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Abstract--The stability of the TF and CS cable-in-conduit con-
ductors for the Inter national Thermonuclear Experimental Reac-
tor (ITER) hasbeenanalyzedwith the codeGandalf. The energy
margins, computedfor a number of disturbance scenarios,arein
the order of some 100mJ/ccst,well above the expecteddistur-
bances.A detailed convergencestudy is shavn to be essentialnot
only in principle but alsoin practice, e.g dual stability wasfound
in somecasesbut disappearedwhenthe integration time stepwas
refined.

|. INTRODUCTION

Cable-in-ConduitConductorsvith CentralCoolingChannel

(CG) areforeseerfor the Torodial Field (TF) andthe Central
Solenoid(CS) superconductingnagnetsof the International
ThermonucleaExperimentaReactor(ITER). A detailedther-
mal-hydraulicanalysisof thesecablesthemostheavily loaded
in ITER, is neededn orderto designthe magnetswith a rea-
sonable safety mgin.

The QUELL experimentat the CRPPSULTAN facility has
provided a broad and detailedquenchpropagtion database,
which hasbeenusedfor the validation of Gandalfand Mith-
randir[1-4]. In generalthe goodglobalagreementf the sim-
ulations with the quench propagtion experiments have
qualified these codes as reliable engineeringtools for the

designof magnetusingCG. A detailedvalidationof thesetwo
codesagainston-goingandfuture stability experimentsin the
SULTAN facility is planned.

Boththe 1-fluid codeGandalfandMithrandir, a 2-fluid code
developedfrom Gandalf,have beenusedin two parallelstud-
ies[5-7] for the stability analysisof the ITER TF andCScaoils.
This paperreportssomeof the resultsof the code Gandalf,
including a brief comparison with the results of Mithrandir

II. MODEL
A. Code Gandalf and conductor data
Thefinite elementtodeGandalfis the numericalimplemen-

tation of a 1-dimensionamodelfor thermal-tydraulic,quench
andstability analysisof C° [8]. Two simplifying assumptions
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of Gandalfare significantfor this study: the currentis uni-
formly distributed amongthe strandsand the disturbanceis
applieduniformly in the conductorcrosssection.The follow-
ing implementatiorof the stability criterion hasbeenused:at
the endof the time integration (t=TEND) the amountof Joule
heatingpower P, releasedduring the last time stepis com-
puted.If B,=0the conductorhasrecorered.If P,>0, thendR/dt
is checled;if it is =0 the conductotis quenchingjf it is <0 the
transientis still in processandthe run is restartedo a longer
TEND. The choiceof TEND is sometimegatherdelicate,as
will be discussed bela

The ITER TF and CS NbsSn conductorsare cooled by
forced-flav of supercriticahelium.In the TF coil thelengthof
the cooling channelis XLENGT=700m, one half of the con-
ductorlengthof the 2-in-handwoundpancalk. In the CS coil
XLENGT= 674m,thelengthof theinnermostayeratthepeak
magneticfield. The analysisis performedat constantpeak
magneticfield B and constantoperatingcurrent.In the refer-
encescenariahe heattransferperimeterat the contactsurface
of helium-jaclet PHTJand conductofjacket PHTCJare con-
senatively assumedto vanish when entering heat transfer
quantitiesIn otherscenarioga) the heliumin the centralcool-
ing channelis assumedaot to be available,a limiting casefor
most conserative estimates, (b) extra co-wound copper
strandsare addedto the nominal Cu crosssection(i.e., +72%
for TF and +25% for CS), (c) nominal value of PHTJ and
PHTCJ(i.e.,50%of thejacketinnerperimeterjand(d) twisted
crosssectionsof copperand superconductofi.e., 95% of the
nominal \alue) are used. All input data are presented in [5].

B. Disturbance scenarios

Transientinputs of enegy may disturb the operationof a
large fusion magnetand the superconductingable must be
ableto absorbthem without quenching.Disturbancesan be
classifiedin termsof “slow” (loss of coolant,increasednlet
temperaturegverloadsrom joints, radiation,normaloperation
AC losses,etc.) and “fast” (epoxy cracks,winding displace-
ments slip-stickmovementsof individual strandsgtc.) events
[9]. In ITER thedisturbancesre mainly causedcby eddycur-
rentsdriven by magnetidield changesluringa plasmadisrup-
tion, kut can also be caused by mechanical heating.

A limited numberof disturbancescenariohave beeninves-
tigated;someare| TER relevantandsomeareonly significant
for codebenchmarkcomparisonin all caseghe heatinginput
is a squarewave in spaceand time, i.e. the external linear
power Qg is applieddirectly into the strandsfor the time tg;g
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andfor alengthequalto theinitial heatedzonelHZ (seeTable
). In the TF coil the scenarioTF-1 simulatesa mechanical
disturbance;TF-2 simulatesa disturbancedue to AC losses
extendedto oneturn at high magneticfield, wherethe losses
arerelevant,i.e. proportionalto dB/dt. In the CS coil the sce-
nario CS-1 simulatesa mechanicaldisturbanceextendedto

onefull turnathigh field (12m),anunrealisticallylong length
selectedor codebenchmarkests;the scenariaCS-2simulates
a disturbancedue AC lossesextendedto onefull turn at high

field, also for benchmarktests;and finally CS-3 simulatesa

disturbancalueto AC lossesextendedto the partof theinner-

most layer gposed to high field (150m).

I1l. ENERGY MARGIN

The enegy magin EM is given asa window betweentwo
limits, i.e. the maximumvaluefor recorery andthe minimum
value for quenchof the enegy depositedinto the strand
divided by the heatedvolume of strands(mJ/ccst).All com-
putedenegy mamgins arewell abose 200mJ/ccs(Tablel), in
agreementvith previous stability analysis[10] and suchthat
the conductordesignappeargo be conserative comparedo
the expected disturbancesdue to mechanicaleffects (e.g.
10mJ/ccst)andto AC losses(e.g. 80-120 mJ/ccst)[9]. The
recovery/quenclevolutionsof thereferencecasearepresented
anddiscussedh termsof thevariableL 4, i.e.thenormalzone
length (see Fig. 1 and 2).

A sensitvity study hasshowvn that thereare only maginal
variationsof the enegy mawgin by vanishingof the central
cooling channel(exceptin TF-1 wherethe EM reductionis
36%) or by usingthe nominalvaluesof PHTJandPHTCJ,as
well asby smallvariationsof copperandsuperconductocross
sectionsOtherwise thereis a large increaseof EM (exceptin
TF-2 [6]) if the co-wound copperis included, i.e., a large
increase of the Cu cross section.

A. TF coail

In the TF-1 scenaridhereis analmostinstantaneoupropa-
gation of L, to thefull IHZ (i.e. att= 0.1ms,dLq,/dt~10m/
ms). Shortly afterthe end of the Imsdisturbance. ,,,, shrinks
due to inducedflow, i.e. higher He temperaturehigher He
velocity, higher heat transfer coeficient, enhancedcooling.
Thesebeneficialeffectsstartbeforethe endof the pulseat the
IHZ leading edge,and shortly after that at the IHZ trailing
edge.Therecoveryis only partial,i.e. thenormalzoneis small

TABLE |. SUMMARY OF THE ENERGY MARGIN (MJ/CCST)

Case  TF-1 TF-2 cs-1 cs-2
Ref. 545584 234-243 305-515 248-258
(1)  331-389 224-234 267-277 210-219
(2)  1265-1363 234-243 458-468 401-410
A3) - 243-253 - 277-286
(4) - 231-240 - 263-272

(1) No central cooling channel

(2) Copper:strand+eatra, nottwisted.(TheextraCuis
not included in the strandlume for normalization)
(3) Nominal alue of PHTJ and PHTCJ

(4) Copper (strand only) & superconductor: twisted.
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but doesnot vanish(L,,,~15cmat t=6.5ms).At this time the

helium in the hole begins to decelerate,from the center
towardsthe edgesof the IHZ andL,,, remainsin equilibrium
till t=10ms[5]. In the following 20ms the conditionsfor a
“quench”aremet. However, this quenchis notirreversible,as
shavn by the secondequilibrium, reachedand maintainedin
the time internval 30ms<t<200msThe subsequentollapseof
the normalzoneis decisve, andfull recovery is completedat
t=260ms.If onewould have selecteahefinal time for thetime
integration 10ms<TEND<30msthen our implementationof
the stability criterion would have labeledthis simulationasa
“quench”. The irreversible quench case has practically the
sameevolution of therecovery casetill t=210ms.The charac-
teristics of the TF-1 scenarioare that the full IHZ becomes
normal almost instantaneouslyand the decision recovery/
quenchrequirestimes which are ordersof magnitudelarger
than the disturbance duration.

In caseof a quenchin the scenariol F-2 the conductortem-
peraturel ., increaseslowly during~2/3of the100msheating
pulseuntil the conditionsfor normaly (T.;> currentsharing

temperaturearemetatt=75ms.Dueto the combinedeffect of
JouleandexternalheatingL o, reachests peak(~60cm,short
comparedo IHZ=15m) beforethe end of the disturbanceln
the following 10 ms L o, Shrinksdueto inducedflow. As this
effect decaysgequilibriumis reachedL o ~20cm~constarfor
110ms<t<175ms)At t=175msthe effect of enhancedaooling
is practicallyexhaustedandthe Joules andthefriction heating
drive the conductortowardsanirreversiblequench5]. In case
of recovery only a very shortnormalzoneis generatedat the
endof the heatingpulseandthe subsequen¢énhanceatooling
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Fig. 1. Corvergedtime history of normalzonelengthinitiated by minimum
externallinearpower Qg for quench(solid lines)andmaximumQ for recor-
ery (dashedines). Thereferencecaseof the disturbancescenariol F-1 (top)
and TF-2 (bottom) is shn.



Paper LIB-05

is enoughfor afull recoveryin few millisecondsIn summary
in TF-2thenormalzoneis muchsmallerthanthe lHZ, andthe
decisionrecovery/quenchtakes place shortly after the end of
the disturbance.

B. CS coil

In the scenaridCS-1thereis analmostinstantaneoupropa-
gation of the normalzoneto the full IHZ=12m (L /dt~60m/
ms). After a decayof L, in the next 30msat quasiconstant
rate,eitherfull recovery or equilibriumtakesplace.In thelat-
ter casethe normalzoneremainsvery small (<20cm)andonly
at t~300ms the quench becomes clearlyéarsible.

In CS-2normalg startsat ~1/2 of the 100msdisturbance
pulseandthenormalzonegrowsin thenext 20msattherateof
3.2cm/ms.L,, thenshrinkswhenthe inducedflow beginsto
dominateover externalandJouleheatinguntil afirst andshort
(in time) equilibriumis reachedAt the endof the disturbance
Lor decreasetd a secondequilibrium (120ms<t<220ms) At
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Fig. 2. Corvergedtime history of normalzonelengthinitiated by minimum

externallinear power Qg for quench(solid lines)andmaximumQ, for recov-

ery (dashedines). Thereferencecaseof the disturbancescenariocCS-1(top),
CS-2(middle)andCS-3(bottom)is shovn. The CS-3numericalsolutionsare
close lut not fully at comergence in space.
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this pointin time eitherrecovery (fully completedatt=290ms)
or quench tak place.

The enegy magin of CS-3 (367 mJ/ccst)is a numerical
solutioncloseto but notfully atconvergencein spaceThefirst
normaly begins at t=30ms(L o, is ~few meters,shortcom-
paredto IHZ=150m) andis followed by a quick recovery. At
t=75msthe normal zone rapidly grows to ~2/3 of the IHZ
(dLpo/dt=22m/ms) Justafterthe endof the disturbancepulse
the normalzonerapidly shrinks(with approximatelythe same
rateof thegrowing phaseandatt=125msthereis eitherafull
recovery or the startof an equilibrium phase(L,o,<5m). The
quench becomes irrersible for t>200ms.

C. Discussion and comparison with Migmdir

The normal zonelengthis either comparablewith the IHZ
when the helium enthally cannotbe used and the rate of
growth is in the orderof severalm/ms(scenariosvith mechan-
ical disturbancesand CS-3), or L,,<<IHZ when enough
resene of He enthally is available and the corresponding
dL,/dt is in the order of f& cm/ms (TF-2 and CS-2) [7].

A dedicatedesthasshavn thatthe influenceof conductor
lengthsfar from the heateris negligible; in fact(a) the stability
maigins obtainedusinga shortlengthof conductorf XLENGT
=3+IHZ) are practically the sameasthe referenceresultsand
(b) the numericalsolutionsare insensitve to variation of the
meshoutsidethe refinedzone,which is eventuallyreachedy
the pressure awe hut neser by the heating ave.

For all scenarioghe decisionbetweerrecorery andquench
requirestimesof few 100ms;this meanshatin simulationsof
mechanicaldisturbanceghe TEND can be ordersof magni-
tude larger than the duration of the heatingpulse[7]. In the
particularcaseof TF-1 ourimplementatiorof the stability cri-
terion was shawvn to be sensitie to the choiceof TEND and
this partial arbitrariness will require furthepwk.

The enegy mamgins computedwith the 2-fluid code Mith-
randir arelower thanthe Gandalfestimateswith” the central
hole.In generalthe differencebetweenthetwo codesis small
(seealsothediscussiorin [7]), exceptfor the TF-1 disturbance
scenariowherethe 1-fluid magin significantlyexceedshe 2-
fluid result. In TF-1, however, the magin appeardo be still
sensitve to meshvariationsbut the combinationof numberof
nodes, time step and TEND used is the finest practically
affordableon our computerge.g.,41h CPU on a SUN-Ultra-
200MHz for a singlethresholdsearch).The resultsof the 2-
fluid codearealso,asexpected above thelimiting casesf the
1-fluid code“without” the centralhole (marginal discrepang
in TF-1 but seeabove). Theenegy mamgins,givenasthearith-
metic averagebetweenthe minimum EM for quenchandthe
maximum EM for receery, are shan in Table Il.

As afinal warning, it is importantto noticethatin Gandalf
theatrtificial diffusivity associateavith upwindspatialdiscreti-
zationin the momentumequationsis computedusing (V+C)
whereV andC arethe helium flow andsoundspeedyespec-
tively. In Mithrandir the samequantity is computedusing vV
only, andthereforeresultsto be about2 ordersof magnitude
lower. Although an additional dissipation sometimesgives
smoothermrofiles,it canalsoartificially changethe computed
stability threshold.In the CS-2case runsperformedby Mith-
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TABLE 1l. COMPARISON OF THE AVERAGE ENERGY MARGIN (MJ/CCST)

Code Case TF-1 TF-2 CS-1 CS-2
Gandalf Ref. 565 238 310 253
Mithrandir Ref. 333 230 293 260
Gandalf (1) 360 229 272 215
Gandalf (2) 1314 238 463 405
Mithrandir (2) 863 241 355 364

(1) No central cooling channel
(2) Copper: strand«éra

randir simulating Gandalf result in a thresholdincreaseby
~25% when going from (V+C)-upwinding to V-upwinding,
with all the rest unchanged.

IV. NUMERICAL CONVERGENCESTUDY

A detailedconvergencestudy hasbeenperformedto gain
confidencan the numericalsolutionsof the thermalhydraulic
stability analysis,a complex and highly non-linearproblem.
The goal of the analysisis to determinethe time stepAt and
the spaceparametersi.e. the total numberof elementsn the
meshNELEMS and the numberof elementsin the refined
meshNELREF(i.e.,themeshis refinedin a3-IHZ long region
centerenthe externalheaterwhichis symmetricallylocated
betweeninlet and outlet of the cooling channel),so that the
stability mamgin doesnot changeby a further refinementof
theseparametersThetestis doneon asingle“global” number
the stability mawgin, ratherthan on a specificvariableduring
thetransientFixed mesh fixedtime stepandsecondorder(in
time) solutionmethodhave beenusedfor reliability andaccu-
ragy. Time convergencehasbeenstudiedby fixing NELEMS
andNELREFandby decreasind\t; spacecorvergenceby fix-
ing At andoneof the two spaceparameterandby decreasing
the other Convergedsolutionscould be foundin all scenarios
exceptin CS-3, where unexplained spacial oscillationstake
placewhich needfurtherinvestigation, andin TF-1 (seeSec-
tion 11I-C). The resulting numericalparametersonfirm that
the convergencestudy must be repeatedor eachdisturbance
scenaricand,in generalwheneer aninput parameters modi-
fied, as discussed in detail in [Sdle IlI).

Multiple stability occurs when the conductor is stable
againstsmall heatpulses,unstableagainstlarger heatpulses,
again stableagainsteven larger heatpulsesandfinally unsta-

TABLE Ill. DISTURBANCE SCENARIOS AND CORRESPONDINGNUMERICAL
PARAMETERS FOR CONVERGENCE

Case TF-1 TF2 CS-1 CS-2 cs-#
tgis (MS) 1 100 1 100 100
IHZ (m) 1 15 12 12 150
TEND (ms) 300 400 400 400 250
At (s) 2.0E-6 1.0E-3 1.0E-5 1.0E-3 1.0E-5
1.0E-#
NELEMS (-) 3000 1500 2000 4000 1400
NELREF () 1000 500 1000 2000 1000

awith oscillations in space
b Cu: strand+etra, not twisted
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ble againstthe largestheatpulses.Multiple stability hasbeen
obsened experimentallyand hasbeenexplainedin terms of
heatinginducedflow in the early stagesf recovery, leadingto
enhancedeattransfercoeficient [11]. The multiple stability
foundduringthe corvergencestudyof the CS-2scenariovhen
including the extra co-wound copperto the coppercrosssec-
tion is a numericalartifact ratherthan the reproductionof a
physical phenomenon.

V. CONCLUSIONSAND FUTURE DEVELOPMENTS

Thethermalhydraulic stability of the ITER TF andCScon-
ductorshas beenstudiedwith the codesGandalfand Mith-
randir in five disturbancescenarios.All simulated enegy
maigins are of the orderof some100mJ/ccstwell above the
expecteddisturbancesThe enegy maigins computedwith the
2-fluid codeMithrandir are,as expected,in a rangedelimited
from belonv by the prediction of Gandalf “without” central
cooling channelandfrom above by the predictionof Gandalf
in nominalconditions(exceptin the singularcaseCS-3which
needs further westigation).

A more accurateassessmentf the stability maigins of cb
type conductorsjncluding ITER’s, will be possiblewhenthe
thermal hydraulic codeswill be validated against dedicated
experimentstwo of which areplannedn the SULTAN facility.
Thesimulationmodelsshouldalsoincludemorerealisticelec-
tromagneticeffects,e.g.,currenttransfer It's recommendedb
apply the stability analysisto a shortlength of conductorin
orderto reducethelong simulationtimeswithout lossof accu-
ragy, and to carefully select the end of the timegnd¢ion.
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