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ABSTRACT

Two refrigerators have been developed which have nominal capacities of 0.254 and
0.8Y at 4.2K. These use stendard two stage Displex® expanders and compressors
cm‘mmea with a new compact heat exchanrger which is concentric with the expanday
cylinder. :

These refrigevetors can be used $0 cool superconsucting electronic devices by
dirert atlachonet to the 4K heat station, or they cad be plugoed inls e seck of &
Ticuid hetiun superconducting magnet eryostat where they can cool the vadistion
shields and religeefy helium. ) :

Key Yords: Compact heat exchanger; cryogenic refrigerator; kelium recondzaser:
superconducting electronics; supsroonducting megnet

1. Introduction

The use of superconducting wagnets for $aunetic Resononce Imaging (MRI)
represents the first milor commerdial application of supmrocnductivity. The magnets
presently in use utilize Vigwid cryogens, heliwn and nitrogen: howsver, & wmuher of
options for cooling magnets using small refricerators or liawsfiers have bean siudied
Li1.  The approsch %o cooling o superconduciing maguet which is the size of an BRI
eagnet that appears sost prowising ©o the authers is 1o have a myltistage refrigerstor
pounted falegrally into (he magnet cryostat. This refrigerator will ©4% {nte the nech
of ithe crysstat, cool onz or bwo radiation shields, and recondense the holim., This
approach has the adventage that heat s removed Trom the system very close to the
point where it enters the system, thus avoiding sdditfonal thermel lozsss associoted
with transferring refrigeration frem a remote iiquefier and minimizing tesperatyre
drops between tho cryosiat and refrigerator. The Japsiese Mstinnal Raflwsy in
evaluating refrigerators for their saguelicslly levitated troln orugres recestly
concluded that muitipie SUirling plus J-T cycle coolers are Yess offinient then ome
central Claude cycle refrigerator, but the losses in fe orvegenic transfer systes add
s0 such 0 the refrigeration requiremsnt of the Clawde cycle systen that 1¢ consemes
move powsr than multiple Stirling plus J-7 coolers. Yhey have thus decidsd 1o use
individeal Stirling plus J-T cycle refrigerators wounted fr sach magnet cyrostat [21.
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The most widely used small 4K refrigerators today consist of a twe-siage
Eifford Woiishon type expander with a J-T exchanger [3,4]1, These units utilize
rather Tong and bulky flinned tube or corvugated tube heat exchangers for the J4-T loop,
ek ing them 4ifficult to install in the neck of a helium crvostet.  These systems
would also have thermal losees due o convective heat transier bobween the heat
exchancars, the expander, and the neck tibe,

Recognizing the potential need for a heat exchanger which would £it cempactly in
the anaular spece around 2 two-stage G type expender cylinder and which would match
the tesperature gradient ia the cylinder, & proores wos initiated ¢o study heet
exchangsr designs that would be suiteble for this applifcation. This led to an
experimental progrem €o tast the mewly desigred beat exchengers by utilizing them in a
rozingl 0.25 ¥ and @ 0.5 ¥ 4K refrigerater. The supericentel program alse included
studies of heat station design, intersction of the refrigerator with magmetic fields,
servicing the refrigerator and centrol of contaminanis., This peper describes the
results of ehis work, '

2. Design Description

The two units which have been byilt and testsd are designated as a €5302 and a
€5304 with nowinal capacities at 4X of 0.25 ¥ and 0.5 ¥, respoctively; thay comsist
of standard Dispiex® refrigzretors having 20K capecities of 2 W and 6 M, -
resprotively. A J-T heat exchanger and 2 second stightly wodified standard compresser
for the J-T return flow ave added to provide the &K refrigeratiea.

After studving many hest exchanger designs and experimsating with different
febricatica technicues, we elacted ¢o ulilize a heat enchanger desise which consists
of multiple high and Yow proseure fubes 17 & clese coatast, coiled @@ﬁfigzr@€%§ﬂ. The
heal exchanger is continucus from £X to 200K and ds colled svound the sxpentsl
cylinder {a suth 2 way that the tevseralure in the heat exthascer matohes the
temporature 18 (he adiscent oylinder., 14 is thernalily bonsad o the cyiinder at the
two heat stations., Adsorbers sre installed at he inlet ¢ the heat cxchanger end
Sust upstream of the J~T orifica.

Figure 1 shows the cssential features of the 0.5 ¥ expander which i3 dusigned %o
fit into the neck of & helium cryostet. A plug 2t the 20X baat sfation is desigued @
fit snugly into a wating recoptacie in the aock tube o cool a radiation zhield. For
cryostats which use Viouid nitroges €0 cool & shield at 77K, 2 hest sietion on the
first stage of the refrigerator iz unnegessary. The 4K heat station consisis ef &
finned tube which serves to recondense helium boil-off. -

The 0.25 ¥ unit which we built fs designed to be operated im a vacuum, It has a
wars heat station to which a radizticn shield can be atteched and a &
heat station for conductively couiing a device andfor instrumsniztion. This unit has
a very snnil onsumatically actuated J-T valve which peraits hich J-¥ flow ratss to be
paintained during cocidown and adjustmant of the operating temperature with maximm
capacity when cold,

The adjustable J-T valve s convenient for a research workse who cap set it
mantally but 15 difficult to sutomste. A fixed J-T orifice is used i the OB unit.
The Flow rate i cuite low when the heliws {5 warm 50 coul-down 5f the 4K heat station
is proloacsd vhen the wnit 4s run fo a vaouue. This does not matfer when the snli s
plogged iuts a cryostet with heliun {n 1% hecavss some veniing Rediys gools §%
quickly. Temperature 13 set by means of a pressure reguiator which contrels d-T
return pressure. Fliow {hrough the fixed orifice is constant so for any pressure sbove
the minimer design prossure, the reguiator bypasses the excess flow in the lew
PrEssure Compressor,
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The C5304 unit shown in Figure 1 incorporates several features that fasilitate
installing and removing 1% frem the neck of & helium cryostat. Guide sheeves are
mounted on the valve motor housing which slide over rods that kesp the refrigerater
centered as 1t is raised or lowersd., A radial "0 riag seal on & shovrt skirt at the
warm end allows for axlal contractien white maintaining good thermal contact &t the
20K heat station. The warm end skirt is 21so used ¢o tie on ‘@n elastamer gleeve which
prev?ntz alr from getting into the neck tube when the refrigevator s remmved © be
serviced, ) :

3. Experimental Program
3.1 Refrigeration Capacity

Both size expaaders were built with pressure taps just upstream of the orifice in
order to monitor contaminant freeze out in the heat exchanger, and tempersture sensors
on each stage of the refrigerator. Heaters were added as vequired for specific
tests. The capacity of each refrigerator was measured by wmounting ¢ In & vecuum pot
and wrapping it with six %0 ten layers of aluminized mylar.

Figure 2 shows the relationship between temperature and heat load applied ¢o the
4K heat station for different settings of the J-T valve in the CS302. This test was
run with no heat Toads applied to the upper two stuces; however, the second stage can
carry about 0.5W and the Tirst stage, about 54 without seriously reducing the
refrigeration avaiiable at the third (4K) stage. Radiation and instrument lead
conduction are estimated to impose an additional 100mM heat load on the third stags.
A radiation shield attached to the first stage would thus make more refrigeration
available ay &k,

Temperature at the 4K heat stetion is st primarily by the pressure at which the
helium Teaving the J-T valve is evaporaring. Closing the J-T valve reduces the helium
flow rate and the cemprassor return pressure dreps. The stight increass in
temparature with foad is due €0 an increase iu heal transfer between the surface
of the heat station and the evsporating liquid as the heat Yoad s increased. At
sufficientiy high heatioads a1l of the liguid produced is evaporated and the gas
stream {tself is hested. A J-T7 unit has the characieristic that the vefrigeration
produced drops rapidly when the maximum capecity 5 exceeded because the flow rate
drops as the temperature of the gas {lowing through the J-T valve increages.

Figure 3 shows the interrelationship between the refrigeration available at the
three heat stationt Yor the CS304 unit. This data was obtained by setting heat insads
on the first and second stages and increasing the heat Toad ca the third stage until
the unit warmed up. An example of how to interpret Figure J is that a load of 15K on
the first stage, 2 watts on the second stege and from U ¢o 0.5 ¥ on the third stage
results in temperatures of 80K and 16K on the flrst and second stages respectively.
The third stage capacity is avaiiabie over a temperature range of about 3.9 to 4.8¢
depanding on the setting of the pressure regulator.

3.2 Heat Exchanger Performance

Heat exchanger efficiency wes weasured by adding differentisl thermocouples [iron
doped geld vs. chromel) to the warm ends of zach saction of the boat exchanger,
Figure 4 plots the data in dimensioniess heat transfer and pumping energy. after Kays
and London Fig, 24 [5]. It is seen that the heal exchanger #as higher hest transfer
efficiency for a given pumping energy than typical piate fin heat exchangers,
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3.3 Magnetic Effects

Studies were made of the effect of operating in magnetic fields in terms of the
effect of the fields on the refrigerator expander and the effect of the expander on
the homogeneity of the field. It was found that the valve motor eanw only operate
satisfactorily in Tields of 0,037 and that the IKg of iron in the valve motor
contributes the only significant amouni of inhomogenity to the field [61.

3.4 Test Cryostat

A double-walled cryosiat was built for the €5304 which simulates the neck tube of
a large Yiquid helium cryostat and has room to accumulate 1L of 1liquid. It has an
89%mm (3.5") bore and a second stage receptacle to mate with the tapered plug on the
second stage of the refrigerator. It has no first stage heat station. This cryostat
was used to measure heat transfer characteristics of the second stage thermal
coupiing, temperature stability, servicesbility and long-term operation.

3.5 Cool Down

Figure 5 shows the cool down data collected and plotted on an HP3497/HPST data
acquisition/computer system for the £5304 in the double-wailed cryostat., The
temperature scale is folded at 30K so the second and third stage temperatures show
scale changes at 30K, The first and second stages cool down relatively fast, but the
third stage takes @ long time because of the thermal wass of the fest pot, the cooling
of the L volume of helium (which is maintained at 1.1 atm pressure), and the low flow
rate of helium in the J-T Toop during wost of the cool down. When operating in a
g&czum with no applied hest leads or extra mass attachad both refrigerators reach 4.2(

n 4 hours.

3.6 Temperature Stability

Despite the Tack of a precooiing heat exchangers on the CS304 first and second
stages the unit condenses 1L of helium overnight. After accumlating 1iguid in the
pot, the feed valve 15 closed and pressure in the cryostat monitoved. Qver a period
of & weell the cryostat pressure is typically maintained in the pressure range of 700
to 720 Torr. Host of the variation is due to changes in barometric pressure which is
normally 760 Tore. o . .

3.7 Thermal Coupling

Studies of the heat transfer characteristics of the thermal coupling showed that
heat 5 transferred primarily by gas conduction in the ¢ap and metal-to-metal contact
contributes only a small amount, The weight of the refrigerator is sufficient to
maintain good contact. A temperature of 1.1K was measured for a-heat load of 3W at 18K.

3.8 Serviceability

The refrigerator is designed to be easily serviced. During tha testisng phases,
the refrigerator was removed from the cryostat and reinstalled a number of {imes to
demonstrate that this procedure could be accomplished with no undo problems {such as
alr inciusion, ice, etc.), as well as to establish service instruction dzta. On one
occasion, for example, the refrigeralor was rvemoved using the flexible sleeve %o
preciude air in-learage, and warmed to room temperature, a different size J-T orifice
was installed, the J-T heat exchanger was purged, and reinstalled in the cryostat in
45 winutes. The unit cooled back to 20K before the Tast of the 1L liquid helium
evaporated.
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3.9 Reliability

In order to assure long-term reliability, & considerable effort was expended 1o
determine the most efficicnt means to clean up the system-initially and kesp 1t clean,
in order to avoid accumulating conteminents in the gas streaw which could have the ’
potential to bleck the J-T heat exchanger. After initinl experimentation, ibve Jast.
9,000 hours of cumulative opzration on several CS304 uniis, wost of 1t at :
subatmospheric pressure, have resulted in no indications of contaminant freeze out in
these systems.

4, Summary

Compact 4K refrigerators have been developed and tested, primarily to be utiiized -
in superconducting magnet and electronic applications. A simple compact J-T heat
exchanger, has been developed which can be mounted on a two-stage G-M
refrigerator, providing a small, efficient, three-stage machine. Extensive testing
has been completed on initial prototype and preproduction machines, which has included
in-house performance and Tife testing. Field testing has inciuded the successful

- cooling of the cold radiation shield and recondensing the helfum {n an MRAI magnet and

cooling of a small superconducting electronic device.
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