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Abstract

Thermal acoustic induced heat leak on the order of 150 watts magnitudehas been
identified in circulating compressorsinstalled in the SSC Subcoolerand MAGCOOL cold
box locatedat BNL This heatleak was eliminatedby increasingthe "warm end" volume
of the circulator by 0.7 liter. As a result, adiabaticefficienciesgreaterthan 50% were
achievedfor thesecirculating compressors,and the SSC subcoolerconsequentlywill have
excesscapacityfor cooling largenumberof magnetsin series. This report documentsthe
diagnostic processinvolved and the performanceof the circulating compressors. The
implication of higher cooling capacity of the cryogenic system due to elimination of
circulator/compressorheat leak will be given in a subsequenttechnicalnote.

I. Introduction

BNL purchasedtwo helium compressorsfrom CreareInc. for circulatingsupercritical
helium for both SSC and RHIC magnettest programs. These gas bearing centrifugal
compressors,often calledcold circulatingcompressorsor circulators,areoperatedat liquid
helium temperaturesandtheir performanceis crucial to the entire cryogenicsystem.

The first circulating compressorwas installed on the SSC Subcooler which was
commissionedin June, 1989. Since then, the circulating compressorhas beenused for
testingSSC dipoles. The machine is well built. It can be startedand stoppedeasily at
operatingtemperaturesfrom roomtemperaturedown to liquid helium temperature. It is
ruggedandcan take largepressuretransientsfrom a magnetquench. Both power supply
andspeedcontroller arewell designedandpackaged. It hasproved to be a dependable
machineto circulatesupercriticalhelium throughsuperconductingmagnets.

While mechanicallyreliable,thecompressorshowedpoorthermalperformance.There
wereindicationsthat an unusuallylarge"heatleak" betweenthe roomtemperatureandthe
cryogenicendsof the machinewasoccurring. In September1990, BNL beganan extensive
effort to investigate the heat leak problem associatedwith the unit and to examine
solutionsfor a satisfactorycorrection.



II. SystemDescription

The compressoris mountedon the cold box as shown in Figure 1. The warm end
consistsof a motor drive and bearingassemblyand is external to the cold box. The
compressorcold end consistsof the shaft, impeller, diffuser, and inlet andoutlet piping,
andis locatedinside the cold box. Thereis a closedcycle water/glycol cooling systemin
the warm endof the unit for cooling the motor andrejectingwasteheat to the air. The
cold endpiping is connectedto the circulating loop of supercriticalhelium systemasshown
in Figure2.
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A pressuretransducerand a temperaturesensorare located on the upstreamand
downstreamside of the circulator as shown in Fig. 2. A venturi flow meter is located
downstreamof the circulator. A large temperaturerise acrossthe circulatorwas the first
indication of low compressorefficiency. Near the operatingcondition, the total enthalpy
rise acrossthe circulatorwas found to be around 250 watts versusthe 75 watts nominal
designvalue. Analysessuggestedthat a high heat leak existedin the compressor.

III. Heat Leak Measurement

Normally, a heat leak on the order of 150 watts in a cryogenic system could be
detectedon the warm surfaceof the cold box as a cold spot. However, the warm end
housing of the compressorwas not unusually cold. In October 1990, with the second
circulatingcompressorinstalled andtestedfor RHIC magnets,we found that the majority
of the heat leak was contributedby the coolant systemof the motor. The water/glycol
cooling system was designed to remove heat from the motor, however observation
confirmedthat the water/glycol loop was being cooled by the circulator due to the heat
leak from its warm to its cold end.

Heat input from the water/glycol system and enthalpy rise of helium through the
circulatingcompressorover aperiod of five daysof investigationin October1990 aregiven
in Figure3. The resultsshow thatheatloss from thewater/glycolsystemis approximately
70% that of the enthalpyrise in the helium passingthrough the circulating compressor.
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Fig. 3 Heat input from water/glycol versusenthalpyrise of helium



IV. Strategyto Eliminate Heat Leak

When the heat leak problembecameapparent,BNL and Creareworked togetherto
examine potential solutions. It was our goal that solutions be simple and could be
integratedinto the framework of the existing machine. We also hoped that corrections
could be madewithout delaying the magnettestingprogram.

We experimentallyfound the heatleak to be speeddependentand thereforenot due
to conductionor radiation. It had be convective or thermal acousticrelated. Since the
circulating compressoremploys a clearanceshaft seal rather than a labyrinth-type seal
commonlyusedon similar machines,onesolutionunderconsiderationwas the addition of
a labyrinth seal. This was believed to be a solutionif the sourceof the problemwas due
to either of the above causes. It was later concludedthat the required high precision
machiningwould have createdschedulingproblems.

So it was decidedinsteadto implementthe Creareproposalto increasethe effective
volume of the "warm end" of the machine to changethe resonantfrequencyof thermal
acousticoscillations that might be occurring.

V. Thermal Acoustic Oscillation

The warm endvolume of the circulating compressorwas enlargedby connectingit to
an externalvariablevolume cylinder through a penetrationon the cover plate and 3/8"
coppertube. Two isolationvalvesand apressuretransducerwereinstalledbetweenthem.

Testswereperformedwhenthe cold endof thecirculatorreachedthe designcondition
of 4 K and5 atm. When thewarm endwasisolatedfrom the externalcylinder, a pressure.
oscillation of nearly 2 psi at a frequencyof 68 Hz was observedon an oscilloscope. With
the warmendconnectedto a cylinder volume of about0.45 liter, the oscillationcompletely
disappeared.The heat leak from the water/glycol into the compressordisappeared.At
the sametime, the temperaturerise acrossthe circulatorbecamesmall. The reductionof
thethermal acousticinducedheatload alsoresultedin asubstantialreductionin thespeed
of the cold vacuumpumpsince the speedof the cold vacuumpumpis in direct proportion
to the heat load of the system, as shown in Fig. 2. The system responseis fast. In a
matterof minutes, the cryogenicsystemwas settling to a new steadycondition.

Furtherincreaseof thewarm endvolumehasno effecton the circulatorperformance.
Sincethe critical volume slightly dependson the speedof thecirculator, a 0.7 liter volume
was chosenas a permanentaddon volume to the compressor.

Surprisinglyenough,we alsofound the fluctuation of theshaftspeedreadout from the
capacitanceprobe,locatedon the journal bearing, is also causedby the thermalacoustic
oscillation. When thermal oscillation ceases,the speedread out becomesstabletoo. This
is due to the axial oscillation of the shaft causedby the thermal acousticeffects.



VI. CompressorPerformance

With the successof eliminatingundesirableheat leak,datawas takenfor performance
evaluation. The following resultswere obtained when the circulating compressorwas
operatednear 5 atm and 4 K with an unpoweredSSC magnetinstalled in the helium
cooling loop. The loop resistancewas adjustedby a manualvalve locatedat the suction
side of the circulator. A differential pressuregauge,with a full scale rangeof 300 inch
water, was installed acrossthe circulator for headmeasurement.A venturi flow meter,
correctedto helium densityaccordingto measuredpressureandtemperature,wasusedfor
flow rate measurements.The compressorperformancewas evaluatedboth at different
speedswith constantloop resistanceandat different loop resistanceswith constantspeed.

With the manual valve fully open for the least loop resistanceunder the existing
configuration,the compressorspeedwas setat 14000, 17000and21000rpm. The manual
valve was then throttled to a designloop resistance,andthe compressorwas set at speeds
of 14000, 15000, 17000, 18500,21000and22000rpm. In this test, 15000, 18500and22000
rpm would producedthe designheadof 0.23, 0.36 and0.52 atm at designflow ratesof 100,
125 and 150 g/s.

A secondtest was performedat different loop resistanceswith the compressorspeed
set at 21000 rpm. Seven loop resistanceswere selectedbetween the minimum and
maximumallowableloop resistance.Beyondthemaximumallowableloop resistance,surge
phenomenawere observed.

The head,definedfor incompressibleconditions as pressurerise over density, as a
function of flow rate is given in Fig. 4. Indicatedare the compressorspeedandadiabatic
efficiency, which is the ratio of idealenthalpyrise over actual enthalpyrise. The adiabatic
efficiencies ran between31 and 56 % in proportion to the head rise. The measured
efficienciesat threedesignconditionsof 100, 125 and 150 g/s are 36 %, 48 % and56 %
which agreewell with the 37 %, 47 % and53 % predictedby Creareevenwithout all the
measurementerrors taken into account. Preliminary analysessuggestthat the error
associatedwith the measurementsis small. At a typical magnet testing condition, the
efficiency is 46 %.
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The aerodynamicefficiency of a compressoris anotherimportantparameter. It is the
efficiency of the compressorminusheat leak andcanbe obtainedby subtractingthe heat
leak from the presentdata. The heat leak of the circulator is estimatedto be 20 watts.
The aerodynamicefficiency of the compressorat 21000 rpm with seven sets of loop
resistancearegivenin Fig. 5. Thepeakaerodynamicefficiency is about72 % at 1300 cc/s
flow rate.
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Fig. 5 Aerodynamicefficiency versusflow rate

The headcoefficient andflow coefficientareparametersconventionallyusedfor the
descriptionof turbomachinery.They are definedhereas

‘p = AP/pU2

= Th/pUA

where ‘p is the headcoefficient
‘p is the flow coefficient
AP is the pressurerise acrossthe compressor
xh is the massflow rate
p is the fluid densityassumedconstant
U is the tip velocity of the impeller
A is the exit areaof the impeller



The headand flow coefficient curve for the presentcirculating compressorare given
in Fig. 6. As can be seen,the datafor different speedscollapsesto a single curvewhen
expressedin this manner.

VII. Conclusion
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Fig. 6 Head coefficient versusflow coefficient for the circulator

With thewarm endvolume increasedby 0.7 liter, the thermalacousticoscillationshave
beeneliminatedandthecompressorperformsreliably with high thermodynamicefficiency.
The circulating compressorunit meetsthe expectationsfor circulating supercriticalhelium
for magnettesting programs.
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