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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,are in
the order of some 100mJ/ccst,well above the expecteddistur-
bances.A detailed convergencestudy is shown to be essentialnot
only in principle but alsoin practice, e.g. dual stability wasfound
in somecases,but disappearedwhenthe integration time stepwas
refined.

I. INTRODUCTION

Cable-in-ConduitConductorswith CentralCoolingChannel

(C6) are foreseenfor the Torodial Field (TF) and the Central
Solenoid(CS) superconductingmagnetsof the International
ThermonuclearExperimentalReactor(ITER). A detailedther-
mal-hydraulicanalysisof thesecables,themostheavily loaded
in ITER, is neededin orderto designthe magnetswith a rea-
sonable safety margin.

The QUELL experimentat the CRPPSULTAN facility has
provided a broadand detailedquenchpropagation database,
which hasbeenusedfor the validationof GandalfandMith-
randir [1-4]. In general,thegoodglobalagreementof thesim-
ulations with the quench propagation experiments have
qualified these codes as reliable engineeringtools for the

designof magnetusingC6. A detailedvalidationof thesetwo
codesagainston-goingandfuturestability experimentsin the
SULTAN facility is planned.

Both the1-fluid codeGandalfandMithrandir, a2-fluid code
developedfrom Gandalf,have beenusedin two parallelstud-
ies[5-7] for thestabilityanalysisof theITER TF andCScoils.
This paperreportssomeof the resultsof the codeGandalf,
including a brief comparison with the results of Mithrandir.

II. MODEL

A. Code Gandalf and conductor data

Thefinite elementcodeGandalfis thenumericalimplemen-
tationof a 1-dimensionalmodelfor thermal-hydraulic,quench

andstability analysisof C6 [8]. Two simplifying assumptions

of Gandalf are significant for this study: the current is uni-
formly distributed amongthe strandsand the disturbanceis
applieduniformly in the conductorcrosssection.The follow-
ing implementationof the stability criterion hasbeenused:at
theendof the time integration(t=TEND) theamountof Joule
heatingpower Pj releasedduring the last time step is com-
puted.If Pj=0 theconductorhasrecovered.If Pj>0, thendPj/dt
is checked;if it is ≥0 theconductoris quenching,if it is <0 the
transientis still in processandthe run is restartedto a longer
TEND. The choiceof TEND is sometimesratherdelicate,as
will be discussed below.

The ITER TF and CS Nb3Sn conductorsare cooled by
forced-flow of supercriticalhelium.In theTF coil thelengthof
the cooling channelis XLENGT=700m,onehalf of the con-
ductorlengthof the 2-in-handwoundpancake. In the CS coil
XLENGT= 674m,thelengthof theinnermostlayerat thepeak
magneticfield. The analysisis performedat constantpeak
magneticfield B andconstantoperatingcurrent.In the refer-
encescenariotheheattransferperimeterat thecontactsurface
of helium-jacket PHTJandconductor-jacket PHTCJarecon-
servatively assumedto vanish when entering heat transfer
quantities.In otherscenarios(a) theheliumin thecentralcool-
ing channelis assumednot to beavailable,a limiting casefor
most conservative estimates, (b) extra co-wound copper
strandsareaddedto the nominalCu crosssection(i.e., +72%
for TF and +25% for CS), (c) nominal value of PHTJ and
PHTCJ(i.e.,50%of thejacket innerperimeter)and(d) twisted
crosssectionsof copperandsuperconductor(i.e., 95% of the
nominal value) are used. All input data are presented in [5].

B. Disturbance scenarios

Transientinputs of energy may disturb the operationof a
large fusion magnetand the superconductingcable must be
able to absorbthem without quenching.Disturbancescan be
classifiedin termsof “slow” (loss of coolant,increasedinlet
temperature,overloadsfrom joints,radiation,normaloperation
AC losses,etc.) and “f ast” (epoxy cracks,winding displace-
ments,slip-stickmovementsof individual strands,etc.)events
[9]. In ITER the disturbancesaremainly causedby eddycur-
rentsdrivenby magneticfield changesduringaplasmadisrup-
tion, but can also be caused by mechanical heating.

A limited numberof disturbancescenarioshave beeninves-
tigated;someareITER relevantandsomeareonly significant
for codebenchmarkcomparison.In all casestheheatinginput
is a squarewave in spaceand time, i.e. the external linear
power Q0 is applieddirectly into the strandsfor the time tdis
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andfor a lengthequalto theinitial heatedzoneIHZ (seeTable
III). 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 turn at high field (12m),anunrealisticallylong length
selectedfor codebenchmarktests;thescenarioCS-2simulates
a disturbancedueAC lossesextendedto onefull turn at high
field, also for benchmarktests;and finally CS-3 simulatesa
disturbancedueto AC lossesextendedto thepartof theinner-
most layer exposed to high field (150m).

III. ENERGY MARGIN

The energy margin EM is given asa window betweentwo
limits, i.e. themaximumvaluefor recovery andtheminimum
value for quench of the energy depositedinto the strand
divided by the heatedvolume of strands(mJ/ccst).All com-
putedenergy margins arewell above 200mJ/ccst(TableI), in
agreementwith previous stability analysis[10] andsuchthat
the conductordesignappearsto be conservative comparedto
the expected disturbancesdue to mechanicaleffects (e.g.
10mJ/ccst)and to AC losses(e.g. 80-120 mJ/ccst)[9]. The
recovery/quenchevolutionsof thereferencecasearepresented
anddiscussedin termsof thevariableLnor, i.e.thenormalzone
length (see Fig. 1 and 2).

A sensitivity studyhasshown that thereareonly marginal
variationsof the energy margin by vanishingof the central
cooling channel(except in TF-1 where the EM reductionis
36%)or by usingthenominalvaluesof PHTJandPHTCJ,as
well asby smallvariationsof copperandsuperconductorcross
sections.Otherwise,thereis a large increaseof EM (exceptin
TF-2 [6]) if the co-wound copper is included, i.e., a large
increase of the Cu cross section.

A. TF coil

In theTF-1 scenariothereis analmostinstantaneouspropa-
gation of Lnor to the full IHZ (i.e. at t= 0.1ms,dLnor/dt~10m/
ms).Shortlyafter theendof the1msdisturbanceLnor shrinks
due to inducedflow, i.e. higher He temperature,higher He
velocity, higher heat transfer coefficient, enhancedcooling.
Thesebeneficialeffectsstartbeforetheendof thepulseat the
IHZ leading edge,and shortly after that at the IHZ trailing
edge.Therecovery is only partial,i.e. thenormalzoneis small

but doesnot vanish(Lnor=15cmat t=6.5ms).At this time the
helium in the hole begins to decelerate,from the center
towardstheedgesof the IHZ andLnor remainsin equilibrium
till t=10ms [5]. In the following 20ms the conditionsfor a
“quench”aremet.However, this quenchis not irreversible,as
shown by the secondequilibrium, reachedandmaintainedin
the time interval 30ms<t<200ms.The subsequentcollapseof
the normalzoneis decisive, andfull recovery is completedat
t=260ms.If onewouldhaveselectedthefinal time for thetime
integration 10ms<TEND<30ms,then our implementationof
the stability criterion would have labeledthis simulationasa
“quench”. The irreversible quenchcasehas practically the
sameevolution of the recovery casetill t=210ms.Thecharac-
teristicsof the TF-1 scenarioare that the full IHZ becomes
normal almost instantaneously, and the decision recovery/
quenchrequirestimes which are ordersof magnitudelarger
than the disturbance duration.

In caseof a quenchin thescenarioTF-2 theconductortem-
peratureTco increasesslowly during~2/3of the100msheating
pulseuntil the conditionsfor normalcy (Tco> currentsharing
temperature)aremetat t=75ms.Dueto thecombinedeffect of
JouleandexternalheatingLnor reachesits peak(~60cm,short
comparedto IHZ=15m) beforethe endof the disturbance.In
the following 10 ms Lnor shrinksdueto inducedflow. As this
effect decays,equilibriumis reached(Lnor~20cm~constantfor
110ms<t<175ms).At t=175msthe effect of enhancedcooling
is practicallyexhaustedandtheJoule’sandthefriction heating
drive theconductortowardsanirreversiblequench[5]. In case
of recovery only a very shortnormalzoneis generatedat the
endof theheatingpulseandthesubsequentenhancedcooling

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

Case TF-1 TF-2 CS-1 CS-2

Ref. 545-584 234-243 305-515 248-258
(1) 331-389 224-234 267-277 210-219
(2) 1265-1363 234-243 458-468 401-410
(3) - 243-253 - 277-286
(4) - 231-240 - 263-272

(1) No central cooling channel
(2) Copper:strand+extra,not twisted.(TheextraCu is
not included in the strand volume for normalization)
(3) Nominal value of PHTJ and PHTCJ
(4) Copper (strand only) & superconductor: twisted.
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Fig. 1. Convergedtime historyof normalzonelengthinitiatedby minimum
externallinearpowerQ0 for quench(solid lines)andmaximumQ0 for recov-
ery (dashedlines).Thereferencecaseof thedisturbancescenarioTF-1 (top)
and TF-2 (bottom) is shown.
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is enoughfor a full recovery in few milliseconds.In summary,
in TF-2 thenormalzoneis muchsmallerthantheIHZ, andthe
decisionrecovery/quenchtakesplaceshortly after the endof
the disturbance.

B. CS coil

In thescenarioCS-1thereis analmostinstantaneouspropa-
gationof thenormalzoneto the full IHZ=12m (Lnor/dt~60m/
ms).After a decayof Lnor in the next 30msat quasiconstant
rate,eitherfull recovery or equilibriumtakesplace.In the lat-
ter casethenormalzoneremainsvery small(<20cm)andonly
at t~300ms the quench becomes clearly irreversible.

In CS-2 normalcy startsat ~1/2 of the 100msdisturbance
pulseandthenormalzonegrows in thenext 20msat therateof
3.2cm/ms.Lnor thenshrinkswhenthe inducedflow begins to
dominateover externalandJouleheatinguntil a first andshort
(in time) equilibriumis reached.At theendof thedisturbance
Lnor decreasesto a secondequilibrium(120ms<t<220ms).At

this point in time eitherrecovery (fully completedat t=290ms)
or quench take place.

The energy margin of CS-3 (367 mJ/ccst)is a numerical
solutioncloseto but not fully atconvergencein space.Thefirst
normalcy begins at t=30ms(Lnor is ~few meters,short com-
paredto IHZ=150m) andis followed by a quick recovery. At
t=75ms the normal zone rapidly grows to ~2/3 of the IHZ
(dLnor/dt=22m/ms).Justafter theendof thedisturbancepulse
thenormalzonerapidly shrinks(with approximatelythesame
rateof thegrowing phase)andat t=125msthereis eithera full
recovery or the startof an equilibrium phase(Lnor<5m). The
quench becomes irreversible for t>200ms.

C. Discussion and comparison with Mithrandir

The normalzonelength is eithercomparablewith the IHZ
when the helium enthalpy cannot be used and the rate of
growth is in theorderof severalm/ms(scenarioswith mechan-
ical disturbancesand CS-3), or Lnor<<IHZ when enough
reserve of He enthalpy is available and the corresponding
dLnor/dt is in the order of few cm/ms (TF-2 and CS-2) [7].

A dedicatedtesthasshown that the influenceof conductor
lengthsfar from theheateris negligible; in fact(a) thestability
marginsobtainedusinga shortlengthof conductor(XLENGT
=3•IHZ) arepractically the sameas the referenceresultsand
(b) the numericalsolutionsare insensitive to variationof the
meshoutsidetherefinedzone,which is eventuallyreachedby
the pressure wave but never by the heating wave.

For all scenariosthedecisionbetweenrecovery andquench
requirestimesof few 100ms;this meansthat in simulationsof
mechanicaldisturbancesthe TEND can be ordersof magni-
tude larger than the durationof the heatingpulse[7]. In the
particularcaseof TF-1 our implementationof thestability cri-
terion wasshown to be sensitive to the choiceof TEND and
this partial arbitrariness will require further work.

The energy margins computedwith the 2-fluid codeMith-
randirarelower thantheGandalfestimates“with” thecentral
hole.In general,thedifferencebetweenthetwo codesis small
(seealsothediscussionin [7]), exceptfor theTF-1disturbance
scenario,wherethe1-fluid margin significantlyexceedsthe2-
fluid result. In TF-1, however, the margin appearsto be still
sensitive to meshvariations,but thecombinationof numberof
nodes, time step and TEND used is the finest practically
affordableon our computers(e.g.,41h CPU on a SUN-Ultra-
200MHz for a single thresholdsearch).The resultsof the 2-
fluid codearealso,asexpected,above thelimiting casesof the
1-fluid code“without” the centralhole (marginal discrepancy
in TF-1but seeabove).Theenergy margins,givenasthearith-
metic averagebetweenthe minimum EM for quenchandthe
maximum EM for recovery, are shown in Table II.

As a final warning,it is importantto noticethat in Gandalf
theartificial diffusivity associatedwith upwindspatialdiscreti-
zation in the momentumequationsis computedusing (V+C)
whereV andC arethe helium flow andsoundspeed,respec-
tively. In Mithrandir the samequantity is computedusing V
only, and thereforeresultsto be about2 ordersof magnitude
lower. Although an additional dissipation sometimesgives
smootherprofiles,it canalsoartificially changethecomputed
stability threshold.In theCS-2case,runsperformedby Mith-
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Fig. 2. Convergedtime history of normalzonelengthinitiated by minimum
externallinearpower Q0 for quench(solid lines)andmaximumQ0 for recov-
ery (dashedlines).Thereferencecaseof thedisturbancescenarioCS-1(top),
CS-2(middle)andCS-3(bottom)is shown. TheCS-3numericalsolutionsare
close but not fully at convergence in space.



4 1998 Applied Superconductivity Conference - Palm Desert, CA (Sept. 13-18, 1998) Paper LIB-05

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
confidencein thenumericalsolutionsof thethermalhydraulic
stability analysis,a complex and highly non-linearproblem.
The goal of the analysisis to determinethe time step∆t and
the spaceparameters,i.e. the total numberof elementsin the
meshNELEMS and the numberof elementsin the refined
meshNELREF(i.e., themeshis refinedin a3•IHZ longregion
centeredon theexternalheater, which is symmetricallylocated
betweeninlet and outlet of the cooling channel),so that the
stability margin doesnot changeby a further refinementof
theseparameters.Thetestis doneonasingle“global” number,
the stability margin, ratherthanon a specificvariableduring
thetransient.Fixedmesh,fixedtime stepandsecondorder(in
time) solutionmethodhave beenusedfor reliability andaccu-
racy. Time convergencehasbeenstudiedby fixing NELEMS
andNELREFandby decreasing∆t; spaceconvergenceby fix-
ing ∆t andoneof the two spaceparametersandby decreasing
theother. Convergedsolutionscouldbe found in all scenarios
except in CS-3, where unexplained spacialoscillationstake
placewhich needfurther investigation,andin TF-1 (seeSec-
tion III-C). The resultingnumericalparametersconfirm that
the convergencestudymustbe repeatedfor eachdisturbance
scenarioand,in general,wheneveraninputparameteris modi-
fied, as discussed in detail in [5] (Table III).

Multiple stability occurs when the conductor is stable
againstsmall heatpulses,unstableagainst larger heatpulses,
again stableagainsteven largerheatpulses,andfinally unsta-

ble againstthe largestheatpulses.Multiple stability hasbeen
observed experimentallyand hasbeenexplainedin termsof
heatinginducedflow in theearlystagesof recovery, leadingto
enhancedheattransfercoefficient [11]. The multiple stability
foundduringtheconvergencestudyof theCS-2scenariowhen
including the extra co-woundcopperto the coppercrosssec-
tion is a numericalartifact rather than the reproductionof a
physical phenomenon.

V. CONCLUSIONSAND FUTURE DEVELOPMENTS

Thethermalhydraulicstability of theITER TF andCScon-
ductorshas beenstudiedwith the codesGandalf and Mith-
randir in five disturbancescenarios.All simulated energy
margins areof the orderof some100mJ/ccst,well above the
expecteddisturbances.Theenergy marginscomputedwith the
2-fluid codeMithrandir are,asexpected,in a rangedelimited
from below by the prediction of Gandalf “without” central
coolingchannel,andfrom above by thepredictionof Gandalf
in nominalconditions(exceptin thesingularcaseCS-3which
needs further investigation).

A moreaccurateassessmentof the stability margins of C6

type conductors,including ITER’s, will be possiblewhenthe
thermal hydraulic codeswill be validatedagainst dedicated
experiments,two of whichareplannedin theSULTAN facility.
Thesimulationmodelsshouldalsoincludemorerealisticelec-
tromagneticeffects,e.g.,currenttransfer. It’s recommendedto
apply the stability analysisto a short length of conductorin
orderto reducethelong simulationtimeswithout lossof accu-
racy, and to carefully select the end of the time integration.

ACKNOWLEDGMENT

Theauthorsaregratefulto LucaBotturaof CERNandPier-
luigi Bruzzone of CRPP for valuable discussions.

REFERENCES

[1] C. Marinucci,L. Bottura,G. Vécsey andR. Zanino,“The QUELL
experimentasa validationtool for the numericalcodeGandalf,”
Cryogenics38, pp. 467-477, 1998.

[2] R. Zanino,L. BotturaandC. Marinucci,“A Comparisonbetween
1- and 2-Fluid Simulations for QUELL,” IEEE Trans. Appl.
Supercond.,7, pp. 493-496, 1997.

[3] R. Zanino,L. BotturaandC. Marinucci,“Computersimulationof
quenchpropagationin QUELL,” Adv. Cryo.Eng. 43, pp.181-188,
1998.

[4] S. DePalo, C. Marinucci and R. Zanino, “Stability estimatefor
CICC with coolingchannelusingone-andtwo-fluid codes,” Adv.
Cryo. Eng. 43, pp. 333-339, 1998.

[5] C. Marinucci,“Stability analysisof theITER CSandTF conduc-
tors using the code Gandalf,” Report CRPP/FT/CM/98-RE-01,
pp. 1-102, May 1998.

[6] R. ZaninoandL. Savoldi, “Stability modelingof ITER CSandTF
CICC using the MITHRANDIR code,” Report PT DE 478/IN,
April 1998.

[7] R. Zanino,C. Marinucci and L. Savoldi, “Two-fluid analysisof
thethermal-hydraulicstability of ITER CSandTF super-conduc-
tors,” presented at ICEC-17, July 1998.

[8] L. Bottura,“A NumericalModel for theSimulationof Quenchin
the ITER Magnets,” J. Comput. Phys.125, pp. 26-41, 1996.

[9] P. Bruzzone,“Disturbancesandmargins for theITER conductors
in pulsed operation,” to appear inIEEE Trans. Magn., 1998.

[10]M. ShimadaandN. Mitchell, “Stability estimationsandquench
simulationsfor the ITER Conductors,” J. FusionEnergy 14, pp.
59-67, 1995.

[11]J.W. Lue, J.R.Miller andL. Dresner, “Stability of cable-in-con-
duit superconductors,” J. Appl. Phys.51 (1), pp. 772-783, 1980.

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+extra

TABLE II. COMPARISON OF THE AVERAGE ENERGY MARGIN (MJ/CCST)

Case TF-1 TF-2 CS-1 CS-2 CS-3a

tdis (ms) 1 100 1 100 100

IHZ (m) 1 15 12 12 150
TEND (ms) 300 400 400 400 250
∆t (s) 2.0E-6 1.0E-3 1.0E-5 1.0E-3

1.0E-4b
1.0E-5

NELEMS (-) 3000 1500 2000 4000 1400
NELREF (-) 1000 500 1000 2000 1000
a With oscillations in space
b Cu: strand+extra, not twisted

TABLE III. DISTURBANCE SCENARIOS AND CORRESPONDINGNUMERICAL
PARAMETERS FOR CONVERGENCE


