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Abstract--Knowledgeof the hydraulic boundary conditions is a
prerequisite for accurate estimatesof the quench characteristics
of superconducting magnets.A set of routines (Flower) has been
designedand interfaced to the codeGandalf to provide a simpli-
fied model of the hydraulic connectionsto a cryogenicplant of a
coil using cable-in-conduit conductorswith central cooling chan-
nel. The validation against experimental data provided by the
Quench Experiment on Long Length (QUELL) in the CRPP
facility SULTAN have shown that Flower is able to simulate the
hydraulic boundary conditions within engineeringlimits of accu-
racy.

I. INTRODUCTION

Force-flow coolingwith supercriticalheliumis foreseenfor
the superconductingmagnetsof a numberof large projects,
includingITER. Accurateestimatesof thequenchcharacteris-
ticsof thesecoils requireadetailedknowledgeof thehydraulic
boundaryconditions(HBC). Usually simplified HBC have to
be assumed(e.g.,given pressureat inlet and outlet) because
thecorrectconditionsarenot known. To avoid this limitation,
a setof routines(Flower) hasbeendesigned,andinterfacedto
the1-D simulatorGandalf[1], to provideasimplifiedmodelof
thehydraulicconnectionsof coil to a cryogenicplant.To gain
confidence,Flowerhasthenbeenvalidatedagainstexperimen-
tal dataprovided by the QuenchExperimenton Long Length
(QUELL) in the CRPP facility SULTAN.

II. MODEL

The model implementedin Flower approximatesa set of
pipes, valves, volumes,manifolds, pumps,compressorsand
heatexchangersastypical of a cryogenicsystemattachedto a
superconductingcoil cooledby a forced-flow of singlephase,
supercriticalhelium I. The assemblyof componentsin the
cryogenicsystemwill be generallyreferredto as hydraulic
network. The basisof this model is given in [2]. An arbitrary
network is composed of:
- volumenodes(calledreservoirs in [2]) with perfectmixing

of helium and zero flow, and
- junctions(calledconnections in [2]) wherethe flow canbe

steady state or transient.

The junctionsinterconnectvolumenodes,that can,in prin-
ciple, have negligible volume. The junction definitions are
based on the four following types:
- 1-D transientflow pipes,describingfull compressibleflow

and propagation delay and waves,
- 1-D steadystateflow pipe,with space-averagedflow proper-

ties and instantaneous propagation of waves and profiles,
- valves, with concentrated head loss and isenthalpic flow, and
- pumps, with concentrated head and isentropic flow.

All components,except the transient,compressibleflow
pipe,werealreadypresentedin [2]. Thereforeherewedescribe
in detailonly thechangeswith respectto themodeldiscussed
there.

A. Volumes

A volumenodeis a point wheretwo or morejunctionsare
interconnected.Sucha nodecanhave a negligible volume in
casethatit representsmerelyaconnectingpoint,or it canhave
a non-negligible volumeif it representsa physicalbuffer, such
asa storagetank. This is a first improvementwith respectof
themodeldiscussedin [2], asthereall volumenodesneededa
non-negligible volume to advancethe time integration. The
mainequationsfor a volumearetheconservationof massand
energy. In [2] they have beensolved in integral form. The
majordrawbackis thatmassandenergy fluxesin thejunctions
connectingvolumesaredrivenby pressuregradients.Pressure,
however, did not appearexplicitly in the equations.Therefore
theevaluationof thefluxesandtheir influenceon thepressure
in thevolumenodesrequiredaniterative procedurethatcould
fail to converge. For this reason,we follow herea different
approach.We write the massand energy conservation in the
following form involving thevolumenodepressurep andtem-
perature T:

whereV is thevolumeassociatedwith thenodeandwe intro-
ducedtheheliumdensityρ, enthalpy h, theGruneisenparame-
ter φ, the isentropicsoundspeedc and the specific heat at

constantvolumeCv. Thesumof themassflows andof the
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stagnationenthalpy flux is intendedover all the in-

andoutflows of thevolume.Finally, is theheatingpower in
the volume from external sources.Theseequationscontain
explicitly massand energy fluxes from the junctions. Both
dependon the type of junction,andneedto be determinedin
the network assembly process.

 B. Junctions

The new componentaddedis the compressibleflow pipe
elementwith crosssectionA, hydraulic diameterDh, wetted
perimeterpw, friction factorf, heattransfercoefficient η with
thepipewall at temperatureT0, andheatinglinearpower den-

sity deposited . For this elementwe write the descriptive
equationsin the following convenient(v, p, T) form (seeRef.
[1] for more details on the derivation):

Equations(3)-(5) are a completeand exact descriptionof
compressibleflow in the pipe. Wave propagation and mass
convectioncanbe properlymodeledwith sucha component.
Boundaryconditionsare neededat the end of the pipe. The
boundaryconditionsusedareof prescribedpressureandtem-
peraturein thecaseof inflow, prescribedpressurein thecaseof
outflow. Equations (3)-(5) are solved by a finite element
methodin spaceand finite differencein time [1]. The com-
pressible,transientflow pipe is a costlycomponentin termof
CPUandmemory, but augmentsconsiderablythemodelcapa-
bilities. The other types of junctions have beenmodified to
improve thestability andefficiency of themodel.In particular,
the equationsgiven in [2] were rewritten using pressureand
temperatureasstatevariables.In fact, it canbeshown [3] that
thegoverningequationsfor a steadystateflow pipe,a valve,a
heatexchanger, a pumpor a compressorcanbe obtainedasa
specialcaseof (3)-(5).For theideal,isentropiccompressorthe
following characteristic was taken:

where and are constantscorrespondingto the maxi-

mummassflow andpressureheaddeliveredby thecompressor.

 C. Network assembly

All componentslisted in the previous sectionsproduce
matrix equationsfor pressureand temperaturein the volume
nodesand velocity, pressureand temperaturein the in- and
outlet of the junctions. The network assembly is achieved:
- assigningthe samedegree-of-freedomto the pressureand

temperatureof steadystate junctions and connectedvol-
umes;

- imposingboundaryconditionsonpressureandinlet tempera-
tureof thecompressibleflow pipes,takingasboundaryval-
ues those from the connected volumes, and

- couplingthe in- andoutflows of compressibleflow pipesto
the mass and energy fluxes in the connected volume nodes.
By virtue of this procedure,negligible volume nodesare

overriddenby the volume contributions from the connected
junctions.This is not true for thecompressibleflow pipes,for
which coupling of boundaryconditionsand fluxes doesnot
imply lumping of volumes.The resulting systemis solved
implicitly, by matrix inversionateachtimestep.This improves
largely the robustness of the scheme.

The coupling of Flower and Gandalf is explicit, that is no
iterative procedureinsuresconsistency of theboundarycondi-
tions and the flow in the hydraulic network. This is practical
and sufficient for most situations.Pathologicalsituationscan
arisefor (a) very smallmanifoldat inlet andoutletof theflow
pathanalyzed(typically below 1cm3), (b) large time stepsin
the Gandalfmain solver (above 10ms),or (c) very large heat-
ing powers along the conductorand resulting inducedflow.
Thesymptomsareinstability of theflow (oscillationsin time)
thatcanbecuredforcingasmallermaximumtimestepof Gan-
dalf until stable results are obtained.

III. VALIDATION

A. The QUELL experiment

TheQUELL experimentin theCRPPfacility SULTAN has
provided a broad and detailedquenchpropagation database
which hasbeenusedfor thevalidationof numericalcodesfor
the simulation of thermal hydraulic transients.The detailed
validationof thecodeGandalfwasdoneby usingasHBC the
experimentalheliumpressureat inlet andoutletof theQUELL
sample,i.e. theSULTAN cryogenicsystemwasnot simulated
[4]. Herewe reporton the simulationof the sameexperiment
using the hydraulic solver Flower (version2.0) interfacedto
Gandalf (version 1.8).

Theapproachis to approximatethecomplex cryogenicsys-
tem of the SULTAN facility with the simplestpossiblemodel
which retainsthe essentialcharacteristicsof the systemwith-
out unnecessarycomplications.The resultingmodel includes
(seeFig. 1): two manifolds,at inlet (V-1) andoutlet (V-2) of
theQUELL sample(J-1),a compressor(J-2),two relief valves
for protectionagainsthigh pressuresduringa quench(J-3and
J-4), and a reservoir at room temperatureand 1.2 bar (V-3).
Thecompressoris connectedto themanifoldswith two pipes,
each5m long and with Dh=6mm. Eachpipe connectingthe
manifolds V1 and V2 to the buffer is 3.5m long with
Dh=25mm.Experimentalinitial conditionsof theinlet andout-
let manifolds,i.e. temperatureof thesampleandheliumpres-
sure, have beenused.The relief valves are programmedto
open when the He pressure exceeds 10.5bar.
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B. Reference case

A total of 8 quenchpropagationrunshave beeninvestigated
in a broadspectrumof operatingconditions;they have been

selectedamongover 60 QUELL experimentalruns for their
physical relevanceand data consistency. The referencecase
(run#02)is presentedherein detail,whereasdetailsof all runs
are given in [5]. The most relevant quenchcharacteristicfor
hydraulic comparisonis the helium pressure;the time history
of this variableduring the quenchevolution is shown at the 6
locationsof theQUELL pressuretapsin Fig. 2. At eachloca-
tion three curves are shown: the simulated pressureusing
Flower (pSF), the simulatedpressureusing the experimental
HBC (pSE) andthefilteredandsampledexperimentalpressure
(pE).

At the inlet andoutlet of the cooling channel(in reality in
Fig. 2 the dataareshown at the locationsof the sensors,i.e.
x=0.12mandx=90.84m,wherethe nodalcoordinatex is the
distancefrom the inlet of the cooling channel)the agreement
betweenpSF andpE is goodfor 9/10of thedurationof the8s
quenchrun. The relative differenceis <10% and more pro-
nouncedat the outlet thanat the inlet. In the final part of the
quenchevolution(t > 7.4s)pE at theinlet exceedsthethreshold
of therelief valve(10.5bar)andthediscrepancy betweensimu-
lation andexperimentbeginsto quickly deteriorate.Theopen-
ing and closing time constantof the relief valve, finite in
reality, hasbeenassumedto be zero in Flower for simplicity
andthis explainswhy the largeexperimentaloscillationis not
reproducedby the simulation.At x=0.12mandx=90.84mpE
and pSE are coincident by definition.

For thevalidationof Flower only theresultsat thehydraulic
boundariesarerelevant. The quenchevolution of the sample,
however, dependson thebehavior of all quenchcharacteristics

V-1 V-2

V-3

J-2

J-1

J-3 J-4

Fig. 1. Model of the SULTAN cryogenicsystemusedfor the validation of
Flower against the QUELL experiment.The arrows indicatethe directionof
the steady state helium flow. J-1 is the QUELL sample.
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Fig. 2. Referencecase.Heliumpressuretimehistoryat6 taplocationsalongtheQUELL samplelength.At eachlocationthreecurvesareshown: thesimulated
pressureusingFlower (solid lines), the simulatedpressureusing the experimentalHBC (dashedlines) and the filtered andsampledexperimentalpressure
(dash-dotted lines).
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alongthecompleteconductorlengthandevenwhenfedby the
bestpossible(i.e. experimental)HBC the codeGandalfis not
capableof reproducingwithout error theexperimentalquench
results,includingtheheliumpressure,asdiscussedin detail in
[3].

C. Global validation

One indicator of the capability of Flower to feed Gandalf
with accurateHBC during the QUELL quenchpropagation
runsis the comparisonof simulatedandexperimentalhelium
pressureat the inlet andoutlet of the sample,i.e., the relative
error dp/p[%]=(pSF-pE)/pE. The time history of dp/p for all 8
investigated runs is shown in Fig. 3.

Therearefew generalremarkswhich apply to all thecases.
In quasisteadystatemodeof operationof the cryogenicsys-
tem,i.e. beforethequenchhasstarted,theagreementof simu-
lationandexperimentis verygood(few%). Duringthequench,
but beforethe conditionsfor openingof the relief valvesare
met,theagreementdeterioratesbut remainswithin engineering
limits (<20%).Whenoneor both relief valve opensthe error
can increaseconsiderably(>30%),asdiscussedfor the refer-
encerun. Theselimitations are relevant only when assessing
the quenchcharacteristicsof a magnetsystemunder faulty
conditions of the quenchdetectionsystemand when relief
valves are used for protection of the cryogenic system.

IV. CONCLUSIONS

A setof routines(Flower) hasbeendesignedandinterfaced
to the code Gandalf to provide a simplified model of the

hydraulic connectionsto a cryogenicplant of a coil wound
with supercritical helium force-flow cooled cables.

The validation against experimentaldata provided by the
QuenchExperimenton Long Length (QUELL) in the CRPP
facility SULTAN have shown that Flower is able to simulate
thehydraulicboundaryconditionswithin engineeringlimits of
accuracy, with few marginal limitations.

Themainadvantageof theadditionof thehydraulicnetwork
simulatoris that a self consistentsimulationcanbe achieved
without any freeparameters,extendingremarkablythepredic-
tive capability of the model.
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Fig. 3. Relativeerror(Flowervs.experiment)of heliumpressuretimehistoryat inlet (solid lines)andoutlet(dashedlines)of theQUELL sample.Theerroris
shown for all 8 investigated runs.


