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Abstract

The Large Hadron Collider (LHC) prototype test string-1, hereafter referred to as the string, is composed
of three ten-meter long prototype dipole magnets and one six-meter long prototype quadrupole magnet.
The magnets are immersed in a pressurized static bath of superfluid helium that is maintained at a
pressure of about 1 bar and at a temperature of about 1.9 K. This helium bath constitutes one single
hydraulic unit, extending along the 42.5 m of the string length. We have measured the triggering of
guenches of the string magnets due to the quenching of a single dipole magnet located at the string’s
extremity; i.e. “quench propagation”. Previously reported measurements enabled to establish that in this
configuration the quench propagation is mediated by the helium and not by the inter-magnet busbar
connections [1], [2]. We present a model of helium mediated quench propagation based on the
gualitative conclusions of these two previous papers, and on additional information gained from a
dedicated series of quench propagation measurements that were not previously reported. We will discuss
the specific mechanisms and their main parameters involved at different time scales of the propagation
process, and apply the mode to make quantitative predictions.
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Modelling of helium-mediated quench propa-
gationin the LHC prototypeteststring-1
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The Large Hadron Collider (LHC) prototypeteststring-1 hereafterreferredto as
thestring,is composeaf threeten-metetong prototypedipole magnetsandonesix-
meterlong prototypequadrupolenagnet.Themagnetareimmersedn apressurized
staticbathof superfluidheliumthatis maintainedat a pressureof aboutl barandat
atemperaturef aboutl.9 K. This heliumbathconstitutesonesinglehydraulicunit,
extendingalongthe 42.5m of the string length. We have measuredhe triggering
of quenchesf the string magnetsdue to the quenchingof a single dipole magnet
locatedatthestring’s extremity;i.e. “quenchpropagation” Previously reportedmea-
surementsenabledto establishthatin this configurationthe quenchpropagations
mediatedby the heliumandnot by theintermagnetousbarconnectiong1], [2]. We
presentamodelof heliummediatedquenchpropagatiorbaseddn thequalitative con-
clusionsof thesetwo previous papersandon additionalinformationgainedfrom a
dedicatedseriesof quenchpropagationrmeasurementthat were not previously re-
ported.We will discusghe specificmechanismandtheir mainparametersvolved
atdifferenttime scalesof thepropagatiomprocessandapplythemodelto make quan-
titative predictions.

Keywords: quench(C); propagationvelocity (C); superconducting magnets(E);
superfluid helium (B); supercritical helium (B)
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Intr oduction

CERN is building the Large HadronCollider (LHC), a protonandion collider with centerof-
massenengy in the Te\-perconstituentrange. This machine,to be installedcloseto Genea
(Switzerland)in the 26.7 km circumferenceunnelof the previous LEP collider, will accelerate
andbring into collision intensebeamsof protonsandionsat higherenepgiesthanever achiesed
before.The LHC will make intensve useof high-field, twin-aperturesuperconductingnagnets,
operatingn staticbathsof pressurizedheliumll at1.9K andatabout0.1MPa. TheregularLHC
lattice will consistof 53.5m long half-cellscomprisinga quadrupolemagnetandthreedipole
magnets. Two half-cells constitutea 107 m-long single hydraulicunit. The LHC cryogenic
schemeandthe conceptof magnetcoolingis describedn detailin [3].

The protectionof the LHC superconductingnain dipole and quadrupolemagnetsin case
of a quenchis basedon quenchheatersand cold by-passdiodes[4], [5]. Oncea quenchis
detectedthe quenchheatersarefired to warm up a large fraction of the outercoils, provoking
a large electricresistancagrowth. The currentcommutategrom the quenchingmagnetover to
thecold by-passdiodesconnectedn parallel. The magnetghatdo not quencharede-eccited by
switchingoff the power corverterand openingswitches,with resistances parallel. Thetime
constanfor thede-eccitationis about100s for the dipole magnetircuit andabout45 sfor each
of thequadrupolemagnetircuits.
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Figure1: Schematic of the configuration of the LHC prototype test string-1.

The evolution of the helium in the cold massof the quenchednagnethasbeenobsened
andthendescribedvith a mathematicamodelbasedon enegy conseration[6]. Thethermo-
hydraulicsof a magnetresistive transitionis governedby two main processesinitially a fast
adiabaticcompressiorof the bulk of helium by the rapidly expandingportion of heliumin the
vicinity of the coil. Within somemillisecondsafterthe resistve transitionthe pressureandthe
temperaturan the cold masshomogenizeand the helium can be treatedas a lumpedenegy
sourcefor the adjacentcold massesDuring the time requiredfor the dischage, othermagnets
might quenchdueto thermo-hydrauligropagatiorin the heliumbathor heatconductionvia the
busbars.Thenumberof quenchingnagnetslepend®n the mechanisnfor the propagatiorand
shouldbe limited to the minimum. In the LHC, the busbarlengthin betweertwo magnetswill
beaboutl5m. It wasconcludedrom previously reportedneasurementd], [2] that,becausef
thislong busbarlength,quenchpropagatiorwill be mediatedoy theheliumonly. Theaimof the
presenstudyis to establisha modelfor helium-mediatedjuenchpropagatiorandto provide the
main procesgparameterskor this we baseourselheson the qualitative conclusiongrom thetwo
previouspaperd1], [2], andon additionalinformationgainedfrom a dedicatedseriesof quench
propagatiormeasurementhatwerenot previously reported.

The LHC prototype teststring-1

Layout

Within the R&D programfor the Large Hadron Collider, a string of three 10-m long dipole
magnetgD1, D2, D3) andone3-mlong quadrupolemagnetQ) hasbeenassembledndtested
at CERN [7]. The helium bathin which thesemagnetsare immersedconstitutesone single
hydraulicunit, extendingalong42.5m of the stringlength. Its total heliumvolumeis 0.850m?
(Figurel).

The configurationof cold by-passdiodesprotectingthe string magnetsnabledusto either
provoke aresistive transitionof Q andto obsene quenchpropagatiorio D1, or to quenchD3 and
to obsene quenchpropagatiorio D2 [8]. Pressureelief cantake placeateitherendof thestring
throughspring-loadedafetyrelief valves(SR/’s) andat adjustablegressuresettinglevels.
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Figure 2. Quench propagation from D3 to D2; pe; = 11 bar.

I nstrumentation

Pressureandtemperaturg@robes(Allen-Bradley carbonresistors,100S2 platinumresistorsand
piezo-resistre cold pressuresensorsjn the endvolumesof eachmagnetare gluedto the end
platesat the extremitiesof the coil assembliesThe voltageaccrossmagnetsandbus bars,and
the temperaturesind pressuresre recordedfrom the startof the quenchuntil the currenthas
decayedo zero. Thereaftethetemperatur@andpressureecordingcontinuesat arelatively low
acquisitionrate.

Whenoperatingbelov T’ theaccurayg of the cold pressuresensorss estimatedo be about
+0.5 bar. At highertemperaturetheircalibrationchangessensospecificandcouldeasilyreach
+1 bar The pressuresensorat D2(b) waslost. The pressuresensorreadingat D2(a),andto a
lesserextendD3(b), provedunreliableduringa pressurecalibrationrun at 1.9 K. Readinggrom
neighbouringoressuresensorsvereusedinstead.

Measurements

A dedicatedseriesof eleven measurementaas performedto permitto quantify the procesof
helium-mediatedjuenchpropagationPressureelief wassetup to take placethroughthe safety
valve locatedat the quadrupoleendof the stringonly. As aparametem our measuremergeries
we variedthe setpressurevalue,p.;, of this pressureelief valve betweert and23 bar. For each
setpressurenve thenpoweredQ, D1, D2, andD3 at 12.4kA, and subsequentlyjuenched3
by firing its quenchheaters.Figures2 and 3 shav a typical current,pressureandtemperature
evolution of D2 andD3 afterquenchingD3. After initiating aquenchin D3, thecurrentthrough
D3 commutatego the protectiondiode within lessthan one second. The string currentthen
decayswith atime constantof 100s. After a delaytime of several secondsup to severaltens
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of secondsdependingon the pressurerelief valve setting, the adjacentdipole D2 quenches.
Figure4 shows the completeseriesof obsened quenchpropagatiortimesasfunction of the set
pressure.

As elaboratedn [6] thequenchproces®f anindividualmagnetcanbedividedinto two main
phases.n thefirst phaseuntil about300 ms after initiating the quenchof D3, the temperature
of its coils increasego about100 K. Liquid helium in close contactwith the coil is heated,
quickly vapourizesandexpands therebycompressinghe remainingbulk heliumof D3 andthe
restof the string to a peakvalue of about8 bar. This peakvalueof 8 baris several bar lower
thanif D3 would have beenquenchedn a standaloneconfigurationdueto the available extra
heliumvolumein D2, D1, andQ [9]. The pressuralongthe stringfollows closelythe pressure
evolution in D3, delayedonly by the travel time requiredby the pressurenvave (seefigure 6).
Rapidevaporatiorandchangeof phaseof the expandedheliumcausea decreasén heattransfer
betweerthe coil andthe heliummarkingthe endof the adiabaticcompressiomphase Thereafter
the expandedhelium and the compressedhelium in D3 mix, the whole string pressuredrops
from its peakvalue down to a few bar, and a secondphaseof slow pressurerise starts. The
temperatureatbothendsof D3 startto increasefollowedby anevenslowertemperatureisein
D2 attheD2-D3interconnecside. Thetemperatures therestof the stringremainunafected.
After aboutl6 sthe pressureelief valve opensandmaintainghe pressuret 11 bar. Therateof
temperatureisein D2 increasesAfter afurther16 s D2 quenches.

Fromfigure 3 we seethattemperaturdd2(a) risessteadilytowardsthe value given by tem-
peratureD3(a) of the quenchednagnet. This behaiour is consistenwith quenchpropagation
by the helium. In contrastto this we obsenre thattemperaturesensomD3(b), locatedin between
D3(a)andD2(a),indicatesat timesbeyond 18 s valuesmuchbelow the othertwo. We attribute
thisto calibrationdataerrorsandwill ignorethis sensoifor theremainderof theanalysis.

Procesgadentification

Heatconductionvia the busbarsis excludedastheresponsiblgropagatiormechanisnbecause
with busbarlengthsof about10 m in betweenD3 andD2 the resultantdelaytime would have
beenmuchlongerthanthoseactually measured2]. This is substantiatedby the voltagetaps
measurementhatindicatethattheresistive transitionof D2 initiatesatits coils endsat the D2-
D3 connectionside whereaghe bus barsconnectionto the D2 coils is situatedat the D2-D1
interconnecskide[10]. We concludethatmediationby the heliumis the procesgesponsibldor
thequenchpropagatiorio D2.

Figure7 shavsin aphaseliagramthemeasure@volutionof theheliumstatein D3, in D2(a),
andin therestof thestring. Thelinescorrespondingo idealisochoricheatingandidealadiabatic
compressiorare drawn for reference.As describedn the previous paragraphwe seethat D3
initially evolvesnearthe adiabaticalcompressioriine, it thenvery soonstartsto deviate and
joinstheisochoricheatingline. Therestof thestringbehaesasbeingadiabaticallycompressed.
Only the portion of the string nearthe D2-D3 interconnec{D2(a)) startsto deviate at a certain
momentfrom the pureadiabaticcompressiotine, signallingthe arrival of warmhelium.
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Figure 7. Phase diagram of the helium evolution relative to adiabatic compression and isochoric heating.

Procesanodeling

Initial state

Sinceuntil thethestartof theseconphaseof thequenchprocesshetemperaturén D2 is hardly
affected,we startour modeldescriptionfrom this phase We take asinitial conditionsthe stateat
1.5 s afterthe quenchwhenthe effectsof the adiabaticcompressiomphaseof D3 have died out.
Thestringis subdvidedinto two parts. Thefirst partrepresentinghe quenchedlipole,D3, and
thesecondarttherestof the string:

to = 1.5s
p(ty) = bH.8bar
TDg(to) = 35K
Ti(ty) = 1.9K

wherethe subscriptrst refersto parametersoncerningherestof thestring.

Power deposition

Figure8 shaws the power depositedn the helium of D3 whenthereis no pressureelief. It is
determinedrom the changen internalenegy with time givenby the temperatur@ndpressure
evolution measuredat the respectie locationse andb of D3. Theripplesin the pressurevolu-
tion, visible betweent, andabout12 s of figure 5, representocal deviationsfrom the general
trenddueto pressurevaves. The magnitudeof theseripplesis suchthat applyingtheselocal
pressuresaluesto deducethe power depositedn the total amountof heliumin D3 would yield
unphysicallylarge power fluctuations. To obtain, for timesbetweent, andabout12 s, values
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Figure 8: Power deposition in D3, unfiltered and filtered data.

representatie for the power depositionin D3 asa whole we thereforeusedthe pressurevalues
givenby the trend-lineof the pressureevolution instead.This is plottedusinga straightline in
figure8.

Whenthereis no pressureelief, the power into the restof the string is mainly dueto com-
pressiorwork drivenby the expansiorof theheliumcontainedn D3. It is about0.7kW average.
Whenpressureelief takesplacethe enthaly flow out of the systemcompensatefor this com-
pressiorenegy.

Model

Figure9 shavsthetypicallenghtsandcross-sectionaireasnvolved. { 4; , L;}, { Ac(a) , Lo(a)},
{Ac(b), Le(b)}, and {A, , L,} arethe cross-sectionsccupiedby the helium at the intercon-
nect,the magnetcold massend cap,andthe magnetyoke repectvely andtheir corresponding
lengths.The geometridnformationcontainedn A;, A.(a), A.(b), wasobtainedfrom construc-
tion drawings, whereasA, wasdeterminedrom volume measurementf the dipole coldmass.
Thedistancdrom theyoke endplateuntil the nearestoil peakfield location, L., wherethe coll
bendinggoesover into the straightpart,is about140-150mm [11].

Pressuravavesare not essentiato the quenchpropagatiorprocess.For the purposeof our
modelwe thereforeconsiderthe pressurdo be homogeneousver the full lengthof the string.
This meansthatwe neglect effectsbelown a time scaleof the order Ly /vsouna = 150ms. The
heliumcontenin thebuffer volumeformedby thespacebetweertheinterconnecandthequench
locationis estimatedo be0.0143 & 0.001 m*. Thisis about2% of the volumeof therestof the
string. With the exceptionof this buffer volume the temperaturesn the restof the string are

9
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homogeneouéseefigure 2).

The foregoing considerationgsnadeus choosea two steppedaproach. In the first stepwe
calculatethe pressureand bulk temperatureavolution of D3 and of the restof the string by a
two-nodemodel. In the secondstepwe usethe resultantpressureandtemperaturesvolution of
D3 asinput to a one-dimensionaillow modelto calculatethe massandenthalgy flow out from
D3 overtheinterconnecaindinto D2.

Two-nodemodel: To calculatethe pressurevolution over a smalltime stepwe assumehat
theheatd ) depositedn D3 duringthistimeis absorbedy theheliumin D3 upto theboundary
betweenthe D3 endcapandthe D3-D2 interconnect. This helium expands,and by doing so
adiabaticallycompressesghe helium containedin the restof the string. The helium equation
of state,the enegy balanceequationgogetherwith the conditionof pressurenhomogeneization
andthe assumptiorof adiabaticcompressiorare sufficient to calculatethe new pressuresand
temperatures D3 andtherestof the string (equationsl to 4):

8UD3 8@ aVD3

ot = ot Pps3 a (1)
aUvrst - aerst

615 - _prstw 3 (2)

PD3 =  DPrst (3)
dVps = —dVig. (4)

A fraction of helium of D3 is expelledinto the interconnect. At the next time stepit is then
no longerdirectly heatedoy the power from the guenchednagnet.Fromthe momentthe safety
relief valve opensijt effectively fixesthestringpressuratthevaluepps = p.s; = pset determined
by the pressuresettingof the valve. The evolution of D3 changedrom isochoricto isobaric,
whichis takeninto accountoy changingequation? into equationb:

BUrSt 8‘/;3‘5 8mrst

ot = —Drst ot + hrstw . (5)
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As aconsequencthemasslow out of D3 increasesvith respecto theisochoricevolution.

One-dimensionalflow model: The gradualexpulsionof increasinglywarmerheliumfrom
D3 into the interconnecis calculatedirom the equationsof continuity for massand enthalyy,
with the pressurep andthe boundaryvaluesfor p andh atxz = 0 given by the resultsof the
two-nodemodel(equations to 10):

dp O0pv

a@t B _88—1” ©)
ph pvh

ot oz’ (7)
p(x.t) = pps(l), (8)
h(0,t) = hps(t). (10)

After solvingfor h(z, t) andp(z, t) thetemperatur@rofile7'(z, t) is determinedrom h(z, t) and
p(t) viathe heliumequationof state.Figure10 showvs anexampleof the calculatedevolution of
temperaturgrofileupto 70cmfrom the D3 interconnectAs thewarmfront reacheshelocation
of thecoil in D2(a)which exhibits the peakfield beforethe currenthasdecayedo zero,D2 will
guenchoncethetemperaturgetsabove the coil critical temperature.

In our model the temperatureprofile from D3 to D2 is the resultof gradualexpulsion of
increasinglywarmerheliumfrom D3 into theinterconnectlnitially we did considerthe contri-
bution of pureheatconductiondueto the temperaturgradientin the heliumto thewarmingup
of D2. Howeverwith the givendimensionsaandtemperaturgradientsconductionis completely
negligable.

11



Tpz €xp.av.

i TD3 \mOde\]\\

Temperature(K)
6]

TD2(a; model  Tpy() eXp.
O T T T T T T
0 5 10 15 20 25 30 35

Time(s)

Figure11: Model and data for quench at 12.4 kA; pse; = 6 bar.

Comparison with experiments

Figure4 shavsthe measuredjuenchpropagatiortime togethemwith the calculatedime accord-
ing to our model. Figurell1 compareshe modelto a quenchpropagatiormeasuremenwith the
SRV relief pressuresetat 6 bar. 7. p, indicateshecritical temperaturef D2 asfunctionof time
whenrampingdown the current[2]. The correspondencketweernthe model-predictedjuench
propagatiortime andthe measureaneis remarlebly good. The measuredcattercould, apart
from the uncertaintyin the pressuremeasurementdiave its origin in slight changesf quench
location,sincethis would directly correspondo a changean heliumvolumeto be heatedup.

Effect of variation of power and of helium content

The string containsspecificLHC prototypedipole magnetof cold masslength10.9m, and of
heliumvolume0.228m?. We characterisa singledipole quenchin this geometryby the ratio
Ry = Viipole/ Vitring Of thequenched/olumeto total volumeratio.

The curvesin figure 12 labelled R, = 0.27 show the calculateddependancef the quench
propagatiortime in the string on varying power depositionper unit volumeinto D3, andon a
changean heliumcontentin thebuffer volumeformedby the spaceébetweertheinterconnecaind
the quenchlocationat a pressureelief settingof 17 bar The variationsareindicatedasratios
with respecto the stringparametersAt low power depositionthe quenchpropagatiortime will
becomanfinite.

12
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Scaling to other string geometries

We appliedthemodelto predictthebehaiour of stringsdifferingin thequenchedolumeto total
volumeratio R, but assembleaut of similar magnets.Undersimilar magnetsve understand
magnetshaving identical power depositionper unit volume asthe LHC prototypemagnetD3,
andwith the samebuffer volume. This correspondencis definedat ratio=1for eachof the R,
labelledcurvesin figure 12. R, = 0.14 is the estimatedratio for a 107 m-long LHC cell in
which a 15 m long dipole magnetquenches R, = 0.07 is the estimatedatio for a 214 m-long
doubleLHC cell in which a 15 m long dipole magnetquenchesThe latter casecorresponds$o
thelongesthydraulicunit in the presentLHC machinedesign.

The calculatedquenchpropagatiortime decreasesvith decreasing?,. The reasonis that
becauseof the relative increasein volume of the restof the string comparedo the quenched
dipolevolumeandthe powerdepositiortherein,atagivenpressurét becomesnorecompressed
thanbefore. The gradualexpulsionof warm heliumfrom the quenchednagnetinto the restof
thestringis facilitated,andhenceareducedjuenchpropagatiortime.

Conclusionsand recommendations

We have shovn thatquenchpropagationn thestringis adequathexplainedby thegradualexpul-
sion of warmheliumfrom the guenchednagnetinto the neighbouringonedrivenby the power
depositednto the helium of the quenchednagnet. As long asthereis no pressureelief yet,
this expulsionworksagainsthe confinedheliumof therestof the string,therebycompressingt
adiabatically Thisis afavourablesituation,becaus@ssoonasthereis pressureelief thehelium
expulsiontakes placeisobarically which is significantly faster This dependencen pressure
reliefis roughly 1.4 s/bar Thereforefor the LHC this pressureelief shouldpreferablybe put at

13



the highestpossiblevalue. The modelshoved the stronghbuffer effect of the combinedhelium
contentin the endvolumesof the magnetcold massesndthe volumeinsidethe yoke up to the
coil locationwith lowesttemperaturenamgin. Purposelyincreasinghis volumecouldbe ervis-
agedif guenchpropagationis a problemin a certainmagnetconfiguration.The dependencen
power depositions aboutasstrong.However sincethis power depositions intimatelylinkedto
themagnetconstructiordetailsit will be muchharderto influencethis.
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