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Modelling of helium-mediated quench propa-
gation in the LHC prototype test string-1

M. Chorowski , P. Grzegory, L. Serio and R. van Weelderen
�

CERN,LHC Division,CH-1211Geneva23,Switzerland
University of Technology, Wybrzeze Wyspianskiego 27, 50-370

Wroclaw, Poland

The Large HadronCollider (LHC) prototypetest string-1, hereafterreferredto as
thestring,is composedof threeten-meterlongprototypedipolemagnetsandonesix-
meterlongprototypequadrupolemagnet.Themagnetsareimmersedin apressurized
staticbathof superfluidheliumthat is maintainedat a pressureof about1 barandat
a temperatureof about1.9K. This heliumbathconstitutesonesinglehydraulicunit,
extendingalongthe 42.5 m of the string length. We have measuredthe triggering
of quenchesof the string magnetsdue to the quenchingof a singledipole magnet
locatedat thestring’sextremity; i.e. “quenchpropagation”.Previously reportedmea-
surementsenabledto establishthat in this configurationthe quenchpropagationis
mediatedby theheliumandnot by theinter-magnetbusbarconnections[1], [2]. We
presentamodelof heliummediatedquenchpropagationbasedonthequalitativecon-
clusionsof thesetwo previouspapers,andon additionalinformationgainedfrom a
dedicatedseriesof quenchpropagationmeasurementsthat werenot previously re-
ported.We will discussthespecificmechanismsandtheir mainparametersinvolved
atdifferenttimescalesof thepropagationprocess,andapplythemodelto makequan-
titativepredictions.

Keywords: quench(C); propagationvelocity (C); superconductingmagnets(E);
superfluid helium (B); supercritical helium (B)
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Notation
�������
	��

freeendcapcross-sectionalarea0.0363
����������	��
freeendcapcross-sectionalarea0.042 
����� �
freeinterconnectioncross-sectionalarea0.0029
����� �
freeyokecross-sectionalarea0.021 
��� �
electricalcurrent��� �
distanceyoke-endto coil peakfield location0.14-0.15m� �����
	��
endcaplength0.275m� ������	��
endcaplength0.190m� � �
interconnectionlength0.44m� � �
yoke length10m��� �"! �$#&%'�
stringlength42.5m��( �$)+*-,$�.�
dipolecoldmasslength10.9m��! �/� � ��� �"! �$#&%�0 ��( �$)+*-,$�

1 �
internalenergy2 �
volume3 �
specificenthalpy4 �
mass5 �
pressure5 � � � �
SRV setpressure6 �
velocity7 �
massdensity

Intr oduction

CERN is building the Large HadronCollider (LHC), a protonandion collider with center-of-
massenergy in the TeV-per-constituentrange. This machine,to be installedcloseto Geneva
(Switzerland)in the26.7km circumferencetunnelof thepreviousLEP collider, will accelerate
andbring into collision intensebeamsof protonsandionsat higherenergiesthanever achieved
before.TheLHC will make intensiveuseof high-field,twin-aperturesuperconductingmagnets,
operatingin staticbathsof pressurizedheliumII at1.9K andatabout0.1MPa. TheregularLHC
lattice will consistof 53.5m long half-cellscomprisinga quadrupolemagnetandthreedipole
magnets. Two half-cells constitutea 107 m-long single hydraulic unit. The LHC cryogenic
schemeandtheconceptof magnetcoolingis describedin detail in [3].

The protectionof the LHC superconductingmain dipole andquadrupolemagnetsin case
of a quenchis basedon quenchheatersand cold by-passdiodes[4], [5]. Oncea quenchis
detected,thequenchheatersarefired to warm up a large fractionof theoutercoils, provoking
a largeelectricresistancegrowth. Thecurrentcommutatesfrom thequenchingmagnetover to
thecold by-passdiodesconnectedin parallel.Themagnetsthatdo notquencharede-excitedby
switchingoff thepower converterandopeningswitches,with resistancesin parallel. The time
constantfor thede-excitationis about100s for thedipolemagnetcircuit andabout45s for each
of thequadrupolemagnetcircuits.
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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 quenchedmagnethasbeenobserved
andthendescribedwith a mathematicalmodelbasedon energy conservation [6]. The thermo-
hydraulicsof a magnetresistive transitionis governedby two main processes:initially a fast
adiabaticcompressionof thebulk of helium by the rapidly expandingportionof helium in the
vicinity of thecoil. Within somemillisecondsafter the resistive transitionthepressureandthe
temperaturein the cold masshomogenizeand the helium can be treatedas a lumpedenergy
sourcefor theadjacentcold masses.During the time requiredfor thedischarge,othermagnets
mightquenchdueto thermo-hydraulicpropagationin theheliumbathor heatconductionvia the
busbars.Thenumberof quenchingmagnetsdependson themechanismfor thepropagationand
shouldbelimited to theminimum. In theLHC, thebusbar lengthin betweentwo magnetswill
beabout15m. It wasconcludedfrom previouslyreportedmeasurements[1], [2] that,becauseof
this longbusbarlength,quenchpropagationwill bemediatedby theheliumonly. Theaimof the
presentstudyis to establishamodelfor helium-mediatedquenchpropagationandto provide the
mainprocessparameters.For thiswebaseourselveson thequalitativeconclusionsfrom thetwo
previouspapers[1], [2], andonadditionalinformationgainedfrom adedicatedseriesof quench
propagationmeasurementsthatwerenotpreviously reported.

The LHC prototype test string-1

Layout

Within the R&D programfor the Large HadronCollider, a string of three10-m long dipole
magnets(D1, D2, D3) andone3-m long quadrupolemagnet(Q) hasbeenassembledandtested
at CERN [7]. The helium bath in which thesemagnetsare immersedconstitutesone single
hydraulicunit, extendingalong42.5m of thestringlength. Its total heliumvolumeis 0.850 8�9
(Figure1).

Theconfigurationof cold by-passdiodesprotectingthestringmagnetsenabledus to either
provokearesistivetransitionof Q andto observequenchpropagationto D1, or to quenchD3 and
to observequenchpropagationto D2 [8]. Pressurerelief cantakeplaceateitherendof thestring
throughspring-loadedsafetyrelief valves(SRV’s) andat adjustablepressuresettinglevels.
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Figure2: Quench propagation from D3 to D2; :<;>=@?�ACBDB bar.

Instrumentation

Pressureandtemperatureprobes(Allen-Bradley carbonresistors,EDFGFGH platinumresistors,and
piezo-resistive cold pressuresensors)in the endvolumesof eachmagnetaregluedto the end
platesat theextremitiesof thecoil assemblies.Thevoltageaccrossmagnetsandbusbars,and
the temperaturesandpressuresarerecordedfrom the startof the quenchuntil the currenthas
decayedto zero.Thereafterthetemperatureandpressurerecordingcontinuesat a relatively low
acquisitionrate.

Whenoperatingbelow IKJ theaccuracy of thecold pressuresensorsis estimatedto beaboutL F
M"N bar. At highertemperaturestheircalibrationchanges,sensorspecificandcouldeasilyreachL E bar. Thepressuresensorat D2(b) waslost. Thepressuresensorreadingat D2(a),andto a
lesserextendD3(b),provedunreliableduringapressurecalibrationrunat 1.9K. Readingsfrom
neighbouringpressuresensorswereusedinstead.

Measurements

A dedicatedseriesof elevenmeasurementswasperformedto permit to quantify theprocessof
helium-mediatedquenchpropagation.Pressurerelief wassetup to takeplacethroughthesafety
valve locatedat thequadrupoleendof thestringonly. As aparameterin ourmeasurementseries
wevariedthesetpressurevalue,O
P/QSR , of thispressurerelief valvebetween6 and23bar. For each
setpressurewe thenpoweredQ, D1, D2, andD3 at 12.4kA, andsubsequentlyquenchedD3
by firing its quenchheaters.Figures2 and3 show a typical current,pressureandtemperature
evolutionof D2 andD3 afterquenchingD3. After initiating aquenchin D3, thecurrentthrough
D3 commutatesto the protectiondiode within lessthan one second. The string currentthen
decayswith a time constantof 100 s. After a delaytime of several secondsup to several tens
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of seconds,dependingon the pressurerelief valve setting, the adjacentdipole D2 quenches.
Figure4 shows thecompleteseriesof observedquenchpropagationtimesasfunctionof theset
pressure.

As elaboratedin [6] thequenchprocessof anindividualmagnetcanbedividedinto two main
phases.In thefirst phaseuntil about300msafter initiating thequenchof D3, the temperature
of its coils increasesto about100 K. Liquid helium in closecontactwith the coil is heated,
quickly vapourizesandexpands,therebycompressingtheremainingbulk heliumof D3 andthe
restof the string to a peakvalueof about8 bar. This peakvalueof 8 bar is several bar lower
thanif D3 would have beenquenchedin a standaloneconfigurationdueto theavailableextra
heliumvolumein D2, D1, andQ [9]. Thepressurealongthestringfollows closelythepressure
evolution in D3, delayedonly by the travel time requiredby the pressurewave (seefigure 6).
Rapidevaporationandchangeof phaseof theexpandedheliumcauseadecreasein heattransfer
betweenthecoil andtheheliummarkingtheendof theadiabaticcompressionphase.Thereafter
the expandedhelium and the compressedhelium in D3 mix, the whole string pressuredrops
from its peakvaluedown to a few bar, anda secondphaseof slow pressurerise starts. The
temperaturesatbothendsof D3 startto increase,followedby anevenslower temperaturerisein
D2 at theD2-D3 interconnectside.Thetemperaturesin therestof thestringremainunaffected.
After about16s thepressurerelief valveopensandmaintainsthepressureat 11 bar. Therateof
temperaturerisein D2 increases.After a further16s D2 quenches.

Fromfigure3 we seethat temperatureD2(a) risessteadilytowardsthevaluegivenby tem-
peratureD3(a) of thequenchedmagnet.This behaviour is consistentwith quenchpropagation
by thehelium. In contrastto this we observe thattemperaturesensorD3(b), locatedin between
D3(a)andD2(a),indicatesat timesbeyond18 s valuesmuchbelow theothertwo. We attribute
this to calibrationdataerrorsandwill ignorethissensorfor theremainderof theanalysis.

Processidentification

Heatconductionvia thebusbarsis excludedastheresponsiblepropagationmechanismbecause
with busbar lengthsof about10 m in betweenD3 andD2 theresultantdelaytime would have
beenmuch longer thanthoseactuallymeasured[2]. This is substantiatedby the voltagetaps
measurementsthatindicatethattheresistive transitionof D2 initiatesat its coils endsat theD2-
D3 connectionsidewhereasthe bus barsconnectionto the D2 coils is situatedat the D2-D1
interconnectside[10]. We concludethatmediationby theheliumis theprocessresponsiblefor
thequenchpropagationto D2.

Figure7 showsin aphasediagramthemeasuredevolutionof theheliumstatein D3, in D2(a),
andin therestof thestring.Thelinescorrespondingto idealisochoricheatingandidealadiabatic
compressionaredrawn for reference.As describedin the previous paragraphwe seethat D3
initially evolvesnearthe adiabaticalcompressionline, it then very soonstartsto deviate and
joinstheisochoricheatingline. Therestof thestringbehavesasbeingadiabaticallycompressed.
Only theportionof thestringneartheD2-D3 interconnect(D2(a))startsto deviateat a certain
momentfrom thepureadiabaticcompressionline, signallingthearrival of warmhelium.
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Processmodeling

Initial state

Sinceuntil thethestartof thesecondphaseof thequenchprocessthetemperaturein D2 is hardly
affected,westartourmodeldescriptionfrom thisphase.Wetakeasinitial conditionsthestateatZ<[>\^]

after thequenchwhentheeffectsof theadiabaticcompressionphaseof D3 have diedout.
Thestringis subdividedinto two parts.Thefirst partrepresentingthequencheddipole,D3, and
thesecondparttherestof thestring:

_a` b ZD["\c]
dfe _a`hg b \G["ikjmlGn
oqpmr e _a`hgsb t ["\ku
oqv w x e _a`hg b ZD["yku

wherethesubscript
nz]S{

refersto parametersconcerningtherestof thestring.

Power deposition

Figure8 shows thepower depositedin theheliumof D3 whenthereis no pressurerelief. It is
determinedfrom thechangein internalenergy with time givenby thetemperatureandpressure
evolution measuredat therespective locations| and } of D3. Theripplesin thepressureevolu-
tion, visible between

_a`
andabout12 s of figure 5, representlocal deviationsfrom the general

trenddueto pressurewaves. The magnitudeof theseripples is suchthat applyingtheselocal
pressurevaluesto deducethepower depositedin thetotal amountof heliumin D3 would yield
unphysicallylarge power fluctuations.To obtain,for timesbetween

_a`
andabout12 s, values
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representative for thepower depositionin D3 asa wholewe thereforeusedthepressurevalues
givenby the trend-lineof thepressureevolution instead.This is plottedusinga straightline in
figure8.

Whenthereis no pressurerelief, thepower into therestof thestring is mainly dueto com-
pressionwork drivenby theexpansionof theheliumcontainedin D3. It is about0.7kW average.
Whenpressurerelief takesplacetheenthalpy flow out of thesystemcompensatesfor this com-
pressionenergy.

Model

Figure9 showsthetypical lenghtsandcross-sectionalareasinvolved. ~
��������� � , ~
�����������<�������
�&� ,
~
���������������������&� , and ~
����������� are the cross-sectionsoccupiedby the helium at the intercon-
nect,the magnetcold massendcap,andthe magnetyoke repectively andtheir corresponding
lengths.Thegeometricinformationcontainedin ��� , �������
� , ��������� , wasobtainedfrom construc-
tion drawings,whereas��� wasdeterminedfrom volumemeasurementof thedipolecoldmass.
Thedistancefrom theyokeendplateuntil thenearestcoil peakfield location, ��� , wherethecoil
bendinggoesover into thestraightpart,is about140-150mm [11].

Pressurewavesarenot essentialto thequenchpropagationprocess.For thepurposeof our
modelwe thereforeconsiderthepressureto behomogeneousover the full lengthof thestring.
This meansthatwe neglect effectsbelow a time scaleof the order ���/� ���D�������+�D� �¢¡D£�¤G¥'¦ . The
heliumcontentin thebuffervolumeformedby thespacebetweentheinterconnectandthequench
locationis estimatedto be ¤
§>¤�¡D¨G©«ª¬¤
§>¤G¤�¡K¥�­ . This is about2% of thevolumeof therestof the
string. With the exceptionof this buffer volumethe temperaturesin the restof the string are
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homogeneous(seefigure2).
The foregoing considerationsmadeus choosea two steppedaproach. In the first stepwe

calculatethe pressureandbulk temperatureevolution of D3 andof the restof the string by a
two-nodemodel. In thesecondstepwe usetheresultantpressureandtemperatureevolution of
D3 asinput to a one-dimensionalflow modelto calculatethemassandenthalpy flow out from
D3 over theinterconnectandinto D2.

Two-nodemodel: To calculatethepressureevolutionoverasmalltimestepweassumethat
theheat®�¯ depositedin D3 duringthis time is absorbedby theheliumin D3 upto theboundary
betweenthe D3 endcapand the D3-D2 interconnect.This helium expands,and by doing so
adiabaticallycompressesthe helium containedin the restof the string. The helium equation
of state,theenergy balanceequationstogetherwith theconditionof pressurehomogeneization
andthe assumptionof adiabaticcompressionaresufficient to calculatethe new pressuresand
temperaturesin D3 andtherestof thestring(equations1 to 4):°�±�²m³

°G´ µ
° ¯°G´·¶�¸ ²m³ °�¹º²»³

°G´ ¼ (1)°�±�½ ¾ ¿
°G´ µ ¶À¸ ½/¾ ¿ °�¹º½/¾ ¿

°G´ ¼ (2)

¸ ²m³ µ ¸ ½ ¾/¿ ¼ (3)

® ¹º²»³ µ ¶ ® ¹º½/¾ ¿ÂÁ
(4)

A fraction of helium of D3 is expelled into the interconnect.At the next time stepit is then
no longerdirectly heatedby thepower from thequenchedmagnet.Fromthemomentthesafety
relief valveopens,it effectivelyfixesthestringpressureatthevaluȩ

²m³ µ�¸ ½/¾ ¿ µÃ¸ ¾ ÄS¿
determined

by the pressuresettingof the valve. The evolution of D3 changesfrom isochoricto isobaric,
which is takeninto accountby changingequation2 into equation5:°�±�½ ¾/¿

°G´ µÅ¶Æ¸ ½ ¾/¿ °�¹�½ ¾/¿
°G´ ÇÉÈ ½ ¾/¿ °
ÊË½/¾ ¿

°G´ Á
(5)
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As aconsequencethemassflow outof D3 increaseswith respectto theisochoricevolution.
One-dimensionalflow model: Thegradualexpulsionof increasinglywarmerheliumfrom

D3 into the interconnectis calculatedfrom the equationsof continuity for massandenthalpy,
with the pressureÓ andthe boundaryvaluesfor Ô and Õ at ÖØ×ÚÙ given by the resultsof the
two-nodemodel(equations6 to 10):Û ÔÛGÜ × Ý

Û Ô
ÞÛ Öàß (6)Û ÔáÕÛGÜ × Ý
Û Ô
ÞqÕÛ Ö ß (7)

ÓfâãÖ ß
Ü+ä × Ó
åmæ�â Ü+ä ß (8)

Ôçâ�Ù ß
Ü+ä × Ô�åmæ�â Ü+ä ß (9)

Õfâ�Ù ß
Ü+ä × Õ
åmæ�â Ü+ä�è

(10)

After solvingfor Õfâ>Ö ß
Ü+ä

andÔçâãÖ ß
Ü+ä

thetemperatureprofile éêâ>Ö ß
Ü+ä

is determinedfrom Õfâ>Ö ß
Ü+ä

and
Ófâ Ü+ä via theheliumequationof state.Figure10 showsanexampleof thecalculatedevolutionof
temperatureprofileupto 70cmfrom theD3 interconnect.As thewarmfront reachesthelocation
of thecoil in D2(a)whichexhibits thepeakfield beforethecurrenthasdecayedto zero,D2 will
quenchoncethetemperaturegetsabove thecoil critical temperature.

In our model the temperatureprofile from D3 to D2 is the result of gradualexpulsionof
increasinglywarmerheliumfrom D3 into theinterconnect.Initially we did considerthecontri-
bution of pureheatconductiondueto thetemperaturegradientin theheliumto thewarmingup
of D2. Howeverwith thegivendimensionsandtemperaturegradients,conductionis completely
negligable.
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Comparison with experiments

Figure4 showsthemeasuredquenchpropagationtime togetherwith thecalculatedtimeaccord-
ing to our model.Figure11 comparesthemodelto a quenchpropagationmeasurementwith the
SRV relief pressuresetat6 bar. òqózô õmö indicatesthecritical temperatureof D2 asfunctionof time
whenrampingdown thecurrent[2]. Thecorrespondencebetweenthemodel-predictedquench
propagationtime andthemeasuredoneis remarkebly good. Themeasuredscattercould,apart
from theuncertaintyin thepressuremeasurements,have its origin in slight changesof quench
location,sincethis woulddirectly correspondto a changein heliumvolumeto beheatedup.

Effect of variation of power and of helium content

ThestringcontainsspecificLHC prototypedipolemagnetsof cold masslength10.9m, andof
heliumvolume0.228 ÷�ø . We characterisea singledipolequenchin this geometryby theratioù.ú^ûÅüºý&þ$ÿ��������Gü��
	�� þ�
��

of thequenchedvolumeto total volumeratio.
The curvesin figure12 labelled

ù.úËû��������
show the calculateddependanceof thequench

propagationtime in the string on varying power depositionper unit volumeinto D3, andon a
changein heliumcontentin thebuffer volumeformedby thespacebetweentheinterconnectand
thequenchlocationat a pressurerelief settingof 17 bar. Thevariationsareindicatedasratios
with respectto thestringparameters.At low powerdepositionthequenchpropagationtimewill
becomeinfinite.
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Scaling to other string geometries

Weappliedthemodelto predictthebehaviour of stringsdifferingin thequenchedvolumeto total
volumeratio $&% , but assembledout of similar magnets.Undersimilar magnetswe understand
magnetshaving identicalpower depositionper unit volumeasthe LHC prototypemagnetD3,
andwith thesamebuffer volume. This correspondenceis definedat ratio=1for eachof the $&%
labelledcurves in figure 12. $&%('*)�+-,/. is the estimatedratio for a 107 m-long LHC cell in
which a 15 m long dipolemagnetquenches.$&%0'1)�+�)�2 is theestimatedratio for a 214m-long
doubleLHC cell in which a 15 m long dipolemagnetquenches.Thelattercasecorrespondsto
thelongesthydraulicunit in thepresentLHC machinedesign.

The calculatedquenchpropagationtime decreaseswith decreasing$&% . The reasonis that
becauseof the relative increasein volumeof the restof the string comparedto the quenched
dipolevolumeandthepowerdepositiontherein,atagivenpressureit becomesmorecompressed
thanbefore.Thegradualexpulsionof warmheliumfrom thequenchedmagnetinto therestof
thestringis facilitated,andhencea reducedquenchpropagationtime.

Conclusionsand recommendations

Wehaveshown thatquenchpropagationin thestringis adequatlyexplainedby thegradualexpul-
sionof warmheliumfrom thequenchedmagnetinto theneighbouringonedrivenby thepower
depositedinto the helium of the quenchedmagnet. As long asthereis no pressurerelief yet,
thisexpulsionworksagainsttheconfinedheliumof therestof thestring,therebycompressingit
adiabatically. This is a favourablesituation,becauseassoonasthereis pressurerelief thehelium
expulsion takesplaceisobarically, which is significantly faster. This dependenceon pressure
relief is roughly1.4s/bar. Thereforefor theLHC this pressurerelief shouldpreferablybeput at
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thehighestpossiblevalue. Themodelshowedthestrongbuffer effect of thecombinedhelium
contentin theendvolumesof themagnetcold massesandthevolumeinsidetheyoke up to the
coil locationwith lowesttemperaturemargin. Purposelyincreasingthis volumecouldbeenvis-
agedif quenchpropagationis a problemin a certainmagnetconfiguration.Thedependenceon
powerdepositionis aboutasstrong.Howeversincethis powerdepositionis intimatelylinkedto
themagnetconstructiondetailsit will bemuchharderto influencethis.
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