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Abstract--Knowledgeof the hydraulic boundary conditionsis a
prerequisite for accurate estimatesof the quench characteristics
of superconducting magnets.A setof routines (Flower) has been
designedand interfaced to the code Gandalf 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.

|. INTRODUCTION

Force-flav coolingwith supercriticaheliumis foreseerfor
the superconductingnagnetsof a numberof large projects,
including ITER. Accurateestimate®f the quenchcharacteris-
tics of thesecoilsrequirea detailedknowledgeof the hydraulic
boundaryconditions(HBC). Usually simplified HBC have to
be assumede.g., given pressureat inlet and outlet) because
the correctconditionsare not known. To avoid this limitation,
a setof routines(Flower) hasbeendesignedandinterfacedto
the 1-D simulatorGandalf{1], to provide asimplifiedmodelof
the hydraulic connection®f coil to a cryogenicplant. To gain
confidenceFlower hasthenbeenvalidatedagainstexperimen-
tal dataprovided by the QuenchExperimenton Long Length
(QUELL) in the CRPPdcility SULTAN.

Il. MODEL

The model implementedin Flower approximatesa set of
pipes, valves, volumes, manifolds, pumps, compressorsand
heatexchangersastypical of a cryogenicsystemattachedo a
superconductingoil cooledby a forced-flav of single phase,
supercriticalhelium I. The assemblyof componentsin the
cryogenicsystemwill be generallyreferredto as hydraulic
network. The basisof this modelis givenin [2]. An arbitrary
network is composed of:

- volumenodes(calledreservoirs in [2]) with perfectmixing
of helium and zero flg, and

- junctions(called connections in [2]) wherethe flow canbe
steady state or transient.
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The junctionsinterconnectvolume nodes that can,in prin-
ciple, have nggligible volume. The junction definitions are
based on the four folleing types:

- 1-D transientflow pipes,describingfull compressiblelow
and propagtion delay and aves,

- 1-D steadystateflow pipe, with space-aeragediow proper-
ties and instantaneous propsign of waves and profiles,

- valves, with concentrated head loss and isenthalpic fod

- pumps, with concentrated head and isentropie. flo

All components,except the transient, compressibleflow
pipe,werealreadypresentedh [2]. Thereforeherewe describe
in detail only the changeswith respecto the modeldiscussed
there.

A. Volumes

A volumenodeis a point wheretwo or morejunctionsare
interconnectedSucha nodecan have a negligible volumein
casethatit representsnerelya connectingpoint, or it canhave
anon-ngligible volumeif it representa physicalbuffer, such
asa storagetank. This is a first improvementwith respectof
themodeldiscussedn [2], asthereall volumenodesneededa
non-ngligible volume to adwancethe time integration. The
main equationdor a volumearethe conseration of massand
enegy. In [2] they have beensolved in integral form. The
majordravbackis thatmassandenepy fluxesin thejunctions
connectingrolumesaredrivenby pressuregyradientsPressure,
however, did not appearexplicitly in the equationsTherefore
the evaluationof the fluxesandtheir influenceon the pressure
in thevolumenodesrequiredaniterative procedurehatcould
fail to corverge. For this reason,we follow herea different
approachWe write the massand enegy conseration in the
following form involving the volumenodepressurg andtem-
perature T
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whereV is the volumeassociatedvith the nodeandwe intro-
ducedthe heliumdensityp, enthaly h, the Gruneiserparame-
ter @, the isentropicsoundspeedc and the specific heat at

constantvolumeC,. The sumof the massflovs m; andof the
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andoutflows of the volume.Finally, 4 is the heatingpawer in
the volume from external sources.Theseequationscontain
explicitly massand enepgy fluxes from the junctions. Both
dependon the type of junction,andneedto be determinedn
the netvork assembly process.

B. Junctions

The new componentaddedis the compressibleflow pipe
elementwith crosssectionA, hydraulic diameterDy, wetted

perimeterp,, friction factorf, heattransfercoeficient n with
the pipe wall attemperaturdp, andheatinglinear power den-
sity deposited ¢ . For this elementwe write the descriptve
equationsn the following corvenient(v, p, T) form (seeRef.
[1] for more details on the deétion):
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Equations(3)-(5) are a completeand exact descriptionof
compressibleflow in the pipe. Wave propagtion and mass
convection can be properly modeledwith sucha component.
Boundaryconditionsare neededat the end of the pipe. The
boundaryconditionsusedare of prescribedressureandtem-
peraturan the caseof inflow, prescribegressuren the caseof
outflow. Equations(3)-(5) are solved by a finite element
methodin spaceand finite differencein time [1]. The com-
pressibletransientflow pipeis a costly componenin term of
CPUandmemory but augmentsonsiderablythe modelcapa-
bilities. The other types of junctions have beenmodified to
improve the stability andefficiengy of themodel.In particular
the equationsgiven in [2] were rewritten using pressureand
temperaturasstatevariables.n fact,it canbe showvn [3] that
the governingequationdor a steadystateflow pipe,avalve,a
heatexchangera pumpor a compressocanbe obtainedasa
specialcaseof (3)-(5). For theideal,isentropiccompressothe
following characteristic as talen:

m = r'no[l - EKA;%%F] for Ap>0

=, for Ap< 0

(6)

where m,and Ap,are constantscorrespondingo the maxi-
mummassflev andpressurédneaddeliveredby the compressor

C. Network assembly

Paper LIB-06

All componentslisted in the previous sectionsproduce
matrix equationsfor pressureand temperaturén the volume
nodesand velocity, pressureand temperaturein the in- and
outlet of the junctions. The netnk assembly is achied:

- assigningthe samedegree-of-freedomto the pressureand
temperatureof steady state junctions and connectedvol-
umes;

- imposingboundaryconditionson pressurendinlet tempera-
ture of the compressibldlow pipes,taking asboundaryval-
ues those from the connectaglumes, and

- couplingthe in- and outflows of compressibldlow pipesto
the mass and ergr fluxes in the connectedlume nodes.

By virtue of this procedure negligible volume nodesare
overriddenby the volume contritutions from the connected
junctions.This is not true for the compressibldlow pipes,for
which coupling of boundaryconditionsand fluxes doesnot
imply lumping of volumes. The resulting systemis solved
implicitly, by matrixinversionateachtime step.Thisimproves
largely the rolistness of the scheme.

The coupling of Flower and Gandalfis explicit, thatis no
iterative proceduransuresconsisteng of the boundarycondi-
tions andthe flow in the hydraulic network. This is practical
and sufficient for most situations.Pathologicalsituationscan
arisefor (a) very smallmanifold at inlet and outlet of the flow

path analyzed(typically below 1cm3), (b) large time stepsin
the Gandalfmain solver (abose 10ms),or (c) very large heat-
ing powers along the conductorand resulting induced flow.
The symptomsareinstability of the flow (oscillationsin time)
thatcanbe curedforcinga smallermaximumtime stepof Gan-
dalf until stable results are obtained.

[ll. VALIDATION
A. The QUELL experiment

The QUELL experimentin the CRPPfacility SULTAN has
provided a broad and detailed quenchpropagtion database
which hasbeenusedfor the validationof numericalcodesfor
the simulation of thermal hydraulic transients.The detailed
validationof the codeGandalfwasdoneby usingasHBC the
experimentaheliumpressuratinlet andoutletof the QUELL
sample,.e. the SULTAN cryogenicsystemwasnot simulated
[4]. Herewe reporton the simulationof the sameexperiment
using the hydraulic solver Flower (version 2.0) interfacedto
Gandalf (ersion 1.8).

The approacthis to approximatehe complex cryogenicsys-
tem of the SULTAN facility with the simplestpossiblemodel
which retainsthe essentiacharacteristicef the systemwith-
out unnecessargomplications.The resultingmodelincludes
(seeFig. 1): two manifolds,at inlet (V-1) and outlet (V-2) of
the QUELL sample(J-1),a compresso(J-2),two relief valves
for protectionagainsthigh pressuresluringa quench(J-3and
J-4), and a reserwir at room temperatureand 1.2 bar (V-3).
The compressors connectedo the manifoldswith two pipes,
each5m long and with D,=6mm. Each pipe connectingthe
manifolds V1 and V2 to the buffer is 3.5m long with
Dp=25mm.Experimentalnitial conditionsof theinlet andout-
let manifolds,i.e. temperaturef the sampleandhelium pres-
sure, have beenused. The relief valves are programmedto
open when the He pressupeeeds 10.5bar
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Fig. 1. Model of the SULTAN cryogenicsystemusedfor the validation of
Flower againstthe QUELL experiment.The arrows indicatethe direction of
the steady state heliumfioJ-1 is the QELL sample.

B. Reference case

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

X 105 Run #02

p (Pa)

p (Pa)

p (Pa)

Time (s)

1998 Applied Superconductivity Conference - Palm Desert, CA (Sept. 13-18, 1998) 3

selectedamongover 60 QUELL experimentalruns for their
physical relevance and data consisteng. The referencecase
(run#02)is presentedherein detail, whereagietailsof all runs
are givenin [5]. The mostrelevant quenchcharacteristicfor
hydraulic comparisons the helium pressurethe time history
of this variableduring the quenchevolution is shovn at the 6
locationsof the QUELL pressurdapsin Fig. 2. At eachloca-
tion three curves are shavn: the simulated pressureusing
Flower (psp, the simulatedpressureusing the experimental

HBC (psp) andthefilteredandsampledexperimentalpressure
(Pe)-

At theinlet and outlet of the cooling channel(in reality in
Fig. 2 the dataare shovn at the locationsof the sensorsij.e.
x=0.12mand x=90.84m,wherethe nodal coordinatex is the
distancefrom the inlet of the cooling channel)the agreement
betweenpgg andpg is goodfor 9/10 of the durationof the 8s
quenchrun. The relative differenceis <10% and more pro-
nouncedat the outletthanat the inlet. In the final part of the
guenchevolution (t > 7.4s)pg attheinlet exceedghethreshold
of therelief valve (10.5barjandthediscrepang betweersimu-
lation andexperimentbeginsto quickly deteriorateThe open-
ing and closing time constantof the relief valve, finite in
reality, hasbeenassumedo be zeroin Flower for simplicity
andthis explainswhy the large experimentaloscillationis not
reproduceddy the simulation. At x=0.12mand x=90.84mpg
and g are coincident by definition.

For the validationof Flower only theresultsat the hydraulic
boundariesarerelevant. The quenchevolution of the sample,
however, depend®n the behaior of all quenchcharacteristics
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Fig. 2. Reference&ase Helium pressurdime historyat 6 taplocationsalongthe QUELL samplelength.At eachlocationthreecurvesareshavn: the simulatec
pressureusing Flower (solid lines), the simulatedpressurausing the experimentalHBC (dashedines) and the filtered and sampledexperimentalpressur

(dash-dotted lines).
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alongthe completeconductolengthandevenwhenfed by the
bestpossible(i.e. experimental)HBC the code Gandalfis not
capableof reproducingwithout error the experimentalquench
results,includingthe heliumpressureasdiscussedn detailin

(3]
C. Global validation

One indicator of the capability of Flower to feed Gandalf
with accurateHBC during the QUELL quenchpropagtion
runsis the comparisorof simulatedand experimentalhelium
pressuret the inlet and outlet of the sampleji.e., the relative
error dp/p[%]=(pse=Pe)/Pe- The time history of dp/p for all 8
investigated runs is shvn in Fig. 3.

Therearefew generalremarkswhich applyto all the cases.
In quasisteadystatemodeof operationof the cryogenicsys-
tem,i.e. beforethe quenchhasstarted the agreemenbf simu-
lation andexperimentis very good(few%). During thequench,
but beforethe conditionsfor openingof the relief valves are
met,theagreementleterioratesut remainswithin engineering
limits (<20%). Whenone or both relief valve opensthe error
canincreaseconsiderably(>30%), as discussedor the refer-
encerun. Theselimitations are relevant only when assessing
the quenchcharacteristicoof 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 Gandalfto provide a simplified model of the
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hydraulic connectionsto a cryogenicplant of a coil wound
with supercritical helium force-fl® 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
the hydraulicboundaryconditionswithin engineerindimits of
accuray, with few maiginal limitations.

Themainadwantageof theadditionof the hydraulicnetwork
simulatoris that a self consistentsimulationcanbe achieved
without ary free parametersextendingremarkablythe predic-
tive capability of the model.
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Fig. 3. Relative error (Flower vs. experiment)of heliumpressurdime historyatinlet (solid lines)andoutlet(dashedines) of the QUELL sampleTheerroris

shown for all 8 investigated runs.



