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Recent work at JPL has shown that a very long-iife, lightweight and
effictent hydride absorptfon refrigerator system can be buflt to operate at
ten Keivin and below., The system consicts of four basic stages of
refrigeration. The first stage can be accomplishad by means of &n active

- refrigeration system such &s a long-life Gifford-Fciahon expander or a
charcoal-sorpticn refrigerator, or even by a passive space radiator operating
below 120 K., The second stege is operated by & hydride absorytion systesm,
wherein a heated hydride powder drives off hich pressure hydreogen thirough a

. Joule-Thomson/heat exchanger expansfon loop such ¢hat the. hydrogen fs

- partially liguefied {20 K at 1 etmosphere pressure). In the third stage, the
vapor pressure over the collected Viquid hydrogen is lowered by mezns of
absorbing the nydrogen vapor onto a different low pressure, warm hydride.
Hith a 1.7 torr partial pressure of hydrogen gas fn the hydride, Tiguid
hydrogen s solidified and sublimes &t 10 K. Lomg-life adigbatic
demagnetization vrefrigerators, helium desorption, or helium diaphregm
compressors may possibly be used to ccol to 4 K or below. :

Preliminary analysis shows that the hydride concepts provide an extreualy
efficient means of rervrigeration to 10 K, and that &n entire sorptien
refrigeration process can be acceaplisiad solely by using low grade heat
energy at ebout 1509C. Furthermore, an entire sorption refrigerater systenm
has no moving parts, other than long-life velves, which have been Vife-tested
at JPL to aa acceierated Vife of 500 yeors, Prelimingry tests and aonalyses of
the sorption refrigerators indicetss an expacted Vifetime of at least ten
years. Present lightweight Gifford-tckahon expanders have lifetimas greater
then 2.3 years, although this cen likely be increased by means of redesign.
and/or redundanzy. - '
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1. _ Introduction

There are & nurher of mechiznical cryogenfc refrigerator systems that are capablie of

producing temperaturas as low as ten Kelvin and below. These systems, which include varfous
Stirling cycles, Brayton cycles and Vuilleunier cycles, all reguire the use of wesr-related
moving parts and/or very complicated electricael equipment., Although much progress has been made
in recent years, none of these systems has, to-daté, demonsirated extrenely long Vife (five years
or greater), primarily because of ‘mechanical faflure problaws. It was precisaely for this rcason
that the Jet Propulsion Laboratory decided {n 1979 [11 te explore the possibility of using
non-mechanical sorption refrigeration systems for sensor cooling systems that would eventually
explore the outer planets. These missions require 14fetimes of ten years and more. Mith
sorption refrigeration systems, there are no wear-related moving parts, and the controlling
electronics can consist entirely of simple, long-life, solid state timers.

" Recent work at JPL has demenstrated the feasibiifty of extremely long 1ife (at least ten
years) for hydride absorption coolers in the twenty Keivin range {2, 3], end analyses has proven
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that this terperature range can be lowered to ten Kelvin by means of using an additfonail,
non-nachanical solid hydrogen sublimation stage. This extremely efficient stage then cpens the
door to even lYower temperature, long-life systems when used as a preliminary stage for helium
sorption systems or for adiabatic demagnetizatfon refrigeraters, botﬁ of which will be described
Tater 1n this paper.

2, Principle of Operation
2.1 20 K Refrigeration

The basic princinle of operation for the 20 K hydride refrigerator is that a continuous flow
of high pressure hycrogen gas is generated by means of non-rechanical hydride compressors. The
high pressure a3s 1s pumped through a series of heat exchangers and a Joule-Thomson (J-T) valve
such that the net cooling effect due to expansion of the gas at the J-T valve lowers the hydrogen
temperature to fts liquefaction point, 20 K at one atmosphere pressure (Figure 1).

The principle of the compressor operstion fs based on the fact that the intermetallic
hydrides such as Ladis, ghsordb cbout six stoms of hydrogen per unit formuyla with an ecuilibrium
pressure of a2 fes atmdspheres at room temperature., The density of the absorbed. hydrogen at room
temperature is aloost tuice the density of Tree Tiauld hydrogen at cryogenic temparatures.

The equilibrium pressure of the absorbed hydrogen 1s a very strong function of temper eture.
and thus the hydrogen static pressure c¢én be increased from 4 atmospheres at 400C- (313 K) ¢o
about 60 atmospheres at 1200C (393 K). Cycling can also be &achigved with the use of other
metallic hydrides, whose tewperature-pressuve characterisics are different than Ladi
alternately heating and cooling a series of hydride conteiners, a continuous flow ¢ hi
pressure gas 15 thus supplied to the Joule-Themson (J-T) expansicn valve im Figure 1. The
expansion of the gas causes partiel liquefaction which can thien absord heat at 1iquid hydrogen
teaveratures.

The basic *‘vantages of this type of systes are that {ft providss considerably lower
temperatures (20 K or lower) than those from passive radiator systems (approximately €0 K), and
yet it still has no mochanical woving parts, other than self-operating check vealves, which have
been life-tested at JPL for an accelercted Vife of 500 ye»rs. It is much simpier, end has a much
Torger life expectamcy thom present orbiting mechamical refrigeraticn systoms, and 1t can be
operated using Tow tesperature waste heat or direct solar heat. :

‘In ordzr to provida heating and cooling of the hydride compressors, ¢ siwple gas-gap tharmal
switch con be used (Figure 2), Feor spacecraft application, heating could bz cbtained by mesns of
a fiat platz solar cotlector (or possibly a radicactive thevmal energy souvce), .and the heat
could be transferred to the hydride by injecting a ges into the gold-plated gap betwsen the solar
plate collar and the hydride. To cool the compressor, the solar plate therwal switch gap would

- be evacuated, end gas wpuld-be injectad 1into the gap betwcen the vompressor and the cooler
radiator heat pipe. Low pressure hydrogen, e.g. 1 torr, gas could be used as the thermal switch
actuator gas, and this could be stored in a cooled hyaride material for very long-life and Tight-
weight storege.

2.2 10 K Refrigeration

In order to produce temperatures as low as 10 X, the vapor pressure over collected Tiquid
hydrogen fs lowered by mesns of absorbing the hydregen vapor cnto a very low pressure, warm
hydride. With a 1.7 torr partial pressure of hydrogen {corresponding to a hydride temperature of
about 09C), the hydrogen is solidified and sublimes at 10 K (Figure 3). A cryegenic sensor can
be continuous 1y maintained at 10 K by means of providing two dedars of hydirogen. Hhile one s
being Tiquified, the other 1s sublimated. The cryogenfc sensor can be attached to both dewars by
means of a thermal switch, thus being ccnt1nuous]y maintained at 10 K. )

Another design for the 10 K stage involves 1iquefying hydrogen at 20 K by means of a hydride

11qu1fier stage, &nd then expanding the Yiquid directly o a Tow pressure 10 K solid hydrogen

“snow”. Blockage of the J-T valve couid he prevented by means of using a porous copper trep,
wherein sensor heat is readily transmitted to the J-T valve ttself.
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3, Overall Cycle Possibilities
3.1 Multi Stage Sorptton Refrigeration System

In order to produce an entire spacecraft refrigeration system, a number of possibilities
exist in terms of refrigerator steging., Althaugh some spacecraft applications {such as
sun-synchronous polar orbits, geosynchronous orbits, and Interplanetary missfons) adapt
themselves well for very low temperature passive radiator stages in the 80 K to 120 K region,
most low earth orbit applications cannot readily achieve radiator temperatures below about -

150 K. Since this results in relatively high specific power requircments for the hydride system,
a number of alternate coldar upner stage refrigaration systems have been studied.

For one type of system, solar heat could be collected at 425 ¥, and used to power four
sorption stages (Figure 4), while a small amount of electrical power is used for a thermoelectric
cooler (TEC? stage. For the charcoal/methane and charcoal/nitrogen sorption stages, large
quantities of gas are absorbed onto charcoal at low pressure and 225.K. The gas {s then released
at high pressure when the charcoal is heated to 425 K. The process 1s similar to the hydride
system, except that the gases are physically adsorbed onto the surtace of the charcoal, while the
hydrogen is chemically bonded to tge_mefal %ydride powder. The charcoal sorption stages and the
TEC are coofed by a 225 K rediator, a temperature which is readily obtainable for radiators
facing away fram earth, with or without soler light, in low earth orbit. The TEC provides .
cooling tc 175 K, which liquiTicc methane at high pressure (26,5 atm). When the 1iquid methane
is expanded to 1.8 atm, it cools to 120 K. This 120 K stage is then used to liguefy nitrogen at
24.8 atmospheres. When the nitirogen expands to 1.4 atm, it cools to 80 K, which is then staged
to a rare earth, misch metal hydride compressor to reach 18 K for liquid hydrogen, The
refrigerator system then cools to 10 K for the solid hydrogen sublimation stage. -

A sorption system design to obtain one watt of cooling at 10 K requires a total estimated
power of only 600 watts, most of which is supplied directly as solar heat. This 15 therefore the
most efficient 10 K refrigeration system presently possible, primarily because it does not
require the use of a very inefficient heliuam refrigeration cycle. Prior to the hydride
sublimation stage design, it simply had not been possibie to achieve such low hydrogen pressures
for extended periods inm a closed-cycle operation. It should alse be fentioned that the entirve
refrigeration system uses gsbsolutely no wear-related moving parts, othar than extremsly
long-1ife, = room-temperature valves, A1l calculatiens are Dbased on actual empirical
absarption/adsorption data fcr the respective gases.

A charccal/helium sorptyi : refrigeration stage, similar to the methane and nitrogen staoges,
may be possible to obtain tempsratures of about 4K, but preliminary caiculations have shown that
is 1ikely to tske many kilowatts eof charceal sorption heating to produce enough helium flow to
generat2 one watt of Tiauid hellum J-T cooling. A likely alternative to a charcoal/hie}{fum
sorption compressor, however, 15 an oil-free halium diaphragm compressor, &lthough much
development work {s necessary in order to obtain a contamination-free 1ife of ten years. Another
lower stage alternative is to deserd helfum from a saturated 10 K charcoal bed. The heat of
desorption is vrelatively high "compared to the very Tow charcoal specific heat at this
temperature, and substantial coeling can result. - Although temperatures below 4 K have been
obtained with this method [4], much development {s still needed in this arsa alsoc.

3.2 Gifford-McMahon Pre-Cooling

knother extremely efficient maans to achieve first stage cooling for the hydride system {is

to use a Gifford-ticHahon (G-M) refrigeration cycle [5], which is powered by compressed hydrogen
from a hydride system.” In the G-M cycle, gas 15 compressed in-a cylinder to a high pressure and
the heat of compression fs rejected at some temperature, typically rocm temperature. The gas is
then forced through a piston-type cold regemerator that has & low cycle rate and low pressure
drop seals. The gas is then aliovied o expand to a very low pressure while flowing back through
the regenerator and into the low pressure end of the compressor. The isentropic expansfon of the
~gas precools the regenerator for the next cycle.. Although not as efficient &3 some other
refrigeration cycles, one of the big advantages of this system is that the primary friction-
related part 1s a piston seal, which has a low cycle rate and a very low pressure drop across
it. In fact, present Cryogenic Technolo%y Incorporated (CTI) Gifford-McHahon refrigerators have
expansion cooler mesn-time-between- failure (MTEF) Vifetimes in excess of 20,000 hours [6],
Since present CTI expansion ccolers are run at about 72 RPH, If lower speeds or stronger,.
multipl: seals are used, even grcater MIBFs can be expscted. Also, since a 9 kg expander can
provide about 15 watts cof cooling at 70 ¥, multiple expanders could be used and valved off, if
the low pressure drop expansion seal beglns to show signs of degraded life, .
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At present, the major problem with G-H upper stage refrigerators is that oil-Tubricated
compressors are used, Although eTaborate ofl c'leaning systems have been devised, eventually the
oil will freeze out and contaminate the cryogenic portions of the system. This requires periodic
waintenance every 2000 to 5000 hours. With a hydride compressor, however, thare is absolutely no
o1l present, and the entire system can operate free of contamination, essentially feraver,

A sketch of a G-H upper stage expander and a Yower stage adiebatic demagnetization
refrigerator, discussed in the next section, appears in Figure 5. Pre~cooling of the hydrogen
gas at about 70 K can ba accomplished with the G-H expander. The overall specific power, i.e.
power required per coo]inig watt, of this system is relatively good, and in-fact, approaches
approximately 300 for 20 K cooling, and is about 400 for 10 K when combined with a hydrida
1su0 limation cooler. This compares with about 1000 or higher for most other mechanfcal systems at

3,3 Adiabatic Demagneti zation Lower Stage

An adiapatic demagnetization (ADM) stage, which purportadly achieves B80% of carnot.
efficiency [7, 8] can be used to reach temperatures of 4 X or lower. For ADY, a uhesl of
paramagnetic material {s rotated partly {nside an extremely high supercenducting magnetic field.
typically about 7 Tesla. The application of the magnetic field csuses heat to be generated in
the paramagnetic material. This heat can then be removed at soma elevated temperature, e.g. .
10 K. ¥hen the wheel {is rotated away from the 10 K heat sink, 1t rotates out of the high
magnatic field, and its temperature is lowered a tremendous amount, typically to 4 K or below,
The entire cycle can be designad to use no moving parts, other then a slowly rotating wheel and
possibly scmz Tow pressure drep helium circulators to enhance heat transfer fntc and out of the

paramagnetic material.

The 10 K or 14 K hydride stage can be of great adventege for the ADM rafrigerator, since ASM
requires extremely strong super conducting magnets ia order to operate. Since 14 K is just
within the superconducting magnat temperature region, the system may be able to “bootstrep”
1tself from 14 K to lower temperatures by progressively increasing supercenductive magretic fieid
strength with decreasing temperature. :

4. Experimsntal Results
4,1 Charcoal Sorption Refrigeration

Recent work at JPL has confimmed tne use of charccal sorption to produce a contiruous fiow
of high pressure nitregen, By alternately heeting and cooling from camnisters of charcaatl
between 250 K and 400 K, a continuous flow ef 50 atmospheres (750 psi) nitrogen has besn
produced. By flowing the gas through a J-T/keat exchanger assembly, a total cecling power of
approximately 1/2 watt has been generated.-

Alfhough the total averege. power required for this pmof—of—princip!e test was epproximately
200 - watts, much 1lower LM» specific powers are predicted with methane-staged sorption
refrigeration;, as previcusly described and shown in Figure 4. '

4.2 Liguid Hydrogen Refrigeration

. Most of the experimental results regardin'g'liquid hydrogen hydride refrigeraticon life .
testing are ovailsble in {3, 9], and are summarized for convenience bezlow:

In paerticular, a complete heated hydride compressor system has been thus far successfully
tested at ERGEHICS Covporation to 600 hours of continuous operation, and ths JPL cryogenic J-7
system has accumulated over 1,000 hours of successful operatfon between 14 K snd 29 K, without
any evidence of wear. It should be noted that the ERGEMICS compressor that operated for 6000

. hours weighed only about 10 kg and yet delivered a hydrogsn flow which would have bean equivalent
to about 3 watts of coeoling at 25 K if a J-T/heat exchanger locop ware ucad, UWith a Tower cycle
speed, it can be sald that 1t survived at Teast 18000 hours of 1 watt equivalont cooling and yet
stil1l performed close to original :zpecifications. Preliminary third-stage experiments have
confirmad the sublimation of hydregen at 13.8 K, although a reduced pressure drop heat exchangse
system {s required to reach lower temperatures. Furthermore, the only wmoving parts in tae
syste.ahggcmvbemperature check valves, have besen 1ife-tested at JPL to an accelerated 1ife of 500
years .
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Life tests on hydride particle size have confirmed that the hydride particles break down
after repeated cycling, but the average particle size reaches a final spherical equivalent
dianeter of about 1 micron after about 5000 cycles. Although some binary hydride alloys, such as
Lalis, have shown a significant loss of capacity when subjected to many cycles at elevated
temperatures [11], small additions of aluminum to rare earth, nickel-type alloys make the alioy
greatly resistant to disproportienation. [12]. ERGENICS Corporation has estimated effective
hydride disproportionaticn as approximately 1% per year, based on aluminized misch-metal hydride
alloys. For expansion cooling, dJoule-Themson (J-T) valves have long proven their imherent
relfability, as -evidenced by well over one million hours of accumulated life for the JPL Deep
Space Network Maser recefvers [13]1. Although simple decontzmination thaws are reconmended every
six to twalve menths for the JPL maser fixed-orfice, J-T valves, it is Tikely that no thaws would
ever e needed for the new JPL design of -non-clouging, - spring-lcadad, J-T valves [3].
Furthermorz, the hydride system has absolutely no oil-contaminated vapors, as are present on the
JPL  mechanical refrigeration Maser. compressers and . thus overall contamination can be
substantially reduced if proper initial decontamination steps are tzken, :

4,3 Solid Hydrogen Sublimation

) There has been considerable work dore on solid hydrogen sublimation by Lockheed Corporation

- {14]). Although hydrogen solidifies at about 14 K and 1 psi pressure, its temperature has been
readily lowsred to as low as 7 K by means of evacuating the vapor space ezbove the hydrogen,
thereby causing it to sublimate directly from the solid phase to the gaseous phase. Since the
transition heat from gas to liquid is very high (150 BTU/Ibin) and the solid latent heat is
retatively low (25 BTU/Yba), the amount of cooling enargy required to go from liquid to soiid is
quiteh1o:,_although the heat of sublimation, which ic appreximately 190 '+ 25 = 215 BTU/1bm, 1s
very high, -

. - That {is to say, once liquid hydrogen has been made, it takes very little extra power to

produce solid hydrogen.. This in fact, has been confirmed by analysis using a speciaiized JFPL
sorption computer program [15], using LaNis to proguce 1liquid hydrogen ard a low pressure
hydride to further reduce the vapor pressure, and thus its temperature.

5. Summary and Conclusions

Recent work at JPL has shown the possibiiity of achieving extremely long-life (10 yeaés or
greater), efficient, &nd relatively simple refrigeration systems for obtaining 10 K temperatures
and below. The various possible stages are described below: .

1. The first stages of refrigeration can be obtained by either passive radiaticn (80 K te
120 K for high orbits or interplanetary missions), charcoal/methenz sorption. (120 K)
combined with charcoal/nitrogen sorpticn (80 K}, or by a Gifford-McHMshon refrigeration
syvstem (40 K minimum) powered by a hydride compressor. ‘ _

2. .The néxt'stage‘of'refrigeretion to 20 K can be accowplished by a sténdard hydride J4/7
.. compressor system, such as the compressor unit recently life tested for 6000 hours [3].

3. The ten Kelvin temperature stage is obtained by low pressure hydride sublimation

evacuation of the vapor space above hydrogen to 1.7 torr pressure. This cam be

- geecomplished by batch processing the 1iquid hydrogen and then reducing the hydrogen

pressure by absorption onto the hydride or by direct expansion of liquid hydrogen
through a J/T valve to preduce soiid hydrogen “snow®,

4. Temperatures of 4 X or below may possibly be obtained by adiabatic demagnetizatica
: refrigeration, helium desorption, or by an oil-less diaphragm helium compressor.

AT of the sorpticn refrigeraticn stages have life expectancies of at least tem years, since
- their only moving parts are room-temperature valves that have been 1ife tested to an accelerated
equivalent 1ife of 500 years. Although present CTl Gifford-McMahon expanders have a guaraateed
life expectancy of 20,000 hours, their extremely Yight weight allows for multiple unit redundancy
and/or stronger seals and lower cycle frequency to achieve 10 year life (88,000 hours)., 1t is
quite 1ikely that Tonger life seal materials can be made, since the G- expander seal sees only a
very low pressure drop wifch 15 at low temperatures. Present G-M refrigerators are life-iimited
primarily due to oil-contamination from mechanical compressors, a problem which is totally absent
with hydride compresser systems. L
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The overall specific power efficiency to reach 10 K by sorption staging is estimated to be
about 600 watts per cooling watt at 10 X, while the specific power with G-M staging is about 400
watts per cooling watt. Most of the power for both systems is in the form of Jow temperature
heat, such as 425 K solar heat or RTG waste heat. This compares with values generally greater
than 1000 for every other known 10 K helium cycle refrigeration system.

When compared with all other closed-cycle spacecraft mechanical refrigeration systems,
sorptien refrigeration, and in particular the 10 K hydrogen sublimation hydride sorption system,
appears to be the simplest, most efficient, lightest and least interfering (vibrations and
magnetics) and to have the jongest potential life of any other existing system.
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