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ABSTRACT

Thermal acousticinduced heat leak on the order of 150 watts has beeneliminated
from the circulating compressorinstalled in the SSC Subcoolerassemblylocatedat BNL.
As a result,the SSC Subcoolerhasagreatercapacitythan previouslyreportedin Technical
NoteSSC-N-654. The Subcoolercan now providemorecooling for themagnetsor operate
at a lower magnettemperatureand it is alsofasterfor the systemto subcoola magnetand
to recoverfrom magnetquench.The lowest temperaturesachievedare3.0 K at thesuction
of the cold vacuumpumpand 32 K at the return of the magnet. Theseare 03 K lower
than previously obtained. Since July 1989, the SSC Subcoolerhas beenin service for
testing SSC dipoles with great success. This technicalnote summarizestwo years of
operatingexperienceandreportstheperformanceof theSubcoolerassemblyincluding cold
compressors.

INTRODUCTION

The subcoolerassemblyfor the SSC magnettest programincorporatesthe following
threefeatures:1 a circulatingcompressorfor closed loop circulation of 100 to 150 g/s
singlephasehelium at 5 atm nominalpressureto simulateflow conditionsin SSCmagnets,
2 a cold vacuumpumpfor adjustmentof operatingtemperaturesbetween4.35 K and 3.5
ç and 3 a wet expanderto balancethe heat causedfrom compressionwork of the

vacuumpump.

The assemblyunit is the first of its kind ever built. BNL is responsiblefor process
design,equipmentselection,systemintegration,andinstrumentationandcontrol. Cryogenic
ConsultantsInc., CCI, is the generalcontractorof the subcoolerand is responsiblefor the
design,constructionand heatleak performanceof the cold box. CCI is also the supplier
of thecold vacuumpump. Constructionbeganin October1988,finished in April 1989 and
the unit becameoperationalin July 1989.

Today,with more than 5000 hoursof operatingtime, the subcoolerhas proved to be
a reliableunit with individual componentsmeetingdesignexpectations.The overall system
performs well in both steady state operationand during magnet quench, subcooling,
cooldown andwarmup.



SYSTEM DESCRIPTION

The flow schematicof the SSCsingle magnettest systemis shownin Fig. 1. It consists
of thesubcoolerassembly,the feedcan, the SSC magnetand the return can. The feed can
and the return can provide interfaces for cryogenic piping and room temperature
penetrationsfor magneticfield measurements.Both the magnetand a 4.5 K line inside
the magnetcryostatare connectedto the cans. Thus helium from the feed can flows to
the return can and back through the magnet. The volume for this ioop of piping is about
220 liters.

Locatedon the subcoolerassembly,the circulating compressoris usedfor closed loop
circulation of single phasehelium. Cooling is deliveredfrom the subcoolerhelium pot to
the magnet. Helium temperatureis regulatedby the saturationpressureinside the helium
pot which is connectedto the suctionof the cold vacuumpump. The arrangementof the
piping and instrumentationfor the circulatingcompressor,the cold vacuumpump,the wet
expander,and the precoolerand subcoolerhelium pots can be seenin Fig. 1. For the
purposeof computercontrol, theflow diagramis reconfiguredon the computerconsoleas
shownin Fig. 2. The liquid volume in the helium potsare approximately100 liter each.
The SSC subcoolerassembly is connectedto the cold end of the 1500 watt HEUB
refrigeratorthrough MAGCOOL distribution headers.

The assemblyis operatedby the CRISPprocesscontrol computer. Realtime pressure,
temperature,flow and speedreadingsaredirectly availableon the computerconsole. The
controllersfor wet expander,cold vacuumpump,circulatingcompressor,andcontrolvalves
are also shown in Fig. 2. Control valve A0V302 is usedto maintain constant liquid
helium level in the subcoolerpot. The pressurein the circulation loop is controlledby the
makeupvalve AOV300. The cold vacuumpumpcouldbe operatedeither in manualmode
at constantspeedor automaticmodeto maintain the magnet.at a specifiedtemperature.
The wet expandercould alsobe operatedin manualmodeor automaticmode to maintain
constantliquid level in the precoolerpot.

By using the circulating compressorin a closed loop, flow rate, pressuresand
temperaturescan be controlled independentof the refrigerator. The systemis easy to
operate. During the magnetquench,a largeamountof heatcould be absorbedin theloop.
Meanwhilethecirculatingcompressorcontinuouslydeliverscooling from theprecoolerand
subcooler pots into the loop. Helium will be vented through valve 307 out to warm
recovery only if the loop pressureexceedsthe setpressure.Becauseonly a small portion
of helium in the loop is vented,the quenchrecovery is more efficient than othercooling
schemes.

In all tests performed,the subcoolerprovidescooling for the dipole magnet,feed can,
return can, transferlines andabout 1 g/s of helium for power leads. A liquid nitrogen
shield is usedin the system,but the 20 K shield is not connected.



SuBCGDLER ASSEMBLY

FIg 1. FLow schematic For SSC singLe magnet test program
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Fig. 2. Flow schematic and process controllers for SSC subcooler



EQUIPMENT DESCRIPTION

The cold box is 54 inch O.D. and 84 inches high and nitrogen shielded. Cold
compressors,valves and bayonetsare located on the top of the cold box. The wet
expanderis housedin a separatecold box. The circulating compressor,the cold vacuum
pump and the wet expanderare the three major items of equipmentin the subcooler
assembly.

The circulating compressorwas supplied by CreareInc., Hanover, New Hampshire.
It is a high speedelectricmotor driven centrifugalpumpspecificallydesignedfor circulating
largeflows of single phasehelium with a small headrise. The shaft is supportedby a pair
of self-actingtilting padradial gasbearingsand apermanentmagnetaxial thrust bearing.
A thrust bearing override bumper/damperis incorporated to prevent bearing system
damageduring severepressuretransients. The circulator is driven by a three phase
variablefrequencyAC motor andhasprovedto be reliable.

The cold vacuumpump is built by CryogenicConsultantsInc. It is a reciprocating
pumpwith a closefitting labyrinth sealbetweenthe pistonandthe cylinder. Both intake
andexhaustvalves are checkvalvesso the pump doesnot needcams. The unit has one
large cylinderwith 4.375 inch bore,3 inch strokeand45 cubic inch displacement.Driven
by a 1-1/2 hp DC motor, the pump can be operatedanywherebetween50 and380 rpm.
Below 50 rpm, the pump is difficult to operateand above 380 rpm, vibration becomes
noticeable. This wide speedrange provides a wide flow and pressureoperating range
which is especiallyimportantfor the magnettestingprogram. Suctionpressuresas low as
0.25 atm andsuctiontemperatureas low as 3.0 K havebeenachieved. The useof a non-
contactsealdesignhas resultedin a unit that is highly reliableand can accepttwo phase
helium at the suction.

The wet expanderis a Koch ProcessSystemModel 1600 wet reciprocatingengine. It
has two enginesoperating 180 degreesout of phase. Eachenginehas a 3-inch bore and
2-inch stroke. An engine consistsof a piston, cylinder, crossheadand inlet and exhaust
valves. It hasa single flywheel with two cams on each side to operatethe intake and
exhaustvalves. An electricalalternatoris usedto absorbenergyremovedfrom the gasand
to control the speedof the engines. This type of wet expanderhasproven to be highly
reliable and is widely used in helium systems. Our experienceagreeswith that of other
usersand we did not evaluateits thermal performance.



PEItFOItMANCE OF SUIICOOIJER ASSEMBLY

The subcoolerassemblyis physically locatednext to the feed can for optimal thermal
performance.With oneSSC dipole, thepressuredropis about60%of the designheadrise
of the circulatingcompressor.The maximumsingle phasehelium which can be circulated
throughthe loop is more than twice the 100 g/s basedesignvaluefor SSCdipole magnets.
The lowest temperaturesachievedare3.0 K at thesuctionof the cold vacuumpump and
3.2 K at the return of the magnet. The subcoolerassemblyhasamplecapacity. It takes
20 to 30 minutes to subcool a dipole from 43 K to 3.5 K. During a magnetquench,we
found valve 307 openonly for a few secondsto vent helium into warm recoveryafter the
loop pressureexceeds15 atm. The systemtakesaboutonehourto recover. At 33 K, the
systemcan carry a SSC dipole with an excesscapacityof 150 watts for cooling additional
magnets.

A typical operatingcondition for the magnetis given in Fig. 3. The circulating loop
is maintainedat about5 atm and 4.2 K. The speedof the circulator is 17,000rpm for a
flow of 152 g/s helium and a pressurerise of 0.22 atm. The pressureand temperature
inside the subcoolerhelium pot are0.98 atm and 4.16 K. The speedof the cold vacuum
pumpis 55 rpm. The wet expanderis operatedat 75 rpm, near its lowestoperablespeed.
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Fig.4 shows the condition for the lowest tempcrature. ‘Ilic circulating ioop is

maintainedat about 5 atm and 3.2 K. The speedof the circulator remainsat 17,000 rpm.
The flow rategoesup to 164 g/s due to higher helium density at lower temperature.The
pressureand temperatureinside the subcoolerhelium pot are0.243 atm and 198 K. The
speedof the cold vacuumpump is 370 rpm. The wet expanderis operatedat 78 rpm.
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Fig. 4. The Lowest TemperaturePerformanceof the SubcoolerAssembly

Nominal operatingspeedsfor the circulatingcompressoris between14,000 and 21,000
rpm. For the cold vacuumpump, 50 rpm for 4.3 K, 175 rpm for 3.5 K, 320 rpm for 3.22
K, and 380 rpm for 3.2 K operation. The wet expanderis operatedat its lowest speed
limit due to the fact the existing expanderis slightly largerthan the processrequired. But
during cooldown and quenchrecovery,the wet expandercould run asfast as 150 rpm and
the cold vacuumpump was run at 230 rpm.



PERFORMANCEOF CIRCULATING COMPRESSOR

The circulating compressorshowedpoor thermal performancefor abouta year after
thesubcoolerassemblybeganoperation.Therewereindicationsof anunusuallylarge"heat
leaks’ betweenthe room temperatureand the cryogenicendsof the machine. Through
extensive investigation, thermal acoustic induced heat leak, on the order of 150 watts
magnitude,was identified and was completelyeliminated by increasingthe "warm end"
volume of the circulatorby 0.7 liter.

The test resultsreportedin this sectionwere takenwhenthe circulating compressor
reachedabout4 K and5 atm. The loop resistancewas adjustedby a manualvalve located
at the suction side of the circulator. A differential pressuregage and a flow meterwere
usedfor headand flow ratemeasurements.Temperatureand pressuresensors,installed
at the suctionand dischargeof the compressor,were usedfor evaluationof the adiabatic
and aerodynamicefficiency.

The designconditionsfor the circulating compressorare 100, 125 and 150 g/s flow of
helium at head rises of 0.23, 0.36 and 0.52 atm. The compressorperformancewas
evaluatedfirst with the manualvalve fully openfor the condition of leastloop resistance.
Then the valve was throttled until the design loop resistancewas obtained. - The head
versuscapacitycurvesat severalspeedsareshownin Fig. 5. with correspondingadiabatic
efficienciesgiven for eachpoint. The measuredefficiency at the three designconditions
of 100, 125 and 150 g/s are36%, 47% and53%. Generalspeaking,efficienciesarehigher
at higherheadsince the heat leak is essentiallyconstant.
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A secondtest wasperformedat 21,000rpm for six resistancesfrom the minimum to the
maximum allowable. Beyond the maximum allowable loop resistance,surgephenomena
were observed. The adiabaticefficiency and the aerodynamicefficiency, which is the
compressorefficiency without the effect of heatleak, aregiven in Fig. 6. The heat leak
is assumedto be 20 watts. The peak aerodynamicefficiency is about72% at 1300 cc/s.
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Fig. 6. CirculatorEfficiency versusFlow Rate

The curve for headcoefficient and flow coefficient q, defined in equations1 and 2,
aregiven in Fig. 7.

* = AP/pU2 1

p = Th/pUA 2
where

aP is the pressurerise acrossthe compressor
Th is the mass flow rate
p is the fluid density
U is the tip velocity of the impeller
A is the exit areaof the impeller

As canbeseen,the datafor differentspeedscollapsesto a singlecurvewhenexpressed
in this manner.
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PERFORMANCEOF COLD VACUUM PUMP

The cold vacuum pump is designedto compresssaturatedhelium vapor and create
subatmosphericpressurein the helium pot for temperaturesbelow 4.2 K. The saturation
pressureat 4 K, 3.5 K and3.0 K are 0.8 atm, 0.46 atm and 0.24 atm respectively. With a
dischargepressureof 1.26 atm, the operatingconditionswould requirepressureratiosof
1.5, 2.7 and 5. Since the densityof helium decreasesas pressuredecreases,a fixed mass
flow would requirea larger volume flow rateat lower suction pressure.

As shownin Fig. 2, a pressuretransduceranda temperaturesensorarelocatedon the
suctionand dischargesidesof the cold vacuumpump. In addition there is a temperature
sensormounted inside the subcoolerhelium pot. The pressureand temperaturein the
helium pot have beenfound to agreewell with the publishedsaturationcurve. There is
no flow meterinstalled on the pump so mass flow is evaluatedindirectly from an energy
balanceon the subcoolerhelium pot andthe circulating loop. Operatingexperienceshows
all pressureand temperaturereadingsare stableexceptthe pump dischargetemperature
which is periodically effected by liquid helium overflow from the precoolerhelium pot.
Thereforeit is difficult to evaluatethe efficiency for the cold vacuumpump.

The resultsgiven in the report consist of threegroups of datawith the cold vacuum
pump operatingbetween50 and 380 rpm. The first groupwas takenwhenthe subcooler
wascomiectedto a calorimeter. The cold vacuumpumpwas operatedat 310 rpm andthe
calorimeterwas set between0 and-300 watts. The secondgroup of datawere takenfor
an SSCmagnet. Both thefirst andsecondgroup were takenwith thethermal acousticheat
leak in the circulating compressorwas present. The third group were taken during
subcoolingof a SSC magnetafter this heat leak was eliminated. The secondand third
group representconstantheatloads andmass flow ratesconditions.

The massflow rate as a function of pressureratio is given in Fig. 8. As one can see
from the first datagroup, the massflow ratedecreaseswith the pressureratio at constant
pump speed.For constantmassflow rate,higherspeedscorrespondhigher pressureratios.
The differencebetweenthe secondandthe third datagroup representthe 150 watts heat
load from thermal acousticoscillation of the circulator.

The volumetric efficiency, defined as the ratio of actual flow divided by the pump
displacementdueto cylinder clearance,and is plotted againstpressureratio as shown in
Fig. 9. At thelowestoperatingpressureratioof 1.2, thevolumetricefficiencyis about90%
which is very close to the 97% calculatedfrom the built in clearancevolume. This shows
the adequacy of the presentmeasurements. As expectedthe volumetric efficiency
decreaseswith pressureratio. The efficienciesare0.77and0.5 at pressureratio of 2.2 and
5.2. In the low pressureregime, the pump needs to be operatedat high speedsto
compensatefor both lower density and volumetric efficiency. Higher pressureratio or
lower suction pressurecan be reachedif the heatload of the systemis smaller.
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For evaluation of the adiabaticefficiency, analysis has been performed to discard
invalid datadue to the effect of liquid helium at the pump discharge. The heat leak for
the cold vacuumpumpis estimatedat 35 watts. We calculatethe pumpefficiency without
the heatleak and retain thosedata for Which this efficiency is less than 80%. The results
aregiven in Fig. 10 and Fig. 11. The adiabaticefficiencyvariesbetween38%and65% for
pressureratios from 2.5 to 5.5. The pump efficiencies,without heat leak, vary between
42% and 80 %.

The uncertaintiesassociatedwith results given in Fig. 10 and 11 are large and - the
efficiencies are probably on the optimistic side. We plane to reevaluate the pump
efficiency in the future. However some conclusionscan be made. The efficiency curve
seemsrather flat in the region of investigation. In both the very low and very high
pressureratio regime, the adiabatic efficiency will be low since the compressionwork
becomesless than the 35 watts heat leak. The pump efficiency at pressureratio of 2.5
agreewith that given in reference1. But at large pressureratios, the efficiency doesnot
decreaseas fast as reference1 suggests. At pressureratio of 5.3, the pump efficiency is
still quite adequatefor the presentapplication.
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CONCLUSION

The subcooler assemblyhas been usedfor testing SSC dipoles with great success.
Equipmentis well selectedto provideperformanceand flexibility for the process.An SSC
dipole canbe testedanywherebetween4.35 K and 3.2 K with amplesubcooler capacity
for cooling and quench recovery. From performancedata, we believe the existing
subcoolercan handlea large number of, perhaps10, magnetsin series at 3.5 K. With
more than 5000 hours of operation, we conclude the system is well designed and
constructed,very reliable, versatileand easyto operate.
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