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The development of a space-compatible 3He refrigerator would pro
vide a significant improvement ~n several areas of research /1/. 
One such area is infrared astronomy where the sensit~vity of 
bolometers improves dramatically with decreasing temperature. In 
particular, the noise equ~valent power (NEP) varies as Tn, where 
3/2 < n < 5/2. Compared to operating at 1.5 K, a detector operat
ing at 0.3 K could detect a 50 times weaker signal. A second 
research area that would benefit is the study of critical phenomena 
~n quantum flu~ds. Of particular interest is the tricritical po~nt 
of 3He/~He m~xtures. On Earth, experiments in the region of the 
tr~crit~cal pOint are lim~ted by grav~ty gradients to a resolut~on 
of -10- 3 K. Reduc~ng gravity by four orders of magnitude would 
~ncrease the resolution of exper~ments to -10- 5 K. 

There are several methods of achiev~ng these temperatures on Earth: 
3He refrigerat~on, d~lution refr~geration, and ad~abatic demagneti
zat~on refr~gerat~on. Th~s paper w~ll deal with the progress of 
adapt~ng 3He refrigerat~on for use in space. While 3He refrigera
tion has been used for a number of years in laborator~es /2/, on 
balloons /3/, ~n aircraft /4/, and in spin-stabilized sound~ng 
rockets /5/, it has yet to be used in the low-gravity environment 
of space. Descriptions of various cycles and possible embodiments 
of 3He refr~gerators follow. Also included is an analysis of the 
l~qu~d confinement and liquid-vapor phase-separation system. A 
possible configurat~on is then analyzed. Finally, the results of 
ground-based experiments will be discussed. 

Several different refr~gerat~on cycles are possible, including an 
open cycle, an intermittent-closed cycle, and a continuous-closed 
cycle. The embod~ments of these cycles are shown in figure 1. 
The open cycle is the simplest, but uses the most 3He. First, 3He 
gas is condensed into the pot and then vented ~nto space, result~ng 
in evaporative cooling. Since the gas escapes from the system, ~t 
cannot be recycled. Thus, when the ~nitial charge of gas is 
exhausted, a fresh supply must be used to restart the refrigerator. 
Of course, if the pot is big enough, one large charge could last 
the ent~re m~ss~on. The second system ~s the interm~ttent, closed 
cycle. This is a sealed system that needs to be f~lled only once. 
The adsorption pum~ ~s alternately heated and cooled to condense 
and evaporate the He. The last variat~on is the cont~nuous, 
closed cycle. The conf~guration in this case is similar to the 
conf~guration used ~n Jet Propuls~on Laboratory's adsorpt~on 
Joule-Thomson refr~gerator /6/ and in M~kheev et al.'s dilution 
refr~gerator /7/. Two (or more) adsorption pumps are alternately 
heated and cooled to provide a cont~nuous circulation of 3He 
through the system. 
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The design of most of the components of these three alternatives 
are well known. The principal exceptions are some of the adsorp
tion isotherms for the pumps and the liquid containment system ~n 
the pot. The latter item is common to all of the prev~ous des~gns 
and will be discussed in some detail next with emphasis on the 
intermittent, closed cycle. This cycle has been selected because 
of its efficiency and because most of the development work has con
centrated on this type of system. 

The refrigerat~on process ~s the same in the three alternatives. 
In all cases, warm 3He gas must be cooled until it condenses. The 
condensed liquid is then cooled by evaporation to reach the operat
ing temperature. During this portion of the cycle some of the 3He 
is evaporated. For the cycles shown in figure la and lb the mass 
fraction lost /8/ ~s 

llm/m = 1 - exp (- iTc elL dT) 
To 

(1) 

where Tc and To are the condensation and operating temperatures, 
respectively, e ~s the heat capacity, and L is the latent heat. 
For the cycle shown ~n figure lc the loss is 

(2 ) 

where H ~s the enthalpy of the liquid. These losses are shown in 
f~gure 2. The latter loss is greater because the cool-down process 
~s ~nherently ~rreversible. 

The containment of 3He has been discussed previously /9/ and w~ll 
be summarized here. If the pot is filled with a porous material, 
then the l~qu~d 3He could be contained by capillary attraction. 
Th~s use of cap~llary conf~nement in a 3 He refrigerator was first 
suggested by Ostermeier et al. /10/ and f~rst demonstrated by 
Ennis et al. /11/. The main concerns with th~s type of confinement 
are whether the vapor can be condensed ~nto the porous matrix with
out leav~ng large voids, and whether the l~quid can be evaporated 
from the matr~x without bubbles form~ng that would expel the 
l~quid. In discuss~ng these effects, the porous matrix will be 
modeled as smooth cylindrical capillaries of rad~us r and height 
h parallel to any accelerat~on. Wh~le real accelerations can be 
expected to occur in any direct~on, the parallel orientation ~s 
the worst case. Def~ciencies ~n this model will be discussed. 

The porous matr~x serves two functions during the refrigeration 
cycle. It prov~des a large surface for the vapor condensation and 
for the liquid retent~on. Both the vapor pressure gradient and 
the surface tension gradient provide forces that drive the con
densed liquid to the coldest place ~n the system. Thus, at the end 
of the condensation phase of the cycle, all of the liquid will be 
at the coldest point unless there is some other force, such as 
grav~ty, to dr~ve the flu~d elsewhere. If the cold spot is a 
porous matr~x, then the condensation is enhanced because the sur
face tension is increased by the small geometry of the pores and 
because the increased surface area increases the condensat~on rate. 
However, there may be a d~ff~culty when using a porous matrix. The 
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condensat~on may take place only on the outside of the matr~x, 
leaving vo~ds ~n the interior. Experiments by Donnelly et ale /12/ 
and Ennis et ale /11/ have not succeeded ~n demonstrating this 
effect. They showed that the condensed liquid substantially fills 
the matrix. 

In a spacecraft the porous matrix must hold the liquid against any 
lateral accelerations. These accelerations, in general, can occur 
in any direction and be of variable magnitude. The balance between 
accelerat~on forces and surface tens~on forces is usually described 
in terms of the Bond number, Bo. The ratio of the accelerat~on 
forces to the surface tens~on forces, Bo, is 

B 
o (3) 

where a is the accelerat~on, Pi is the liquid density, and a 
is the surface tens~on. If Bo > 1, the acceleration forces domi
nate and ~f Bo < 1, the surface tension forces dominate. Thus, 
to reta~n the flu~d the matr~x must be selected such that Bo« 1 
for all expected accelerations. The system properties, 
Bl = pta/2a, and the des~gn parameters, a = rh, can be explicitly 
separated, lead~ng to the stab~l~ty condit~on 

The function l/Bl is shown in f~gure 3. For any given tem
perature, ~t can read~ly be seen that the smaller r is, the 
greater h can be and thus more liquid can be held. 

(4) 

During the evaporat~on phase, bubbles that form w~ll tend to 
expand, d~splacing and eventually expell~ng l~qu~d. Since the 
expelled l~qu~d will not produce any useful cooling in the system, 
it would be desirable to prevent the expulsion. This problem can 
be broken down ~nto several parts, starting w~th the initial forma
t~on of the bubbles. In a porous matr~x, bubbles will form by 
~nhomogeneous nucleat~on at nucleat~on s~tes on the walls. Bubbles 
w~ll form when the liquid temperature, T, exceeds the superheat 
(~Ts = T - Tsat ). Bald /13/ has est~mated the superheat, which ~s 
shown in figure 4. Bubble formation can be prevented ~f the tem
perature gradients in the flu~d are kept small and the superheat 
~s never reached. Th~s requ~res the effect~ve thermal conductance, 
Ke' across the fluid to be large. The effective conductance ~s 
the comb~ned effect of the matr~x and fluid acting in parallel 
between the heat source (where nucleation ~s most l~kely to occur) 
and the fluid's free surface (where evaporat~ve cool~ng occurs). 
The temperature drop across the system is ~T = Q/Ke , which must be 
less than the superheat. Thus the cond~tion to be stable aga~nst 
the formation of bubbles ~s 

(5) 
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Since the liqu~d conductiv~ty, KI, is set by the properties of 3He, 
only the matrix conductivity, Km' is a free parameter. A high
conductance matrix, such as copper, will give the best stability. 

If we cons~der the heat flux into a single capillary, then equa
tion (5) can be expressed in terms of an equivalent conduct~v~ty 
Ke' where Ke = nKer2/h 

h « 
K n~T e s 

6 
(6) 

(The equivalent conductivity can also be written ~n terms of the 
liquid and matrix conductivities, K~ and Km' respectively, and n 
the void fraction of the matrix: Ke = Kt + Km(l - n)/n. For con
venience we have modeled the combined conductors as a cylinder with 
the same d~ensions as the fluid column.) 

If a bubble does form, it w~ll be free to move within the liquid by 
surface tension gradients. The surface tension gradients are the 
result of temperature gradients and the temperature dependence of 
the surface tension. The surface tension of 3He as a funct~on of 
temperature is shown in f~gure 5. The surface tension gradient 
force (the Marangoni effect) w~ll move the bubble toward the h~gher 
temperature; i.e., toward the heat source and away from the free 
surface of the l~qu~d which ~s being evaporatively cooled. (This 
force ~s given by -nr2 (da/dT) (dT/dx).) S~nce the bubble most l~kely 
formed near the heat source, it w~ll not move far if at all. Fur
thermore, at low temperatures dcr/dT approaches zero and so w~ll 
the surface tens~on grad~ent force. Thus at the operating tempera
ture there w~ll be no force to move a bubble. 

We have seen that once formed, a bubble ~s not likely to move; ~t 
can only grow. Fortunately, the growth of the bubbles can be con
trolled. To illustrate this, we will cons~der a bubble blocking an 
otherw~se full cap~llary (figure 6). There are two forces acting 
on the liquid. One, Fp, is the force due to the pressure d~ffer
ence, ~P, across the l~quid. If a quasi-static process ~s assumed 
where the vapor in the bubble and the vapor outs~de the cap~llary 
are in thermal equilibr~um with the~r respective liquid ~nterfaces, 
the Claus~us-Clapeyron relation and the expression for the equ~va
lent thermal conductance can be used to evaluate Fp as 

where Pv is the vapor density. The other force acting on the 
l~quid is the surface tension force: Fs = 2nrcr. 

To aid ~n determ~n~ng wh~ch of the two forces dom~nate, we will 
def~ne a dimensionless number, EJ , as the rat~o of Fp to Fs: 

4 
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where El = pvL/2noKeT conta~ns the system propert~es and 
e = Qh/r contains the design parameters. If EJ < 1 (or 
a < l/El) the surface tens~on force will dom~nate and the system 
will be stable against expulsion. A plot of l/El as a funct~on 
of temperature is shown in figure 7 for 3 He in a 50% copper matrix. 

The above limitations have been applied to a hypothet~ca1 refriger
ator by Kittel and Rodri~ez /9/. The refrigerator was a spher~cal 
cav~ty of volume V = 4nh 3 /3 f~lled with 50% void copper matrix. 
The refrigerator requ~rements are listed ~n table 1. They found 
that these requirements lead to a series of constra~nts on the 
des~gn parameters. These constraints are depicted in figure 8 and 
are d~scussed later. In order to provide the required cooling and 
sustain the pump-down losses, the volume of the liquid chamber 
must be V > 7.8 cm 3 for the exam~le. Bond number considerat~ons 
lead to the condition rh« 2 mm. To avo~d bubble nuc1eat~on, 
h must be >0.7 mm. S~nce th~s is so much less than the other con
stra~nt on h, it may be ignored. The last restriction comes from 
ejection cons~derations. This limits rlh to <0.02. 

Early attempts to demonstrate the refr~geration cycle at the 
Univers~ty of Oregon 1121 showed for a variety of cryogens that 
(1) gases could be condensed ~nto a porous matr~x, (2) if the pores 
were small enough the matr~x could be substantially filled, 
(3) droplets were not eJected dur~ng evaporation, and (4) useful 
refrigeration could be achieved. Unfortunately, the researchers 
were not able to test all of these properties simultaneously in the 
appropriate environment with he1~um. At Ames Research Center /11/, 
an apparatus was bu~lt to demonstrate all of these attr~butes ~n an 
~nverted geometry. The apparatus ~s shown in figure 9. To con
dense the he1~um, exchange gas ~s admitted to the inner vacuum 
space, estab1ish~ng thermal contact w~th the he1~um bath. When 
condensation is complete the exchange gas ~s pumped out, breaking 
the thermal contact. Next, the matr~x is pumped on, resu1t~ng in 
evaporative cooling. Several different copper matrices have been 
used. These have had nom~na1 dens~ties of 40%, 50%, and 60%, and 
typ~ca1 ~ore sizes of 10 ~m. Th~s apparatus has been used for both 
3He and He, resu1t~ng in m~nimum temperatures of 0.5 K and 1.4 K, 
respectively. The complete refrigerat~on cycle has been demon
strated. It was shown that the matrix could be completely f~lled 
by condensation and that useful refr~geration could be achieved 
without the expUlsion of 1iqu~d. At h~gh heat fluxes, dev~at~ons 
from ~dea1 behavior were observed in the 60% sponge. The cause of 
th~s dev~ation is not known. 

In conclusion, ~t ~s feas~b1e to des~gn a 3 He refrigerator that 
will operate ~n the 10w-grav~ty env~ronment of space where acce1er
at10ns can occur ~n random d~rect~ons. The key to the des1gn ~s 
to f~ll the l~qu~d chamber w~th a high-conduct~vity porous mater~al 
such as sintered copper. The pores allow the surface tension 
forces to contain the liquid, while the h~gh conductivity ensures 
that the vaporization occurs at the surface of the matrix rather 
than internally. The matrix also provides a favorable place for 
condensat~on to occur and suppresses bubble nuc1eat~on and 
movement. 

I would l~ke to acknowledge R. J. Donnelly and his group at the 
Univers~ty of Oregon; D. J. Ennis and W. F. Brooks of Ames Research 
Center; A. F. Rodriguez of the Un~versity of the Pac~f~c; 
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A. L. Spivak of Trans-Bay Electronics; numerous students from the 
University of California at Santa Cruz for their contributions to 
this work; and the NASA Office of Aeronautics and Space Technology 
for the1r support. 

REFERENCES 

1. P. Kittel, Adv. Cryo. Eng. 27, 745 (1982). 

2. G. Chanin, J. P. Torre, Proc. Sixth Int. Cryo. Eng. Conf., 
(IPC Science and Technology Press, Guildford, 1976) 96. 

3. D. P. Woody, P. L. Richards, Phys. Rev. Lett. 42, 925 (1979). 

4. J. V. Radostitz, I. G. Nolt, P. Kittel, R. J. Donnelly, Rev. 
Sci. Instrum. 49, 86 (1978). 

5. H. Gush, Proc. Space Helium Dewar Conference (to be published, 
U. of Alabama Press, 1984). 

6. J. A. Jones, Refrigeration for Cryogenic Sensors, NASA CP-2287, 
357 (1983). 

7. V. A. M1kheev, V. A. Maidanov, N. P. Mikhin, Cryogen1cs ~, 
190 (1984). 

8. P. Kittel, W. F. Brooks, Adv. Cryo. Eng. 27, 727 (1982). 

9. P. K1tte1, A. F. Rodr1guez, NASA TM-85973 (1984). 

10. R. M. Ostermeier, I. G. No1t, J. V. Radost1tz, Cryogenics 1!, 
83 (1978). 

11. D. J. Ennis, P. K1ttel, W. A. Brooks, A. Miller, A. L. Sp1vak, 
Refr1gerat1on for Cryogen1c Sensors, NASA CP-2287, 405 (1983). 

12. R. J. Donnelly, P. Kittel, F. M. Ostermeier, J. V. Radostitz, 
B. R. Lee, J. C. Cooper, Final Report, NASA Grant NSG-2208 
(1979) . 

13. W. B. Bald, Pre-exist1ng Gaseous Phase, Dept. of Eng1neer1ng 
Report N-75-29279, (U. of Oxford, 1975). 

Table 1 

Refrigerator Requirements 

Parameter Symbol 

Condensat1on temperature Tc 
Operating temperature T 
Hold t1me to 
Refrigeration power* Qp 
Peak accelerat10n a 

*Inc1udes parasitic loads 
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Value 

2 K 
0.3 K 
54 ks 
40 \lW 
0.1 g 
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Fig. 2 
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Fig. 6 A vapor bubble blocking an otherw1se full cap1llary. The 
capillary has a radius, r. A column of l1quid of he1ght, 
h, separates the bubble from free space. A temperature 
difference of T and a pressure d1fference of Pare 
across the l1qu1d column. There is a heat flux of Q 1nto 
the bubble. 
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