical approachto themaintenanceof the80K shieldattherequiredtemperatureandmaybe used
for the initial cooldownof thenitrogenlines.Thediscussionandanalysiscontainedherecould
easilybe extendedto the initial cooldownof the liquid helium lines.
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THE CONTINUOUSRECOOLERCONCEPT

The84 K shieldis anchoredto two nitrogenlines.One is usedfor liquid distribution,and
theotherfor vaporreturn. As the tunnel lays in an inclinedplanethecryostatscontainingthe
nitrogenlinesmakeanangleof 0.0 to 0.2degreesto thehorizontaldependingon thelocationin the
ring. If liquid nitrogenis injectedinto an inclinedsectionof thevaporline it flows downhill.As the
pressurein this line is low enoughthen boiling of the liquid nitrogenwill occur.Theboiling
pressuredeterminesthetemperatureof the84K shield.Thecontinuousrecoolingprocessis
illustrated in Figure 1 which representsa typical section1080.mlong in thecollider.MvO is the
inlet vaporflow to thesectionwhich mayvaryfrom 0.0 to 48 g/s. Thenominalvaporflow rateat
theend of eachsectionMvl is 16, 32, 48 or 64 g/s, directedto thefeedbox of the sectorand
broughtto the surfaceto provideprecoolingfor theHerefrigerationplant. This direction is
independentoftheotherflows. Ml is the liquid flow rateinjectedin the,uppersideof the section,
with anominalvalueof 16 gfs,its directionis alwaysdownhill. Thelengthof a control volumeis
dx, qx is thenominal heatload, mlv is themassrateof liquid boiled in thecontrolvolumeand
qwall is a transientamountof heatto be absorbedfrom thewall. It shouldbementionedthatthe
flow directionof the liquid in the liquid line maybe clockwiseorcounterclockwise,uphill or
downhill, dependingon thesupplysystemandon thedistributionschemein use,which may
changefrom time to time.

Two differentschemesfor injecting liquid into thevaporline areavailableincludingliquid
injection at theupstreamendanddistributedinjection along the lengthof the line. For proper
operationof the line in eithersituationthereshould be no liquid leaving thelowerendof the line.
All of the liquid injectedinto theline should be evaporatedprior to theend of the line.

BASIC ASSUMPTIONSAND SIMPLIFICATIONS IN THE ANALYSIS

Thenitrogenvaporline will havetwo phaseflow. Theflow regimeencountereddependson
the local vaporand liquid flow ratespresentalongthe line. Onemethodto determinetheflow
regimediscussedin Baron [1], is with theBakerdiagramasgiven in Figure2. Theflow in thevapor
line is representedapproximatelyastheheavybroken line which lies totally in thestratifiedflow
regime.

Forstratifiedliquid flow theliquid in thevaporline is principallydrivenby gravity. The
liquid-vaporboundarylayereffectsareignored.It is assumedthat theliquid velocity and flow
crosssectionmaybe evaluatedusingtheManningformulafor channelflow. Theheatconductance
of theshieldis assumedtobe idealandthetemperaturedifferencebetweenthewall andthefluid is
assumedto be small so it canbe ignored.Themaximumallowableor ideal input flow rateof
liquid is suchthat thewhole lengthof theline is wet butno liquid is collectedat the lower sideof
theline. To determinethis flowrate andthetimerequiredto flow liquid alongthewhole lengthof
thetubetheflow developmentmustbe understood.

LIQUID FLOWDEVELOPMENT

A constantliquid injectionrateis thesimplestscenariodescribingthecontinuousrecooling
concept.It providesabasisfor understandingothertransientsneededto operatein thismanner.The
liquid flow analysisis basedon a typical control volumeasshownin Figure 1 of lengthdx. The
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liquid evaporationratedependson theheattransferrateandthelatentheatof the liquid. Themass
balancesofthe liquid andvaporfor this controlvolumecanbe written in termsof theevaporation
rate.Theseequationsbecome:

qx= mlvx*hfg

dmvx=mvx+dx-mvx=mlvx

dmlx=mlx+dx-mlx=-mlvx

whereqx is theheatload,mlvx is theevaporationrate,hfg is thelatentheat,my andml arethe
vaporand liquid flows respectivelyat a particularx location.

In generalvariouscombinationsof flow directionsfor theliquid andvaporlines are
possibleasshown in Figure3. Forideal continuousrecoolingthewholeheatloadis assumedto be
absorbedby thelatentheatof liquid in thevaporline for portionswheretwo phaseflow exists.The
temperatureat agivencrosssectionof thecryostatis assumedto be equalto thesaturation
temperaturecalculatedfrom the localvaporpressurein thevaporline. Forthedry partofthevapor
line, thetemperatureis assumedequalto the local liquid temperaturein theliquid line. The
qualifyingassumptionis that thereis perfectheattransferbetweenthelines, theshieldand the
nitrogenin theshield. If theinjectionrateis lessthanideal thenall ofthe liquid will evaporateprior
to theend of thetube.

For transientflow analysisofthe initial injection ofliquid into theline it is assumedthat at
x=0andt=0 that thevapornitrogenline doesnotcontainliquid andis ata temperatureequalto the
local liquid temperatureachievedby using compactheatexchangersevery4.32 km.For t>O the
injection rateinto thefirst cell dx long, is instantaneouslychangedfrom 0.0 to Mi0. Theflow in
thecell developsin a shapeof a wave asshownin Figure 4. The heatloadq which mayinclude a
nominalsteadystateand the transientrequiredto reducethewall temperaturecomponentis
absorbedby evaporatingmlv g/s of liquid. Thetotal nominal liquid injection rateto thespecific
sectionL m longcanbedeterminedby applyingthemassconservationequationto thewhole line
with thefollowing result:

Ml0=Q*L/hfg.

Theinitial temperatureof thenitrogenin thecryostatsdependson theflows in the liquid
andvaporlines.Thevaporflow ratein thevaporline is 32 g/s. Sincetherecoolerlocatednearthe
stringend box generates64 g/sof vaporand the flow splits equallyinto two oppositedirections.It
is assumedthat thepressurein theN2 recoolersequalsthe local pressurein theGN2 return line.
Thepressurein thevaporreturnline dependson theboil off vaporflow ratewhich dependson the
heatload.Thesteadystatetemperatureeverywherein the80 K shield is definedfurtherbasedon
theinitial temperature,on theheatloadandon the local massflow. After sufficienttime t thewave
front reachesthedownstreamcell boundaryanda flow rateofMll startsgoing from celli to
celli+l. At this momentthepreviousi cell is assumedto be in steadyflow andheattransfer
conditions.The time to fill up the first cell dt maybe calculatedfrom a massbalanceas:

Ml0*dtr*Vdxl [q*dx/hfg]*dt

Duringdt theoutputmassflow from thelastcell containingliquid is zero, r is the liquid
densityVdx1 is the liquid volumein thecell calculatedfrom theManningequationfor steady
flow conditionsandq is theconstanttotal heatload perunit length.
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Forthenextcell downstreamtheprocesscontinuesin a similarwayusing theoutputmass
flow from thepreviouscell astheinput. Theflow processis repeateduntil thevaporline becomes
dryor whenthedownstreamboundaryof the sectionis reached.

Becausetheinitial temperatureof thecryostatdependson thelocal liquid flow, thevalueof
qtransientdependson thelocal liquid flow rateandis evaluatedseparatelyfor eachsectionandfor
eachLN2 distributionscheme.As an example,Figure5 showstheflow ratesand theexpected
liquid temperaturesfor two differentschemes.Schemea hasa recoolerin everystring -4.3km
long andonenitrogensupply at N40.Schemeb hasa recoolerin everystring-4.3 km long with
two nitrogensuppliesat N 15 and at S15. Figure6 showstheschematicdevelopmentof pressure
andtemperaturein thenitrogenlines for a givencombinationof liquid, andvaporflow direction.

THE CALCULATIONS
Fora givenheatloadandLN2 supplyschemetherequiredlocal liquid andvaporflows, the

pressures,and temperatureseverywherein thecollidercanbe calculated.The steadystate
conditionsfor arecoolerevery4.3km canalsobe calculated.Usingtheslopeofthetunnel,theline
sizesandtheinjectionratesof the liquid into thevaporline, the liquid velocity in thevaporline and
theliquid inventoryand thewettedsurfacecanbe evaluated.Thewettedsurfaceis requiredfor the
verificationof theheattransferbetweentheboiling liquid in thevaporline andthewalls of the
tubesand is neededfor detailedevaluationof heattransferand temperatureprofilesin the shield.

As theLN2 supply schemesmaybe perturbedthesteadystateconditionsandthetransients
in particularthe"deadtimes" haveto be evaluatedfor different valuesof slopeandliquid
injection rate.Figure7 showssomedefinitionsof the liquid flow parametersin an inclinedline.

Thenominal liquid injection rate into thevaporline for steadystateconditionsis constant
for nominalarcsections1080m long andis equalto 16.0 gls. Theinitial conditionsarethat thereis
no liquid flow in thevaporline ml=0.0 g/s andthe line is dry. At t=O a givenliquid injectionrate
stasts.To fill up thevaporline with liquid andin orderto reachthenewsteadystatein a reasonable
time, a higherthan nominal flow rateis required.Thiswill absorbthelocal nominalheatloadas
well asthetransientloaddueto shieldhighertemperature.

Slopealpha= 0.1 degrees,TubeDia =63.5mm

flow rate=18.5cc/see:

Row anglebeta= 90° andthe velocity -8 cm/sec

Thevaporflow in thevaporline is initially equalto half thevaporgenerationratein the
recooler32 gls. After initiating the continuousrecooling,the nominalratesat which vaporis
generatedandtheflow at the"end" ofeachsectionis 16, 32,48,64g/s,dependingon thelocationof
thesectionrelativeto thesectorfeedbox herewe ignorethetransientbehaviorof thevaporflow.
Thevaporflow directionis towardsthesectorfeedbox.

@ x=0 mv0= 0,16,32,or 48 g/s

@ x=l mvl= mv0+mlvxdx

TYPES OFTRANSIENTS

5 of 26



Thecooldownofthenitrogenline is a transientprocessin which theheatloadto the liquid
is givenby:

q= qnominal+ qtransient

Whereqnominalis theloadin steadystateassume3.2W/m andqtransientis theheatto be
absorbedfrom theshield andtubesandfluid in orderto bring themto thetemperaturedefinedby
boiling conditionsin thevaporline.

A secondtransientis theresponseto a flow perturbationarounda steadyinitial condition
M10 and qi. This informationis neededto determinethecontrolof theliquid injection to the
line. To simplify thecalculationshere,qtransientwasnegligible i. e. thetubewasatthe same
temperatureastheliquid.

Themodelassumesthata liquid wavetravelsin thefront ofthechangingflow. Thevelocity
of this waveis calculatedby meansof theinput flow to eachcell, thechangein thecell inventory
andflow geometryand velocity usingManningcoffelationconceptuallydescribedearlier.A
completemathematicalformulationof theliquid flow processaregivenby thetransientchannel
flow equationsfor theconservationof massandmomentumfor a control volume.Theseare
discussedin detail in Wiley and Streeter[3]aregiven by equations1 and 2. In themomentum
equation,thecontributiondue to hydrostaticpressureheadgradientwas neglectedbecauseof the
shallowliquid depthsandsmall inclinationanglesencounteredin theSSCring.

= Qevapx4x 1

‘V VQ

Vt=ssina_VV1_d__
evap 2

In theseequationsA representsthe liquid flow area,V the liquid flow velocity, g is the
accelerationdue to gravity, r is the liquid density,T0 is the frictional shearstressat thewall, Rh is
thehydraulicradiusdefinedastheliquid flow areadivided by thewettedperimeter,andQ_., is the
volumetricevaporationrateof the liquid. Thesubscriptst andx representdifferentiationwith
respectto time and axial distancerespectively.

The wail friction term is modelledby theManningequationgiven in 4. TheManning
coefficient Cm=1.0, and thefriction coefficientn=0.017 areselectedto representafairly smooth
stainlesssteeltube.

Qevap
=

3
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Thestepchangein theinputflow instantaneousincreaseordecreasefrom ml to m2is non
linear,so thecalculationshaveto be carriedout for eachspecific stepchangein flow values.In
additionastepchangein theheatloadneedsto be simulated.Startingwith agivensteadystate,and
withoutchangingtheinput flow rateMl0, the simulationgivestheshapesof theflow and the
inventoryin eachcell until thenewsteadystateis achieved.Othertransientsthatmaybe modelled
areinstantaneousfailure ofvacuumcausinga fast increasein theheatloadandvariouschangesin
the liquid injection rates.All of theseresultsmay be neededfor developinga robustcontrol loop
design.

TRANSIENT SOLUTIONNUMERICAL CONSIDERATIONS

The 1000 meterlong nitrogenvaporline wasdivided into 100 segmentswith 101 nodal
locationsfor thenumericalintegrationof thepartialdifferential equations1 and 2 discussed
previously.A non-uniformgrid wasusedin which the grid spacingvariedgeometrically.This is
describedby equations5 and 6. Theratio r wasset to 0.985.

AX1 = 5

AXi+1
r= 6

AX1

TheintegrationwasperformedusingthenumericalmethodoflinesNUMOL asdiscussed
in Schiesser[2]. Basicallyin thenumericalmethodof lines, thespatialderivativesarecalculated
using finite differencerepresentationsresulting in a systemof first orderordinarydifferential
equationsODE in time. Thenumericalintegrationof the systemof ODE’s wasperformed
numericallyusingLSODES.

For this analysisthespatialderivativeswererepresentedby a first orderupwind
approximationthat is given in equation7 where5, representseitheran areaorvelocity x
derivative.Thevelocity in theconvectivetermssuchasVV, andVA, wastakento be thevelocity
at upstreamori-i location.

= 1 7

rh0 = pA,’0 8

For theupstreamboundarycondition,a fixed velocityandarea.wasappEaLThevaluesfor
theareaandvelocity weredeterminedthroughthesimultaneoussolutionofthecontinuityequation
and Manningsuniform flow equationasdiscussedin White [3].
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Thehydraulicradiususedin equation9 canbe calculatedfrom equations10-l2. These
equationsarefor a roundtubeandcanall be expressedin termsof a liquid flow anglethat is shown
in Figure8.

A0
10

wo

A0
= RbC

sinf0 11

1’wo = I3’?tube 12

Thedownstreamboundaryconditionwasspecifiedasa zeroliquid flowrate,assumingthat
all the liquid hasboiled-offprior to the lastnode.For theinitial conditions,all locations
downstreamofthefirst gridpoint wereassumedto be dry for thecaseswherethetubewasinitially
filled with liquid. In thecaseswherea stepchangein the flow werepredicted,theinitial conditions
weretakenfrom a previoussolution at theflow conditionsprior to thestepchange.

STEADY STATE RESULTS

For differentflow rates8, 12, 16, 20, 24, 28, 32 g/s theliquid massdistributionis shownin
Figures9 and 10. In Figure lithe total massof liquid in thetubefor inclinationsin therangeof
0.05 - 0.25 degreesareshown.

Thesecalculationsshouldbe revealedfor eachnominalflow rate with differentheat
loads:1.0.2.0.3.0w/m

TRANSIENTS AND CONTROLPRINCIPLE

As definedbeforethe transientbehavioris modelledasthemotion of a wave.Thewake of
this wavecanbe regardedasdevelopedflow for thetime beingwearenot interestedin thedetailed
behaviorwithin thefront of thewave.Accordingto this, themajorparameterrequiredis thetime
of motion of thefront. In the liquid injection control loop this time is a deadtime i. e. thetime
requiredfor thechangeto propagatethe length of tube.It hasto be evaluatedfor eachindividual
changein thesystem.Figures 12 and 13 showthetime of motionof thefront wave for inclinations
of.05degand0.2 degasfunctionsoftheinjection rate.Figurshowsthetime of motion of thefront
wave asafunctionof theinclination, for different flow rates.

Thefirst casehasliquid flow in the liquid line andliquid flow in thevaporline in thesame
direction.Without injection ofliquid into thevaporline the liquid in theliquid line absorbstheheat
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asshownschematicallyby line ab in Figure 15. Whenwe startinjecting the liquid in thevapor
line, theliquid runsdownhill wetting theline up to a point?L?.We assumethatup to this point the
heatis absorbedby the boiling liquid in thevaporline andthetemperatureof theshieldis
approximatelyequalto the local temperatureof theboiling liquid seeline ad in Figure iS.
Further,wherethevaporline is dry, theheatload is againabsorbedby the liquid line and, the
temperatureof theshielddependson theliquid flow seeline de in Figure 15. In this casea
temperaturemeasurementat theend of the liquid line maybe usedasthefeedbackvalue in the
temperaturecontrol loop. This temperaturechangesbetweenTh whenthereis no continuous
recoolingto Tc for ideal continuousrecooling.

The secondcasehasliquid flow in the liquid line and liquid flow in thevaporline in
oppositedirectionsseeFigure 16: For partialcontinuousrecoolingthewet part of thevapor
nitrogenline cd is ata low temperature.At a point d the line is dryand thetemperaturechangesto
that definedby the temperaturein the liquid line pointe in Figure 16. In this caseatemperature
measurementattheendofthesectioncannot serveasthefeedbackin thetemperaturecontrolloop
both endsof thesectionareat a desiredtemperature.Thereforeto coverthepossibility of
differentflow directionsfor the liquid nitrogen,a temperaturemeasurementis neededin eachside
of thesectionasshownin Figure 17.

Thecontinuousrecoolingsystemis operatedafterthe 4 km compactrecoolingsystem
stabilizes.Thelocal injection controlvalveopensto a predeterminedpositionaccordingto the
nominal loadandthemeasuredpressurein the liquid line. This will causea liquid flow rateof ml
in thevaporline. Ideally the first thermometerin thevaporline will detectthepresenceof theliquid
waveaftera time tl accordingwith Figures12, 13, 14 this time is in therangeof 20-40minutes.
Themeasuredvalueof ti may serveto calibratethe valveandto makeopenloop correctionsby
changingthevalveopening.After a secondtime t2 thesecondthermometermeasuresthepresence
of the liquid wave front. Again,t2 maybe usedto calibratethevalve.Themomentthewave was
detectedby thesecondthermometer,the injectionvalveis closed.Theliquid continuesto run until
oneor both thermometersdetecta temperaturechange.Thenthevalveis openedagain.

a. Assumea stepchange in Ml0:

Calculate the velocity of the front wave using step by step integration. Calculate new
steady state geometry.

b. Assume a step change in q. Calculate the transients inflow, wall temperature and
flow geometry:

Wet parts of the vapor line: heat is removed by boiling

Dryparts of the vaporline: heat is removed by liquidflow in liquid line assume liquid
flow 100,200,300...g/s as required in the different parts of the ring.

As a first approximationof the liquid inventory in thevaporline with an inclinationof 0.2
degis 188 kg/km. If theflow rate to the sectionis limited to Ml g/s, thefill up will takeH hours.
During thefill up time someof thefluid is evaporated.Thisat an initial rateof 0.0g/s and&flnal
rateequalto thenominal 16 g./s. Thetotal amountofboil off is approximatelyH*3.6*8 kg/km.For
a constantfill up flow of 20g/sthefill up time is 4.35 h. Afterwardstheflow hasto beloweredto 16
Vs to preventcollectingliquid at the lowerend of the line.

Onepurposeof this analysisis to determinethe transientnatureof liquid injection at the
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line inlet. Theprogressionof theliquid front alongtheline is predictedatinclinationanglesA=0. 1
and0.2degreesandliquid massflow ratesof 16g/sand30 g/s. Theinlet vaporflow ratewastaken
as975 g/sfor all cases,althoughtheinterfacialshearforcewasnot includedin thispresentstudy. In
an effort to developealiquid injection control strategy,thepropagationof disturbancesin the
liquid flow due to stepincreaseanddecreaseof theinlet massflow werecalculated.

TRANSIENT RESULTS

Thetransientdistributionofliquid nitrogenmassflow for a constantinitial injectionrateof
16 Vs with a tubeinclination angleof 0.1 and 0.2 degreesareshownin Figures 18 and 19. The
liquid front is seento be very steep,anddue to evaporationof the liquid alongthetube,theflow
linearlydecreasesproceedingdownthetube.Thepredictionsindicatethat at theseconditionsit
takes20,000secondsfor theliquid flow to reacha steadystateconditionat theshallower
inclination and about16000secondsfor thesteeperangle.

Figure20 and 21 providethetransientflow distributionsalongthetubefor astepchangein
theinlet flow rateto 12 g/s from thesteadystateconditionreachedat aflow rateof 16 g/s and0.2
degrees.Fromtheseresultsit is seenthat it takesabout2000secondslessfor thefront to propagate
theliquid lengthfor thehigherinclinationangle.A stepincreasefrom 1 6g/s to 20 g/s aftersteady
statehasbeenreachedis shownin Figures22 and23 for thesameinclinations. In thestepchange
cases,theliquid front doesnot appearto be assteepastheinitial front. At this time it is notknown
forcertainif this is dueto theactualflow physicsor to a numericaldiffusion presentin the
derivativeapproximations.

In Figures24 and25 theresultsfor a completestoppingof theflow areshownfor thesame
inclinations.Theliquid front staysat thesamelocation,while a dry out front progressesalongthe
tube.After about12000secondsfor =0.1 degreesand 8000secondsfor =0.2degreesall of the
liquid in the tubehasevaporated.

Onepurposeofthis investigationis to providesomeanalysisthat supportsthedevelopment
of a controlstrategyfor continuousinjectionof liquid into thenitrogenvaporline ofthe80K shield.
Thepreviouscasesprovidesomefundamentalsolutionsthatprovidetime scalesforfilling thetube
at a constantmassflow rateof 1 6g/s,andthetimes for someperturbationsto propagatealongthe
liquid stream.Thenextfew examplescontainresultsforcaseswhereaninitial injectionrateof 30g/
s wasappliedandafter someperiodreducedto a nominal valueof 1 6g/s in an effort to reducethe
time requiredto supply liquid along thewhole lengthof thenitrogenvaporline.

In Figure 26 aretheresultsfor acasewherea=0.l degrees,the initial massflow rateis
3OgIs for 2000secondsandthensteppeddown to l6g/s for theremainingtime. At t=3000seconds
a liquid pulseis obtainedwith a peakatapproximatelyX=200meters.Thepeakdecreasesin height
asit progressesdownthetube.Theliquid flow retainsa sharpslopeat thedownstreamsideof the
peakbut theupstreamslopegraduallydecreases.For theseconditions,the liquid pulsedisappears
almostcoincidentlywith thearrival oftheliquid attheendofthe tube.Thesteadystatewasreached
afterabout16000secondswhich is 2000 secondslessthan thecasewith a constant16g/sliquid
injection.

Figures27 and28 arefor the steeperinclination of 0.2 degreesanddifferent times which
themassflow is steppeddown from 30g/sto 16g/s. In Figure 29, thestepdownoccurs1000
secondsafterthestartof the30g/s injection rate.A liquid pulseis seento developeinitially but it
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disappearsafter7000 seconds.In Figure 30 the30g/smassflow ratewassteppeddownafter2000
seconds.It is seenin this figure that the liquid pulsetravelsthewhole 1000 meterlengthwithout
completelydisappearing.For this casethetubecontainsliquid alongits entirelength after 12000
secondswhich is about4000secondslessthan theconstantinjection case.

SUMMARY AND CONCLUSIONS

Thenumericalmethodof lineshasbeenappliedto themodelingof transientchannelflow
of liquid nitrogenin a 1000meterlong line. Theseresultsprovidesomebasicunderstandinginto
thetransientflow behaviorof thenitrogenvaporline which canbe usedto developea liquid
injection control strategyfor theSSC 80K shield. Theanalysishasprovidedtimes for obtaining
liquid alongthelengthofthetubefordifferentinclination angles,differentconstantliquid injection
rates,andvariableliquid injectionrates.Usinga high initial liquid injectionrateandsteppingdown
to therequiredinjection aftersomeperiodoftime hasbeenshownto decreasethetime requiredfor
obtainingliquid alongthelengthof thepipe. Also sometimesfor theevaporationofthe liquid front
in theeventof astoppageof theflow were calculated.
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NOMENCLATURE

A - Cross-sectionalareaof theliquid m2

A - Spatialderivativeof thecross-sectionalareaof the liquid m

A - Time derivativeof thecross-sectionalareaof the liquid m2is

Cm - Manningcoefficient=1.0
g - Accelerationof gravity =9.81 m/s2.

- Latentheatof the liquid nitrogenJig
L - Total lengthof two phasenitrogenline m.

- Massflowrateof liquid g/s.

- Massflowrateof liquid vapor g/s.
ii - Friction coefficientin theManningEquation=0.017.

- Volumeof liquid evaporatedperunit time m3is

QSOK - 80 K shieldheatload W
q - Shieldheatloadperunit length W/m

Rh - Hydraulicradiusof theflow m.
- Radiusof two phasenitrogenline tubem

t - Time see.
V - Velocity of the liquid mis.
V, V,1 - First and secondspatialderivativesof velocity of the liquid .1, m1s1.

- Time derivativeof thevelocityof the liquid m/s2.
x - Distancemeasuredalong axis of thenitrogenline m.
a - Inclination angleof two phasenitrogenline deg,rad.

- Wall shearstresscalculatedusingManningsEquationNim2
- Densityof liquid nitrogeng/cc.

Pv - Densityof vapornitrogenglcc.
- Wettingangleof the liquid at a cross-sectionrad.
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Figure 1: Typical 1080 meter section of the collider showing
definitions of the liquid and vapor flows in the vapor return line.

Baker Diagram for Two Phase Flow Patterns
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Figure 2: Baker diagram showing two phase flow regimes.
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Liquidilowinliquidline $r 0 0’ 0

Liquidflowinvaporline 0’ 0’ 0 ‘0

Vaporflow 0 Ør

Inclination
"*Ith.. ‘‘%tt¼ ar,

Figure 3: various combinations of flow directions

Figure 4: control volume for application of unsteady-momentum

equation Flow development in the inclined plane.

mx=pAxvX

x

=pAx÷dxVx+dX
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vaportemperatureid pressureintheendbox recooler
vaportcnperanzreandpressurein thefeedbox recooler
liquid flow in the first suing arecoolerevery43 km

feed box recooler
endbox recooler
continuousrecooling
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ab

cd
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de

ac1 cc

Figure 6: Schematic development of temperature and pressure



b = 90° andthevelocity -8 cm/sec

Figure 7: Definition of flow parameters in an inclined tube see
Manning correlation.

Figure 8: Definition of liquid flow angle Jc, used to calculate the
liquid area and velocity at the inlet to the nitrogen vapor line

3 = wetted
angle

for CL = 0.10 ID=63.5 inn and the flow rate=18.5cc/sec:
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INVENTORY OF LIQUID NITROGEN IN THE VAPOR UNE
FOR DIFFERENT INJECTION RATES

LINE INCUNA11ON 0.05 DEG
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DISTANCE FROM THE INJECTION POINT IN METERS

Figure 9: Inventory of liquid nitrogen in the vapor line for
different injection rates at an inclination of 0.05 dearees.

INVENTORY OF LIQUID NITROGEN IN THE VAPOR LINE
FOR DIFFERENTINJECTIONRATES

LINE LNCLE4ATION 0.2 PEG
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Figure 10:Inventory of liquid nitrogen in the vapor line for
different injection rates at an inclination of 0.2 degrees.
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Figure ll:Inventory of liquid nitrogen in the first 400 meters of

the line in Kilograms for different inclinations and injection
rates.

TIME OF MOTION OF THE WAVE FRONTFORDIFFERENT
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Figure l2:Time motion of wave front for different flow rates and
inclinations
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TIME OF MOTION OF THE WAVE FRONT FORDIFFERENT
INJECTIONRATES
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Figure l3:Time motion of wave front for different flow rates and
inclinations -
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Figure l4:Time motion of
rates at several inclinations.
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T

a LIQUID FLOW IN THE LIQUID LINE ANT LIQUID FLOW IN THE
VAPOR LINE IN THE SAME DIRECTIONS

ab liquid flow , arecoolerevery4km
ac ideal continuousrecooling
a_d_e...cpartial continuousrecooling
bc compactrecooler.

Figure 15:Liquid flow in the liquid line
vapor line in the same directions.

b LIQUID FLOW IN THE LIQUID LINE AND
VAPOR LINE IN OPOSITEDIRECTIONS

ab liquid flow, a recoolerevery4km
cii ideal continuousrecooling
cdea partial continuousrecooling
bc coruoactrecooler.

LN in the vapor line

LN in the liquid line

and liquid flow in

LIQUID FLOW IN THE

LN in the liquid line
LN in the vapor line

0-

P

Figure lG:Liquid flow in the liquid line and liquid flow in the
vapor line in opposite directions.
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Figure 17:Location of the temperature measurementsin the 84 K

LN2 Fluid Front Time-Location Comparisons
Angle = 0.10 deg.
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Figure l8:Transient liquid nitrogen distribution for angle of 0.1
degrees
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LN2 Fluid Front Time-Location Comparisons
Angle = 0.20 deg.

Initial inlet mass flow 16.0 p/s
Variable Grid
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Figure l9:Transient liquid nitrogen distribution for angle of 0.2

degrees
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Figure 20:Liquid flow distributions for step change to 12 g!s 0.1

degrees.
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LN2 Fluid Front Time-Location Comparisons
Angle = 0.20 deg.

Initial inlet mass flow 16.0 p/s

700 800 900 1000

Figure 21:Liquid flow distributions for step change to 12 g/s 0.2
degrees.
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Figure 22:Liquid flow distributions
degrees.
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Figure 23:Liquid flow distributions for step change to 20 g/s 0.2
degrees.

Nitrogen Vapor Line Transient Flow Analysis
Initially steady state mass flow of 16.0 p/S

flow interrupted
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Figure 24:Flow distributions for flow interruption at 0.1 degrees
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Figure 26:Flow distributions
after 1000 sec.
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LN2 Transient Flow Distributions
Tube Inclination Angle = 0.20 deg.

Initial inlet mass flow 30.0 p/s
Changed to 16 p,1s after 1000 sec



LN2 Transient Flow Distributions
Tube Inclination Angle = 0.20 deg.

Initial inlet mass flow 30.0 p/s
Changed to 16 p/s after 2000 sec
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Figure 27:Flow
after 2000 sec.
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