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FOREWORD 

This report was prepared by Malaker Laboratories; Inc., 
under USAF Contract No. AF 33(657)-10,133. This contract was 
initiated under Project No. 8169, Task No. 8I69O3, "An Analy- 
tical Investigation of Gas Liquef.lers for .q^,ace Operations. ' 
The work was administered under the direction of the AF Aero 
Propulsion Laboratory, Aeronautical Systems Division., with 
Mr, Charles V/. Elrod acting as Project Engineer. 

This report covers work conducted from October 1962 to 
May IQ63. 
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ABSTRACT 

A detailed description and comparison is given uf therrao« 
dynamic cycles suitable for use in space for the liquefaction 
and reliqucfaction of He, H2, N3, P§ and On at rates from 1 lb/ 
day to 1000 lbs/day. A survey is presented of the mode of oper- 
ation, performance and efficiency of the following cycles; 
cascaded compressed vapor cycles, systems using Joule-Thomson 
{*£=E3L) cooling, only, systems using expansion engines, Stirling 
cycle systems, Taconis cycle systems and miscellaneous systems. 
Tables and graphs are included presenting the significant data 
on performs .ice of each suitable cycle based on conservative 
estimates of the current state-of-the-art and on optimistic 
estimates of the probable future state for the period 1965-1970. 

A survey is given of space environment and detailed dis- 
cussions are presented en the question of component compatibility 
and design for space operation, particularly covering su^h mat- 
ters as component weights, volumes and reliability. 

Definitive conclusions are arrived at which serve: to per- 
mit specific recommendations for future action and a summary is 
made --f bums  current areas of ignorance and of the more signiii- 
cant problem areas which are discussed in detail in the main 
body of the report. 
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I.  INTRODUCTION 

This investigation has as its objective the determination of 
the thermodynamic cycles best suited for use in space for the 
liquefaction and rel iquefactlon of helium, hydrogen, nitrogen, 
fluorine and oxygen at rates from 1 lb/day to 1000 lbs/day. 

The report is subdivided into nine sections.  In Section II 
some data on the subject gases are presented along with references 
to fuller data.  Section III defines the ranges of liquefaction 
and reliquefaction rates covered by this report.  Section IV 
gives a theoretical survey of the relative efficiencies of lique- 
faction and reliquefaction for idea] reversible cycles.  Section V 
gives a detailed survey of actual thermodynamic cycles used for 
refrigeration and liquefaction and covers all well known cycles, 
whether suitable or unsuitable for space operation.  The cycles 
covered include:  cascaded compressed vapor cycles, systems 
using Joule-Thomson cooling only, systems using expansion engines, 
Stirling cycle systems, Taconis cycle systems and miscellaneous 
systems.  The treatment is full and charts and graphs are in- 
cluded presenting the significant data on performance of each 
suitable cycle based on conservative estimates of the current 
state of the art and on optimistic estimates of the probable 
future state for the period 1Q61

J-1<J70.  Although none of the mis- 
cellaneous systems described In this report appear likely to be 
suitable for the subject task in the period 19"5-1970, descrip- 
tions (in some cases quite detailed descriptions) of these have 
been included for the sake of completeness and future reference. 

Section VI presents some data on compressors, motors and 
expanders, including estimates of weights and volumes.  Section 
VII surveys the space environment, including space temperatures, 
and discusse, component compatibility and design.  In this dis- 
cussion data are presented for estimating radiator weights and 
areas.  Section VTT1 gives a detailed qualitative and quantita- 
tive comparison of all promising cycles, including data on per- 
formance, weights, volumes, reliability, compatlbl11tes with 
space environment, etc.  'Phis, comparison Is for all sizes of 
cycles from miniature to those for production up to 1000 lbs/day 
of the subject gases and Is supported by numerous charts, tables 
and graphs.  Definitive conclusions are arrived at which serve 
to permit specific recommendations for future action to be made 
in Section IX.  In addition Section VIII contains summaries of 
some of the areas of ignorance and of the more significant pro- 
blem areas and possible future breakthroughs which have been 
discussed in the main body of the report. 

Manuscript released by the authors July 196 3 for publication as 
an ASD Technical Documentary Report. 
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II.  DATA ON SUBJECT GASES 

This investigation concerns the liquefaction and relique- 
faction in space environment of helium, hydrogen, nitrogen, 
fluorine and oxygen. 

Tables 1 and 2 give pertinent data concerning the subject 
gases.  Similar data is also included in these tables for neon. 
Although neon is not one of the subject gases of the investiga- 
tion, data concerning it are included since it may be suitable 
for use for the refrigeration and/or reliquefaction of the subject 
gases. 

For detailed properties of the subject gases, such as the 
presented in S-T diagrams, etc., reference is made to the public- 
ations listed below under "Bibliography for Thermodynamic Data." 
Since these references are readily available, the charts contained 
therein are not duplicated in this report. 

TABLE 1 

PROPERTIES OF LIQUEFIED GASES 

Fluid 

Normal 
Boiling 
Point 

Critical 
Temp. 

Critical 
Press. 
Atm. 

Inversion 
Temp. 

°R °K °R °K °R °K 

Hydrogen 36.7 20.4 59.7 33.2 12.98 368 204.6 

He4 7.6 4.2 9-33 5.19 2.26 -9O.9 -5O.5 

Nitrogen 139 77.3 226 126.0 33.5 1120 621 

Oxygen 162 90.1 278 1^4.3 49.7 l609 893 

Fluorine 153 85.0 259 144.1 55 - - 

Neon 49.0 27.2 79.7 44.4 25.9 -396 -220 

  _ 
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TABLE 2 

SPECIFIC GRAVITY AND LATENT HEAT OF CRYOGENIC 
LIQUIDS AT NORMAL BOILING POINT 

Substance d L (joules/g) 

H? 0.071 gm/cvtfi 4S2 

He* 0.122 20.U 

N2 0.808 199 

02 1.14 213 

F2 1.50 172 

Ne 1.205 89.4 

BIBLIOGRAPHY FOR THERMODYNAMIC DATA 

General Data: 

Johnson, V. J. (editor):  A Compendium of the Properties 
of Materials at Low Temperature (Phase I]; WflPP Technlca1 
Report 60-56, Po-rt" 1; July I9b0.  This report contains 
charts and tables ofsthe following properties:  Density, 
Expansivity, Thermal Conductivity, Specific Heat and 
Enthalpy, Transition Heats, Phase Equilibria, Adsorption, 
Surface Tension and Viscosity on  the following fluids: 
Helium, Hydrogen, Neon, Nitrogen, Oxygen, Air, Carbon 
Monoxide, Fluorine, Argon, and Methane. 

Data Book; 
report con- 

Chelton, D. B. and Mann, D. B.:  Cryogenic 
WADC Tech. Report 59-8; March 1959.  This 
tains a compilation of the physical properties of the 
following liquefied t, -es: helium, hydrogen (para and 
ortho), hydrogen deute: ie, deuterium, nitrogen, oxygen, 
and air. 
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Nitrogen Data; 

1. Keesom, W. H. and Houthoff D. J.:  Leiden Comm. 
Suppl. 65c (1928). 

2. Miller, R. W. and Sullivan J. D.:  U.S. Bur. Mines 
Techn. Paper 1928, No. 424. 

3. Claltor, L. C. and Crawford, D. B.:  Trans. Amer. Soc. 
Mech. Engrs. 71, 883 p9^9)- 

4. Lunbeck, Michels and Wolkers:  Appl. Sei. Res. A3, 197 
(1951/53). 

5. Keesom, W. H.,Bijl, A. and Monte, L. A. J. :  Leiden Comm. 
Suppl. 108a (1954). 

6. Bloomer, 0. T. and Rao, K.:  Inst. Gas Technol., 
October 1952, p. 28. 

Oxygen Data: 

1. Miller, K. W. and Sullivan, J. D.:  U. S. Bur. Mines 
Techn. Paper 1928, No. 424. 

2. Claltor, L. C. and Crawford. D. B.:  Trans. Amer* Soc. 
Mech. Engrs. 71, 88^ (1949). 

3. Keesom., W. H., B1J1, A. and Van Ierland, J. F.:  Leiden 
Comm. Suppl. lL2c. (1955) (NBS #GP0 852010). 

Hydrogen Data; 

1. Wooley, Scott and Brickwedde:  J. Res. Nat. Bur. Stand. 
41, 379 (1948). 

2. Keesom, W. H. and Houthoff, D. J.:  Leiden Comm. 
Suppl. 65d (1928). 

He Data: 

1. Zelmanov, J. L.:  J. Phys. USSR 8, 129 (1944). 

2. Keesom, W. H. and Houthoff, D. J.:  Leiden Comm. 
Suppl. 6Se (1928). 
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He4 Data (Cont'd): 

3- Keesom, W. H.,Bijl, A. and Monte, L. A. J.: Appl. Scl. 
Res. 4, 25 (195^) and Leiden COOT. Suppl. 108c (1954). 

4. Akin, S* W.: Trans. Amer. Soc. Mech. Engrs. 72, 751 
(1950). 

Fluorine Data: 

1. General Chemical Division, Allied Chemical Co.:  Technical 
Bulletin TA-854.U (1961).   

2. Hu, J. H., White, D. and Johnston, H. L.: ASTIA report 
No. AD 10067 (1953).   

Neon Data: 

1. National Bureau of Standards, Cryogenic Engineering 
Laboratory (1961) (Gas-Phase only;. 

2. Troyer, B. D. and Timmerhous, K. D.: Advances in 
Cryogenic Engineering, Vol. 6 (1961). 
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III.  RANGES (F LIQUEFACTION AND RELIQUEFACTION RATES. 

The ranges of liquefaction and rellquefaction rates covered 
in this study are from 1 to 1000 lbs/day.  Table 3 shows these 
ranges expressed not only in lbs/day, but also in liters liquid/ 
hour and in watts (refrigeration for reliquefaction) for the sub- 
ject gases.  In addition, Figure 1 shows the refrigeration load 
for reliquefaction in watt-hours/lb plotted against the storage 
pressure for the subject gases. 

TABLE 3 ' 

REFRIGERATION REQUIRED FOR RELIQUEFACTION 

Substance 

Boiling Point 
at 

1 Atmosphere 
lbs/day liter/hr. 

Watts 
Refrigeration 

For 
Rellquefaction °K UR 

He4 4.2 7.6 1-1000 0.153-155 0.107-107 

H2 20.4 36.8 1-1000 0.266-266 2.37-2,370 

N2 77.3 139 1-1000 0.023-23.4 1.05-1,050  | 

02 90.1 162 1-1000 O.OI66-16.6 1.12-1,120 

?2 86.1 155 1-.1000 0.0126-12.6 O.9O-9OO 
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Fig.   1  - Refrigeration load for re liquefaction of 
subject gases as a function of storage 
pressure. 
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IV.  RELATIVE EFFICIENCIES OF LIQUEFACTION AND RELIQUEFACTION. 

In this report conside 
faction and reliquefaction 
tion it is assumed that by 
device the boil-off gas can 
ture and pressure at which 
process, therefore, it is n 
ing the gas down from amble 
the boiling liquid and in c 
not loaded by the sensible 
One would expect, therefore 
liquefaction would be small 
following section presents 
ferences for ideal liquefie 

ration will be given to both lique- 
of the subject gases«  In re.liqu.efac- 
suitable placement of a refrigerating 
be reliquefied ideally at the tempera - 

It is stored.  In the reliquefaction 
ot necessary to expend energy in cool- 
nt temperature to the temperature of 
onsequence the refrigerating device is 
heat of the gas to be reliquefied, 
, that the energy required for re- 
er than for liquefaction and the 
a theoretical assessment of these dif- 
rs and ideal reliquefiers. 

Before considering some of the relative merits of different 
liquefaction and reliquefaction techniques, it is of interest to 
assess the theoretical maximum efficiencies of both processes. 

First consider an idealized refrigerator in which the work- 
ing gas is first isothermally compressed from an initial state 1 
at pressure p-| , temperature Tj and entropy Si per mole to a 
pressure P2> and entropy Sp P^.r mole.  The pressure pp is so 
chosen that a subsequent reversible isentropic expansion of the 
gas to the pressure pj will result in its being completely lique- 
fied.  Let this final completely liquid state, 3, be at a temper- 
ature To and entropy S3 per mole, o ~> 

The work of compression, wc, per mole then is given by: 

Wc = Tj. (3r-S?) (1) 

but since S2 ' S^ by definition of an isentropic expansion we have 

wo " Tl I*] 
Tl (Sl-S,) (2) 

To complete the refrigerat.1 ve cycle, let the liquid evaporate 
completely at pressure pi and temperature T^ and then subsequently 
warm as a vapor from T3 *o th* initial temperature Tj, also at 
pressure p_p the heat required for this coning  from the surround- 
ings.  It can readily be shown* that the net work done on one 
mole of gas in the cycle 1s: 

W - TX 'S^S^;   - (HrH3) (3) 

where the H is the enthalpy pfr  mole at the points 1 and 5. 

♦Daunt, J. G.  Hdb d. Physik, !*.!. (19o6) 

iminttri , ,. ,» ,-■«*-„ — ■■ - -■■ 



By using such a refrigerator to liquefy the working fluid 
it is found that the minimum work of liquefaction, Wm^n, is also 

given by equation (3). Table 4 lists some values of Wmin 
ob~ 

tained in this way from known entropy and enthalpy tables. 

To calculate the minimum work required for reliquefaction, 
one can assume that the refrigerator is ideal with efficiency 
equal to that of a reversible thermodynamic engine operating 
between the ambient or sink temperature, T-^ and the boiling point, 

T^, of the gas to be reliquefied. Under this assumption the 
minimum work is 

wml„ - i - - 11 W 

where L is the latent heat of evaporation of the suDject gas.* 

Table 5 sets out the evaluations of this theoretical minimum 
work of reliquefaction.  It will be seen that it is indeed less 
than the theoretical n-inimum work for liquefaction and Table 6 
gives the ratio of the minimum work for liquefaction to the mini- 
mum work for reliquefaction. 

In practice, for a variety of reasons the work of liquefac- 
tion and reliquefaction greatly exceeds these minimum figures. 
The ideal processes cannot be realized in practice, because of 
the irreversibil ities Inherent in practical processes. 

TABLE 4 

MINIMUM WORK REQUIRED FOR LIQUEFACTION 

Pi ^comp wmin 
Substance (a tm. ) (°K) (KW-hr/liter liquid) 

Oxygen 1 293 0,205 

Nitrogen 1 293 0.169 

Hydrogen (Normal) 1 ?93 0.224 

Helium (He21) 1 OQ'i 0.235 

*Jf the refrigerative load is not isothermal then, as shown by 
Jacobs, R. B- (Adv. 1n Cryogenic Eng. 7, ^67, I96?), the low 
temperature In the expressTen for tnr» efficiency of ^ Carnot re- 
frigerator must be replaced by the log-mean temperature. 

8 
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TABLE 5 

MINIMUM WORK REQUIRED FOR R2LIQUEFACTI0N 

Substance 

p..:- 

(atm.5 (:K) 

wmln 
(KW-hr/liter liquid) 

Oxygen 1 293 0*159 

Nitrogen 1 £93 0.127 

Hydrogen (Normal) 1 c93 0.119 

Helium (He4) I -93 0,0^9 

♦Pressure of evaporating liquid 
**Temperature of refrigt-rstcr tea.' jink 

TABLE 6 

RATIO,   r,   CF MINIMA  WO-K FOR  LIQUEFACTION   ?C MINIMUM 
WORK FOR  PELIQUEFA .T JON:   (FRESSURE OF IIQl'ID       1 

ATM;   TEMPE^.ATUFE  OF  KE.4 7 SIN?;   -  :93'K) 

Sub3tar.ce v* 

Oxygen 

Nitrogen 

Hydrogen ( x rrrial .1 

HeliuP! (he. 

1 . 3 *» 

1,68 

u  7t' 

Irreversibiliru.   are always   ir.trcdu^-d In h*ja:   flow  re- 
cesses,   for example,   ii. all   hev   Lxrhmgor^,   vv JLT r^rer.:  j"d 
condensers  in which h*ra:   flow  o.'..r\   iiwv; .-   oi-dtr 1   terpsra: «rt, 
gradient.     It  is   the  purpes*.  cf  Vv-- r-ai-;  red}   cf   rhi»  rt-pcrr   tc 
assess the lrrever^itilit io    tn:-*t   ,-.r*  iM*rodL.t-.d  1"  * h-   w-ioa? 
liquefaction and  reliqucf.* ,~ior, :v. ::r-    vi.:   ccn^iderarior . 
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V.l.  CASCADED COMPRESSED VAPOR SYSTEMS 

1.1 INTRODUCTION 

Compressed vapor refrigeration machines, with two not- 
able exceptions, have not been used for the liquefaction or re- 
liquefaction of the subject gases.  The two notable exceptions 
are the air liquefier established by Kamerlingh-Onnes* and the 
nitrogen liquefier set up by Huguenin.** Although the systems 
are highly efficient, they require many working fluids and com- 
pressors and the ..ssoclated mechanical complexity has in the past 
discouraged their widespread use. Further, the triple point of 
oxygen (54.4°K) seems to be a practical, if not theoretically 
absolute, lower limit to the temperature to which they can be 
operated. Because of these disadvantages it is unlikely that cas- 
caded compressed vapor systems would be advantageous for use in 
space vehicles.  On the other hand, compressed vapor refriger- 
ators, used singly or in cascade, nave been used quite extensively 
as precoolers in other refrigeration and liquefaction systems in 
order to increase the efficiency of the over-all systems.  More- 
over, their high efficiency renders them of some Interest for 
possible O2 and F2 liquefaction.  Because of these facts it seems 
appropriate to give a brief review of past and current capabili- 
ties of cascaded compressed vapor systems. 

1.2 DESCRIPTION OF A SINGLE-STAGE CYCLE 

Fig. 2 shows a flow diagram of a typical single stage 
compressed vapor refrigerator.  It comprises a compressor which 
is used to liquefy the working fluid In the condenser, a con- 
denser used to permit the fluid to be condensed, an expansion 
valve through which the compressed liquid expands into the eva- 
porator and an evaporator which absorbs heat at a desired low 
temperature. 

In practical single stage compressed vapor refrigera- 
tors the following requirements must be met:  (a) the condenser 
temperature, i:^,  must not be far above the critical temperature, 
Tc, of the fluid, (b) the pressure, ?2»   of compression should not 
be too high, (c) the compression ratio, P;>/Pl» should be small, 
since the work of compression increases rapidly with Increasing 
compression ratio, and (d) the low temperature, T}, should be 
close to the boiling point, Tg, '>.' the fluid in order that the 
inlet pressure to the compressor shall be approximately one atmos- 
phere^  
*Kamerl lngh-Onnes, H.  Leiden Conim. 14 (1894); Leiden Comm. 
Suppl. 3£ (1913).     """ 

**Huguenin, A. Festschrift zum VO.  Gerburtsta; von Prof. 
A. Stodola.  p. 272, Zurich 1929- 
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COMPRESSOR 

COOLANT 

COOLANT OUT 

EXPANSION   VALVE 

-CONDENSER 

EVAPORATOR 

Fig.  2 - Flow diagram of single-stage compressed 
vapor refrigerator. 
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The conditions indicated above, together with prac- 
tical considerations concerning, for example, the ccrrosiveness 
and/or toxicity of the working fluid, are sufficient to allow 
the choice of fluid required to operate between any two desired 
temperatures.  Table 7  gives the necessary data on the properties 
of many low temperature working fluids for compressed vapor 
refrigerators. 

TABLE 7 

SOME  TATA  ON  liiW   T?YPECA: 
C OYFRES ? ED V.- r ' "-. P 5? I 

HE r:.' :.is 

Boiling 
po!nt" 

1  rr^tlpa' 

V 
Press ;re 

Triple 1 
Po'nt 

pi chloiodifluoromethane 
(Freon 12) 

2^ />. I ••64.2 .:9-6 TO- 

Arrjnonia r '• - . 0 ^rjt _ - Lii.o j 95. c, 

Monochlorodifluoromethane 
(Freon 22) 

. . £   c> j£9. ! •-»8  7 

Propane ? -. c. s Vc8. 7 LA  o 8 :.. 0 | 

Propylene 226.: \£U .  • •'. • . Q 67.9 

Carbon  Dioxide sC-4 . c 7 ;•. c 216.6 

MonchlorotrifJuoromethane 
(Freon  13) 

: 91   . 7 ■ c o S9 •>Li 9?  2 

Trifluorcmethane*(Freon  2\) _'.9 • • C . c' L f" i , 

Ethane L64.« ' Jr   . '- ^7   2 101.2 

Nitrous Oxide ,S\ <^ :?.6 7!   7 170.8 1 

Ethylene ! ^ Q. • 282.8 «=£. . 3 } -, .     Ü 

[Tetraf l'joro*iethan.e< {? *'«-or.   1 4- . aii     . 22?  ( ■£.? fe? 

Methane 1 i!.. 7 
i 

sr: .8 QO.* 

♦Data from Daunt, J. 'j., Hut. 1. phyg 
Kuprlanoff J., Plank F. anTTT^T^T^T 
teehnlk Vol. IV. (I9t6). 

jk :^.:.  (v^6; and 
H   ]   Hdb.   1.   KH,^- 

• 
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1.3 DESCRIPTION OF CASCADED COMPRESSED VAPOR SYSTEMS 

Cascading of compressed-vapor refrigerators can be used 
for going to temperatures down to that of liquid nitrogen or 
oxygen.  It is theoretically possible to go below liquid oxygen 
temperatures by using liquid neon as the next refrigerant in the 
cascade.  However, this requires reduced pressure in the oxygen 
evaporator and a high compression ratio in the neon circuit.  To 
the authors' best knowledge, no cascade systerns in practice have 
gone below the liquid oxygen-nitrogen range of temperatures. 

In a cascaded system the evaporator of one refriger- 
ator is used as the condenser for the next lower temperature re- 
frigerator.  In addition, the efficiency can be increased by 
inclusion of heat exchangers which allow exchange of heat be- 
tween the gas evaporating from one evaporator and the incoming 
compressed gas to the next lower temperature refrigerator.  In a 
fourfold cascaded system devised by Keesom» and subsequently put 
into practice by Huguenin**, ammonia, ethylene, methane and 
nitrogen were used as the working fluids, giving a practical 
efficiency of about 0.245 KW-hr per lb of N2 liquefied. 

Some analysis of the losses in Keesom's system has 
been given by Ruhemann ("The Separation of Gases," Oxford Univer- 
sity Press, Second Edition, Vjky,   p. 139). 

Modern commercial staged compressed vapor refriger- 
ators are made by a variety of companies, and in general use the 
freon's as the working fluids.  Two stage cascaded systems can 
easily reach to l6^°K.  Reference is made to work by Soumeral*** 
and Mlssimer»*** for analyser» of typical low temperature systems. 

♦Keesom, W. H. Leiden Comm. Suppl. 76a. 1933 
••Huguenin, A., Festschrift zum 70. Geburtstag von Prof. A. Stodola, 
p. ?7?t  Zurich (1929}. 
♦♦•Soumeral, H. P-, "Simplified Analysis of Two Stage Low Tempera- 
ture Refrigeration Syatf-mTi," jtefrlg. Eng, (July 1953), p. 74b. 
♦♦»«Mlssimer, D. J., "Cascade Refrigeration Systems for Ultra-Low 
Temperatures," Refrlg.'"Bng".""TpJ#»bru.iry 19bb),   p. 37. 
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V. ~~. SYSTEMS USING JOULE-THOMSON COOLING ONLY 

2.1 SINGLE STAGE JOULE-THOMSON SYSTEMS WITHOUT PRECOOLING 

2.11 RELIQUEFIERS OR REFRIGERATORS FOR TEMPERATURES ABOVE 77°K. 

The simplest closed-cycle cooling system using Joule
Thomson expansion consists of a compressor, after-cooler, heat 
exchanger, 8.nd expansion valve. A system of this-type is shown 
nchem~ticnlly in Fig. 3. 

The fluid enters the heat exchanger after compression to 
pressure p1 and after cooling in the after-cooler (radi8.tor) to 
the sink temperature, Ts, at the point a. It passes through the 
heat exchanger (path a-b), where it is cooled by gas from the 
evapo~ator. The fluid is then expanded isenthalpically at the 
valve (path b-e) to 8. pressure P2 and liquid is produced. The 
pressure p 2 is the vapor pressure of the liquid at the evapor
ator temper·ature, T. This ltquid is evaporated (path c-d) by the 
heat 1oC!d, "U, \-Jhich is therma11y connected to the evC!porator and 
the cool g8s, ideally at temperature T, is ~xhausted through the 
heot exchanr,er· (p:Jth d-P). The gas at. prP~SilT'F. r 2 t?'Ylr=1-e;1ng from 
the top of the heat exchanger at e is fed to ths compressor, where 
it is compressed and returned to its or~gln"il state at. 3, ~p1 , 

Ts). 

For an ideal system in which lt may be assumed that 
there are 110 heat exchanger inefficlencies, no pressure drops in 
flu:id fJow, no heat leaks, etc., the thermodynam'c e:ycle would 
be r·epl"esented by the heavy curve in thP T-S dlagr'8m of Fig. ll 
in which the l0ttered points correspond tc those of Fig. 3· For 
an ideaJ1y efficient cycle one would have: 

'rs ~ Te = Ta; Tc = Td; P1 = Pa =-~ Po.; P2 " Pc = Pd c:.: Pe (5) 

If h is the enthalpy in joul~sjg of the working fluid, then at 
the Joule-Thomson expansion at the valve hb ~ he and the heat 
exchanger heat balance is: 

But (hd - h 0 ) = (he - ha) is the refrigerative capacity of the 
refr:it_:Ser>ator ::1t the 1 m-1 temperature per gram of working fluid 
passing through the cycle. 

(6) 

If n is the mass flow rate of the fluid in g/sec, then 
the refrigerative load, L, is n(he - ha) watts. 

15 



---- -

If it i3 assumed that the compression is isothermal at 
the.clnlc temperature, T:::, (Ts = Te = Ta, ideally), then the iso
thermal power of compression is 

(7) 

where S lS the entropy of the working fluid pergram. If the fluid 
on compression is treated as a perfect gas, then 

(8) 

where M is the molecular weight of the working fluid and R the 
gas constant in jou.1esj°K. The ideal coefficient of performance, 
C.P. (ideal), therefore is: 

C. P. (ideal) = = 
(he - ha) 

Ts(Se - Sa) (9) 

'ro allow fo1· non-isothermal compression, for motor and motor drive 
inefficiencies and for the non-ideality of the cycle, let g be 
the isothermal compression efficiency, ~ the .relative efficiency 
of the actual cycle and C the motor efficiency; then the actual 
coeff'L2ient of performance, C. P. (actual) is: 

L M(he - ha) 
C.P. (actual) c-=- ~ . s~C (10) 

P RTs ln(p1jp2 ) 

The thermodynamic cycle for such an actual refrigerator is shown 
in the T-S diacram of Fig. 4 by the broken curve. 

2.12 COEFFICIENTS OF PERFORMANCE, POWER REQUIREMENTS FOR SINGLE 
S'l'AGE J -'1' SYS'l'EMS FOR REFR fGERATTON ( REL TQUEFACTION) AT 
TEl\1P.ERATU'liES OF '(( °K AND ABOVE. 

The formula for the actu.:tl coefficjent of performance, 
C.P. (actual), for single stage J-T cycle refrigerators operating 
clown to '('(°K has be-en given in Section 2.11 above. For this study 
in this temperature range we are concerned with the use of refrig
erators for the reliquefaction of nitrogen, fluorine and oxygen. 
It is considered therefore that for operation of this kind of cycle, 
N2 should be the preferred workine; gas, and the refrigerator would 
rellquefy N2, F2 and 02 by condensation at the boiling points of 
these gases. Tt is possible, of course, that argon would be suit
able as a working gas. However, since its boiling point is 
87.4°K, it could only be used in a refrigerator for reliquefying 
o2 un1ess the compressor inlet pressut>es were reduced below 1 
atmosphere. This would result in gre~t loss in the comptessor 
volumetric effi.ci ency and is in practice undesirable. Moreover, 
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be .1 nu; .1. rnon::t torn 1 c ga.s t·,h.;:: J :. o trie rrr•.~tl --: O."'.):'r E'~ s 0r ef f !r: .!.t''.1 cy ,.,oL.ld 
he les~; tll'J.n tlB.t :f' N....,. F·n' +.:r:ese rf"l.:::.ns. thAr-sfort-:. WI=- sl;a.ll c 
ce~,;t:·Jct; out' conslder."i._tJ..ons toN;? ~.s :the w:::rk!ng· ~J;u.!d. (Clearly 
02 and F2 wou.ld be u~1deslrar::.i.e fqr r-o.a.~::-(ls or h:;.za.rd .. ~nd corro-
s~on.) 'v!r: ~>hal~. 1:>-"' c-or.c~r~e.d ~here.fc:':'···.,.,j+·r, -t~ ~oeffici8'.1ts of 
pcr·form1'1Cr:: of an N2 systp,rn ~1._t -~7-'_K, 85'-Y .• a_nd 90~~: 

To '1lloiv subsE'q•;er.t. e-x::tci: t.')"'t,C3r!s':lr: t.o be rnadc-. w!t-h 
otllt~t· cycle" '.•Jf:. srnL1 ;:Jd·-:::J:+ <.oo··v, ::J.~' tf:',f. ·~Ink ternpr"-r:Jturl?~ r". .. . . ;.:;, 

A dl~cu~slon of t~0 Drobab]_c· va1.ues or·:~ ls g~vs~ ~n Sectio~ 

V~I.2.51 ~nd thF pff~cts ~f V~lyln~ r~·~r~ d~2~u~SE'd !n Sections 
VI T . 2 . ~j ) :11~ cl \' • LJ IJ . 

The CO.,.-tPF:cS~30Y' O'Jtp,jt prPSSUI~~ "'i: .. i. b" t:-:1<er to bf' ;?L!OO 
psi; _ _, (Jpprc:·:. ;r~-; :t+::ros.··_. s:n,~~ p~--=I'!OL;:"- ·..,:ork·:· b3s shown thts 
to b0 1 solj·'sf'"'l--::->ry 8/'·"'r'lt~~-r;:. t>t'"':"'::':n-=. :_c ~h'- _rn"-~"-8'-}T"·:ts rf':
ClUC'?d t•<?tr,l.·j tf·,;"' vJ:IJ-"_. t~2 (':--.o(t~lr~c:---,t ::r t:'->->rf::·r"l:-"Jn('f' d~:creases 
•;l;:J_r\\edlT'':·:_. t·Ji l·;h C:tY•3~"q!;or,t 1r.·::'rF3S-=- ~r, fr:>.<J:'r' ·rPq•J};e,rr.ents, 
·.:Oilltn(' 0PVl v .. r:.jeri Of l s:,12h"':Y• ').:>~lg-n:.,j fr,r .; f?.l·V""r: f'Pfr>lger-ative· 
1c·:o.c1. :r one ~-:Jp'?:·nt.:os at r.~g:·,?r p.rc:=~f·;r~=:s_. !:'FT10LJS pr3ctic3.l 
difricult·ies ·,J'iS·"' :r~ (·ir"•J:'r--:ss::.r -:Jc-s:g::, r:Jw_rr~osscr 3rd systell". 
~· l~ I -i .c·-l.1) i 1 -: t- y .· -~ t· r 

: ·: 1 , ~? r 1 r · t ·) 

·:irlel c 

orF:o·=·..-~" ~-~~e ''~~t=• .. f·-=···'+_r;.., CC'"'ffi.::Je1t of perfor-
-~. F .-:--,3-rr,-:t ·: -f::.'r :;~ !·;c,:-;_] ·arr,ot r·-=.frlger-:l.tor, 

( lJ \ 

. L t. L _-I --., · •.: r.:~ ":: P ~ ( ! . ~ c· 1 • ~ r' '~ r · 0 ~~ : :1 g_ t ~~.: ... -:! t ·:? ~: ~.: ~T ··· T' ·:: .V c ! 7 w ~ +: ~- ~ 2 :t s 
"r' ,'·lnc" .-,. ',,.,_ 1 ·-r· ;. :,f:"? 1 1C'·~' p.:::.\cl. J•ld ·.C'C:J<:. "t- 'J.!GO giVPS 
~-: ~~·.\~~.·~··,:,~:_·-' ___ :_ .. ·~:~,~---~Y,~-~: -~;, f'·-~~·. ;· ... ~_-.. ~ 

1
. ~-~·:;,(·,c .. --,r_-._.:_-.... : ~ V''!::: .~ 1 ')(' ! ts/·-J~_·; rf 1 :qucf l.e:::l.) 3.nd 

fn:· 1 • . !''"•·-! -·, .. :t·~ 1 <"·J:l·; r-e:~y.Jr·f~c:-(•. These eva1L:::t-
t: C•l s ':JC:; •"' :n·i ,,_c. I,·:.'~-:~.:.·.~;·.-~~·.·~::~.';: ... ~._.·· t h- l ;o ,;t-herrn~; c,::npi'esscr eff.i·-
,:·il-'nL",'. :,-. (, . . . !-f','-Jt Ti.• ;:.h"' r'PJatlv8 efficiency 
'lt' tf't' 't·'"•i"•' c•r';.o i.~ f-C:,c! ,-·jt' (-r·l·' ~-<gf-·er C.')wPr l.::.vf';!': 3qfl 8()% 
>~',' .. t l_,, r ; (~V< • n.- • ~~ ~~' :; "; 1 <:: • ;, ''~' ~ t-.. ··, .r l ' 1-. h,. -·· ;f:c"h""" ~ n.:-3 rril.~,t~f',d.r-1' "e 
_ .... '- • . .~ • ~ ·~ • ~. , . , • • ... , ,J r . • , •• , . _ - _ [ "J. · ; _ 1 v 

>:::':'fl e i r-or'c-y_. ·! ,:-:- P':·,<:~. :'·--:;r tj1r- h:eeh·-r pc;w~r 1 -=>1181 s .1nd 80% for the 
·1 ocv po1·;c:- :· l ,:. \fC- L· ·yr·.c '3·: •' i2';"cc::. t'c:r 1l '1TF t =d<~='n from the known 
pc;•f'o:rrn;u:r:c cJ r~l;~'f'f"'t f-'.JST?:~·E' -c-•r;::J·::·vin~ thiS CVCle·-:-.:.:.:..:- 3.r'ld 
;:J count:. fc.r iPc.sr··r·-lb1"' r·,c--~t. cx,·r,;.r:g;::r- :OS2•"·S, hi?.::l.t ]P,-3.KS and 
o t: h P : • i r r f'· v ~ r · :~ ; 1' i l ~ L : "" ~' : 

*D:-wnt, c'. l~. H·:H:, ~. f'rvs :.k l . .'J, 1. (lg:;-6). 
-;:-¥.-see f,')1' r--x=Jnl-~iP~·--- .. ~.:;~-;-~-s;-.3~,-;_,:- ._'-r A .. irn·fJearcl'"l .~.rg·~ ~:;o., ····-
Dec. ] ~l60.. L\ST' ,, rlr:·('l Jfr,--:';t':· ~ 1\'0.: . ??c'04 • 
*-":·•:set=: f'c_,; s:·:Jnlp:i='~.-:-~.r. ::.-. :t:_~b ~PI"'Jysil< 1~, 53 (1956). 
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TABLE 8 

COEFFICIENTS OF PERFORMANCE FOR SINGLE-STAGE J-T 
CYCLE REFRIGERATORS USING N2 AS WORKING FLUID 

(RELTQUEFIERS) 

H 
> 

^-s<l)x-^ 
H  >   >s cd      cd 
cd a> cd 
3 H-3-ü 

3   k T5 
TJ +3  0)\ 
Q) *»     N. Ü   2   OJ 
•H O   k   CO < O ,0 
<i-l ^—V <  CD ,Q -C^H 

H <L> CO .p .—N. --'S «-< 
3  CO . • 0 •  rH O . ^o 

*W cro CO OH   C OH   CO • OH O OH  CD O 
P«o «H 0 •   ^ •   CD ex.     0 • ,£ O 
B t-i CM B O  cd 0 n •   2 rH O   t>0rH 
<D 0) a .P Ü H ü o-~- fH>— 
& tn < w ^ Ä 

77°K N2 1.0 0.347 0.061 0.026 0.029 

85°K F2 2.4 0.396 0.071 0.031 0.035 

90 °K 02 3.6 0.423 0.077 0.033 0.037 

The power requirements, p, in kilowatts for a given re- 
frigerative joad, L (1n kW) is then given by: 

C.P. (actual) = L (12) 

The results are shown in Fig. 5 which plots p versus L for refriger- 
ative loads at temperatures of 77°K, 85°K and 90°K and which shows 
also the study limits for the refrigerative loads. 

All the above data are conservative ratings oi the power 
requirements based on current practice.  It is anticipated that 
for the period 1965-1970 some Improvement can be made, notably 
in motor and compressor efficiencies and a 10# improvement could 
be anticipated.  It is considered that optimistic figures for the 
power requirements therefore would be smaller than those given 
above by about 10$. 

2.13 LIQUEFIERS. 

The simplest system for liquefaction consists of a com- 
pressor, cooler, heat exchanger, and expansion valve, provided 
the working gas in the cycle is the same as that to be liquefied. 
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L.fc*) 
02 0.4 0.6 0.8 1.0 L2 

Fig.   5 - Pouer requirements  (kW) versus refrigera- 
tive loads for single-stage J-T cycle 
refrigerators ii3ing Np as working fluid, 
(reliquefiers). 
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A system of this type is shown schematically in Fig. 6. After 
compression to pressure p-, and subsequent cooling to the sink 
temperature, Ts> in the after-cooler, the fluid passes through 
the heat exchanger (path a-b) where it is cooled by the gas ex- 
hausted from the reservoir. The fluid is then expanded isen- 
thalpically through the J~T valve (path b-c) and liquid is pro- 
duced. This product liquid is removed through drain valve, and 
the cool gas at pressure P2 and reservoir temperature, T, is ex- 
hausted through the heat exchanger (path d-e). This gas, to 
which makeup gas is added, is compressed, thus completing the 
cycle. 

To calculate the liquefaction coefficient, e, (the frac- 
tion liquefied) it is convenient first to assume ideally revers- 
ible conditions of operation, in which heat exchanger ineffi- 
ciencies, heat losses, pressure drops in fluid flow, etc., are 
neglected.  In this case we assume: 

Ts = Ta - Te; T = Tc « Td;  Pl = pa = pb; p2 = pc = Pd - pe. (13) 

The fraction liquefied, e, for such a system, in which 
the gas liquefied is the same as the working gas, is obtained 
from the enthalpy balance equation: 

ha = (1 - e)he + ehf (14) 

or 
he - ha 

€ ~ 
he - hf 

(15) 

where hf is the enthalpy in joules/g of the liquid at p2 and T. 
It can be shown* that for nitrogen liquefaction the work of com- 
pression represents very closely the work done in liquefaction. 
Again, if it is assumed that the compression is isothermal at the 
sink temperature, Ts> then the isothermal power of compression 
for a mass flow rate through the compressor of n g/sec is: 

Piso = nTs (se - sa) * (nRTs/M) In (px/P2) watts, (16) 

where s is the entropy of the working fluid per g, M the mole- 
cular weight and R the gas constant in joules/g.  This work 
results in liquefaction of ne g/sec.  The ideal isothermal power 
requirement per g liquefied therefore is: 

P (ideal) 
- hf RTr 

In 
& Khe  - ha /   M 

♦Daunt, J. G., Handbuch der Physik 14, 1 (1956). 

watts/(g. liquefied/sec). 

19 



.4^e-hf\ HT3 jio  /.   kw_hr/ib> 
= 2.90 x 10 

where R is the gas constant in joules/mole-°K. 

(17) 

To allow for non-isothermal compression, for motor and 
motor drive inefficiencies and for the non-ideality of the cycle, 
the above expression must be divided by §r]C where § is the iso- 
thermal compressor efficiency, r\  is the relative efficiency of 
the actual cycle and Q  the motor efficiency. 

For liquefaction of O2 and F2 one would not use exactly 
the system above described, since it would be hazardous and im- 
practical to operate oxygen or fluorine compressors up to the 
high pressures (about 2^00 psia) which are required for this 
cycle.  In practice, a? discussed above for single-stage J-T 
refrigerators, one would use N2 as the working fluid, circulating 
in a closed loop in the system and use the refrigerative effect 
to condense the O2 and F2 at approximately atmospheric pressure. 
In addition, one would allow heat exchange between the returning 
low pressure N2 gas in the cycle with the ingoing warm O2 or F2 
gas.  This scheme is shown diagrammatically in Fig. 7« 

To calculate the fraction liquefied, e, again it will 
first be assumed, as before, that ideally reversible processes 
occur such that: 

Ts - Ta - Te; T = Tc - Td; p1   - Pa - pb; P2 a Pc = Pd = P3 

and p - pg --- pk. (18) 

Furthermore, we suppose that for every g of N2 gas cir- 
culated in the closed loop, an amount e in grams of O2 or F2 
is condensed. 

Then the enthalpy balance equation gives: 

ha + ehg =: he + eh^ (19) 

or 
(he - ha) 

7hc - hk) (20) 

where he and ha are the enthalpies in Joules per g. of the nitro- 
gen at e and a and where hg and h^ are the enthalpies in joules/g 
of the O2 or F2 at g (Ts, p) and k (liquid at T and p). 
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COMPRESSOR 

MAKE-UP 
GAS 

f>       AFTERCOOLER 

->—vAAAA- 

HEAT EXCHANGER 

J-T  EXPANSION VALVE 

 F RESERVOIR 

DRAIN   VALVE 

Fig.   6 - Flou diagram of single-stage J-T liqu*- 
fier in uhich working gas is  identical f 
with gas liquefied. 
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COMPRESSOR 

Oz OR  F2   SUPPLY 

AT APPROX   I ATM 

HEAT   EXCHANGER 

J-T EXPANSION   VALVE 

N2 LIQUID AT 

EVAPORATOR 

CONDENSING    SPIRAL 

DRAIN  VALVE 

Fig.   7 - Flou diagi-or. of a single-stage J-T Jique- 
fier  in Jiich  uorking ga3   ia different 
fro ■. gas 1 i q uef i ed. 
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Again, assuming isotherm~! compression and compressor 
conditions as for a perfect ga~. we get for the isothermal power 
of cornprP.~;;;Jon for a nitrogen fluid. flow _of n gjsec: 

_Piso ~· (nRTs/M) ln (p1jp2 ) .-~att~ _ 
I 

vJhere M is the molecular weight of nitrogen. · The ideal power 
requ:lrerl for a r·ate of liquefa~tion of one gjs is: 

·p 1. ideaJ.) ~ --"' ln I~ .joules/r; 
. H'l\, /p ) 

;::: f.! \P2 

G
lrr - hl0 RT<' ('Pt \ -= ,. • --"' J.n -· ) 
'e · h,-, f.1 Pr:.t 

' "'' 
wattsj(g. liquef;lcd/sec) 

::-?.11~ POHEH REQUIREMENTS FOTI SINGLE-STAGE J-T SYSTEMS FOR 
~IQUEFACTION OF N2, 02 and F 2 . 

(21) 

(22) 

A" di~cuased ln s~ction v.2.12, for N2 as the working 
f'i:: ·.: :.n the slngle-stage J-T- liquefier, the compressor output 
~:hr::;ld ''0 1 .·,~·r:n ;•s ?1100 psia. As before, T

8 
will be taken to be 

300oK. The p~·c:..;~;u~e P2 \-Jill l>e. a function .of the temperature T 
ln the 0 .,_-~lpor:J. tor, being determined by the vap<;:n"' pressure of ·N2 . 
The cl:t t:..l t·cq ult·ed to co.J cula te P (ideal) and th~ results are 
:: hm·m .in Ta bJ e '). 

P (actua1) is obtained by putting s, the isothermal com
r;t'c:..;~;or· d't'lciency for' a diatom:I,c gas (N = 1.4) = 67%, the motor 
cf!'Lcicncy, C , ror, h1ghet' level operation (-- 1000 lbsjday) at 
H');-:b ;md :1t 8C~:b f'or lm; lev~} operatlon (..;.,100 lbsLday) and by 
p11ttinc; the c'ciati.vc efficiency of the ac.tual cycle, rJ, (see 
:-::r:r; L i un V. :? • J?) at 85% and 80% for the higher level and low level 
opr::·.~1i.~Lon:; r•espccti ve1y. The data for C.P. (actunl) under these 
('()ndi t_ton~~ (tr·(~ !)l'C~.;ented in Tal)le JO. 
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TABLE 9 

DATA FOR CALCULATION OF POWER REQUIREMENTS FOR IDEAL 
SINGLE-STAGE J-T CYCLE LIQUEFIERS FOP N2, 0%  AND F2 

Gas B.P. P2 

atmos. 

(he-ha)N2 

joules/g 

•h -h. )n or F„ * g k'02    2 
or (he-hf)N2 

joules/g 

c P(ldeal) 

kW-hr/lb. 

N2 

F2 

°2 

77 

85 

90 

1 

2.4 

3.6 

27.6 

26.8 

26.1 

435 

345 

405 

6.35 

7.75 

6.36 

0.90 

0.6l 

O.67  i 

TABLE 10 

ACTUAL POWER REQUIREMENTS FOR SINGLE-STAGE J-T CYCLE 
LIQUEFIERS OF N2, 02 AND F2 

Gas B.P. P (ideal) 

kW-hr/lb. 

P (actual) 

Low Level Higher Level 
(100 lbs/day) 
kW-hr/lb; 

(10Ö0 lbs/day) 
kW-hr/lb. 

N2 77 0.90 2.1 1.87 

F2 85 0.6l 1.42 1.26 

°2 90 0.67 1.56 1.38 

From the above data the curves of Fig. 8 were drawn, 
which show the power P required for liquefaction as a function of 
the liquefaction rate in liters/hr for N2, F2 and 02.  Also shown 
on the graph are the study limits. 

Ail the above data are conservative ratings of the power 
requirements based on current practice. As mentioned in Section 
V.2.12 above, optimistic ratings for  the period 1965-70 would be 
about 10# less than the above figures. 
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LITERS 
PCR.HR 

Fig.   8 - Pouer requirements  (kV) for liquefaction 
of N?t  F2t   and 0^t   using singlvstage 
J-T cycle systems  (see  text) versus rate 
of liquefaction^   (liters/hr.). 
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2.2  PRECOOLED SINGLE-STAGE JOULE-THOMSON SYSTEMS FOR OPERATION 
AT TEMPERATURES DOWN TO 77°K 

2.21 REFRIGERATION (RELIQUEFACTION) DOWN TO 77°K USING PRE- 
COOLED SINGLE-STAGE J-T SYSTEMS. 

A schematic diagram of a precooled single-stage J-T re- 
frigerating system is shown in Fig. 9«  The fluid enters the first 
heat exchanger at the point, m, after compression to pressure p-, 
and after cooling in the after-cooler (radiator) to the sink temper- 
ature, Ts.  It passes through the refrigerator-evaporator which 
is maintained at an intermediate temperature, T-i, by a secondary 
refrigerator (generally a two-stage freon compressed vapor re- 
frigerator) and the fluid reaches the point "a" at the temperature, 
T^.  Then the fluid passes through the J-T heat exchanger (path 
a-b).where it is cooled by the gas from the final evaporator. 
The path a-b-c-d-e is identical with the process illustrated in 
Fig. 3-  The return fluid at e passes back through the first 
heat exchanger to r, where it enters the compressor for recom- 
pression.  The liquid evaporating in the final evaporator serves 
to counterbalance heat load, L, at temperature T. 

To discuss the operation of this system, it will first 
be assumed that the cycle has no Irreverslbilities, i.e., it will 
be assumed that: 

T; - Tm = T,.;  Tl = Ta = T0;  T -  Tc = Td 

Pa - PbJ P2  = Pc " P<1 = Pe pl = ^m = Pn Pr 

(23) 

(24) 

Then, as shown in Section V.2.11, the ideal coefficient of per- 
formance is: 

C.P. (ideal) - 
(*e - K) 

PIso   (RVM> ln (pl/P?>) + Pi (2*) 

where the symbols have their previously designated significance 
and where p. is the power required to operate the secondary re- 
frigerator at Tj. Since the actual coefficient of perforu r.ce of 
such secondary refrigerators can be quite high, approaching the 
Carnot values for cascaded compressed vapor refrigerators, there 
is a net gain In the process over the J-T system without precool- 
ing.  To understand this, some typical values of (h - h ) for Np 
are listed in Table 11 below for various values of the intermediate 
temperature T^.  These data are for p, --• 2^100 psia and p« » 1 atmos, 
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TABLE 11 

SOME ENTHALPY VALUES FOR N: 

T 
joules/g 

300 27.6   ! 

290 29.9 

I    280 32.2 

270 35.2 

260 36.7 

250 40.4 

240 44.1   ! 

230 47.9 

If one neglected p±  therefore, the CP. (ideal) of the 
system with N2 as the working gas would be enhanced by a factor 
(47.9/27.6) » 1.73 by reducing Ti from 300°K (as for a system 
without precoollng) to 230°K, which latter temperature can readily 
be maintained by cascaded compressed vapor refrigerators.  It Is 
beyond the scope of this report to calculate in detail the actual 
coefficients of performance which can be obtained with precooled 
single-stage systems, since this would require a detailed knowledge 
of the heat exchanger efficiencies for both interchangers, the 
compressed-vapor refrigerator efficiencies, etc. An estimate of 
the Improvement can be made by a comparison of the known perform- 
ance of current equivalent Kquefiers, using s*^^le-stage J-T 
cycles with and without precoollng in the same refrigerative load 
range as that covered in this report. These data» indicate that 
by precoollng to approximately 250°K the overall actual coeffi- 
cient of performance, CP. (actual), can be Increased by a factor 
of approximately 1.5 over the values given In Section V.2.12 for 

•Data taken from: Greenwood, H. C, Industrial Gases, Van Nostrand 
(1919); Linde, R. Z.,  VDI 65, 1357 (1^1); Lenz, H., Hdb. der Exp. 
Phys- 9/1, 127 (1929); Davies, M., Gas Liquefaction and Rectifica- 
tion, (Oxford Press, 1940); Hansen, H., Hdb. d. Kaltetech. 8, 1 
(1757); Daunt, J. G., Hdb. der Physik 14, 1 (1956).  
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COMPRESSOR AFTERCOOLER 
■*—\AAA/— 

'   ™   (P|JS)   I 

FIRST  HEAT  EXCHANGER 

<> REFRIGERATOR- 

S  EVAPORATOR   AT   T]j 

J-T HEAT  EXCHANGER 

J-T   EXPANSION   VALVE 

T-~F-ZI ~   P1NAL EVAPORATOR 

Fig.   y - Schettatic diagram of a pr*cooJ#ci single- 
zlag* J-T refrigerating syattm. 
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the single-stage J-T cycle without precooiing.  In the final com- 
parison of cycles, therefore  (see Section VIII), this factor will 
be taken into account.  It must be noted, however, that by the 
introduction of precooiing refrigeration, the overall system is 
made more complex, leading to reduced reliability.  Since, how- 
ever, vapor compression machines, for the precooiing temperatures 
considered, are highly reliable in operation, this factor may not 
be too serious, provided they are suitable for space operation. 
Moreover, since the major weight and volume of the overall system 
will reside in the N2 compressor f >r the main working cycle, a 
major reduction in the magnitude of these parameters would re- 
sult from precooiing. 

2.22 LIQUEFACTION OF Np, Fp AND 
STAGE J-T CYCLES. 

)p USING PRE-COOLED SINGLK- 

The flow diagram for an N2 liquefier using a precooled 
single-stage J-T cycle would be identical with that for the 
equivalent refrigerator shown In Fig. 9 except for the provi- 
sion of a drain-valve -to tap off the liquid from the reservoir 
(the evaporator of F^g. 9) and for the provision of  make-up gas 
to the input of the compressor.  A pre-cooled single-stage J-T 
cycle for 02 or N2 liquefaction would have a flow diagram simi- 
lar to that for the single-stage J-T cycle without precooiing 
given in Fig. 7 fo^ the flow pattern below the intermediate 
temperature.  Above the Intermediate temperature the flow diagram 
would include the condensor-evaporator at temperature T* ar ' a 
first interchanger which would exchange heat between the Ingoing 
high-pressure nitrogen working gas, the ingoing low pressure 02 
or F2 gas operating in a separate condensing circuit, and the 
outgoing cold return nitrogen working gas. 

To gain insight 
precooiing, the overall r 
(actual), for an actual 1 
in the liquefaction range 
a factor of approximately 
out at a readily approach 
tor will be used In the c 
The comments m.'ido above I 
and volume of precooled r 
cooled iiquefiers for Oo, 

into the increas 
eduction in the 
iquefier liquefy 
of interest to 
1/1.5 = 0.67, i 

able temperature 
ompar1son of cyc 
n Section V.2.21 
efrlgerating sys 
Fo and N2. 

ed yields available by 
power requirement, P 
ing, say, No, F2 or 02 
this study would be by 
f precooiing is carried 
of ?Lj0oK.*     This fac- 

les in Section VIII. 
with regard to weight 

terns apply also to pre- 

*Daunt, J.G.   Hdb. d. Physik.  14. 1 (I956) 
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2.3 TWO-STAGE JOULE-THOMSON PROCESS FOR LIQUEFACTION AND RE- 
LIQUEFACTION DOWN to 77VK 

There is no reference in the literature to a closed-cycle 
refrigerator utilizing a two-stage Joule-Thomson process, and in 
consequence 1t is advantageous to consider first the known lique- 
faction systems using this cycle and to use the results from the 
data on such liquefiers for assessment of the performance of re- 
frigerators. 

Fig,. 10 shows a flow sheet of a two-stage J-T cycle for 
liquefaction of gases such as air and nitrogen.  The compression 
is made up in two main stages so that the intermediate pressure 
return gas, at p2« can feed into the compressor between stages. 
After passing through the three circuit heat interchanges the 
high pressure gas at pressure pn expands in the first Joule- 
Thomson valve, V-p to an intermediate pressure Pp.  A fraction 
x of this expanded gas is further expanded through the valve, 
V>>, into the reservoir at low pressure (p.) and temperature T. 
The remaining fraction (1-x) returns via the three circuit heat 
interchanger to the compressor at the intermediate pressure p?. 
That fluid which expands at Vg partially liquefies.  The liquid 
collects in the reservoir at temperature T and can be drained off 
through the drain valve.  For a refrigerator the drain valve 
would be omitted and the lower reservoir would then act as an 
evaporator, liquid evaporating therefrom providing the refrigera- 
tion.  It would be possible theoretically for such a refrigerating 
system to provide refrigeration at two temperature levels, that is, 
both in the intermediate reservoir at Ti and in the evaporator. 
The system described would be suitable for reliqUefaction of oxy- 
gen, fluorine and nitrogen using preferably nitrogen as the work- 
ing fluid refrigerant. 

F1g. 11 shows the cycle on a T-S diagram when employed for 
liquefaction of the same gas as the working fluid.  In this dia- 
gram the lettered points correspond with those on the diagram of 
Fig. 10.  Also in the T-S diagram, for simplicity the compression 
(path a-b-c) has been assumed to be Isothermal. 

According to Lenz*, in practice the two-stage J-T cycle 
for air liquefaction without precooling operating with po = 200 
atm., pp = 50 atm. jnd x - 0.2, yields a practical minimum coef- 
ficient oT performance of about 1,15 kW-hr/kg liquefied, which 
Is approximately twice as efficient as a single-stage J-T cycle 
without precooling operating at the same high pressure, po --- 
200 atm.  (x is the fraction of fluid passing to the second J-T 
va"! ue). 

►Lenz, H., Hdb. der Exp. Phys. 9/1, 127 (19?9). 
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COMPRESSOR 

AFTERCOOLER 

INTERCOOLER 

COMPRESSOR 

*_ MAKE-UP  GAS 

3  CIRCUIT  HEAT EXCHANGER 

V, FIRST Ü-T VALVE 

INTERMEDIATE   RESERVOIR 

V2 SECOND J-T VALVE 

RESERVOIR  (P. T) 

DRAM VALVE 

Fig. 10 - Schematic diagram of two-etage J-T cycle 
for liquefaction of gases euch as air or 
nitrogen. 
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Fig,   11  - T-S diagram of liquefaction by tuostage 
Joule-Thorns on Process, 
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For J. t\vo--s tage alr llquefying prec ool-:.=:d sys te~, ~. ::: ::;rd! r:f: 
to Lenz~* the power requirement for X M 0.4, p~ n 200 ~~~. a~d 
P~ = 40 at~os. and a precool~ng temperature 8fJ22~~K !s approxi
mately 0.65 kW-h~/kg of air liquefied, a~d ~nder similar ccnd!
tions at a precool~ng temper1ture of 250~K, the mt~!~~7 power 
requirement ·1 s 8.pprox1 !1'9 tPTy 0. 9::? kW-r.rjkg. 

The reductlon 1n the power requirement for th!s air lique
fying system without precooling, obtained by going fro~ a single
stage <T-T cycle to All op+;irn·ized double-st2ge .. ""-I cyc.l~=-, is approxi·· 
mntely by a f.q(tor of C.525 2nd thP correspo~d1~g f3ctor for the 
pro ~oo1 ed sys terns wi t;h a prec:oc1 ing te:npA:>a. ttJre of ::?50 'K i E" 

approxJIT1CJ.te1y 0.6?. Although the actual v:'~.lues o:' thsse red~c
tions depend on the ch2racteristics of the gas used as the work
ing flujd, it ~as been estimatej that they wjJl be approx!~~tsly 
the s2m~ for ~se of N2 &~ the working flu1d. :n the cc~p~r~son 
cf cycJes, e!ve~ in Secti~n VIII, therefore, these rat~os wl:l be 
used ~rt cx:.j·.~::ci:io-.with tr.":' data given in Sections \·.2.:12 and 
v.2.13 for' esttrn-:Jting; U:e ac.tua1 coefL!cie'lt of p8rforrn'ince c.f 
liquefiers '1 nd rP l 1 quefi ers based on double-s t3.gE pr<: cc~lej a:d 
non-precooled :-T ~yr~es anrl operating in thR r~nge of interest 
to 'chi;, report: .. 

~2.h HEL:QUEFAC:l'ION OF H? AND He VSING FRE.::OOLEI: J-T s·IS!."FY..S 

A schem~tic ~rrangement shown in Fig. 1::? ls of a tvpic~l 
closed-cycle hydrogen refrigerator,** tn which a L!q~i1 n:tr~gen 
l)C-L tft ·1 s u~~erJ fell pr,eccn 1 i ng. The cornprAssed r,:rdi~ogen ~ s pS.S8t1 
througt1 the three w1y B2-H2-N2 heat exchanger, where !t Is ~ooJ~d 
against evaporated N2 a~d exhaust low prsssure H2- It !s then 
cooled fur:hel" in liquid n.i trogen a:1d ln the final. heat excr.ar:ger 
against thP hydrogen vapor frnrn t~e evaporat!o~. ;~quid !2 the~ 
fnrmP(] i'l thP _T·-:' '"'X}"''i"'s·lnt• v01ve. The li.qu~d ~R ev1.pcr'l.te,rj ~~
the: f>vapt-l)'Jtot· ,~•c,-1:n,-:t- ~.h-" refr'lgPr.1t.P.rl lo"lrl. T'!ie _ _r-::xr·<=Jt.?':. p:.::t~ 
is userJ to cool +:.hF> l:.c~orrd~lg h1gh pressure hyrlrogen an::l is tb.;:,r. 
rccompressPd 1 ~,.-, ~orrpl (~r:~ ng t.he cycle. 

Oper'Jt.l!•c d:tta for a system such as that cf :r<ig . .1.::? bu.:l.l.t 
by the Cryoc:Pnic EnginePring Taboratory, NBGli-:O:·-"·, 9.rF-: sv.~h ·• ~· '1 

tr)i.:~l1 r·r:·frtcr:•r3t:Lon of 3:?9 wD.tts at 27"K is ava~lsb~l';? fnr 1 

*Lenz_. H., Hdb. dP.r Exp. Fhys. 9/.l, 127 (1929). 
H·~ee Mc;Intosh, l\'!-=mn, Macinko anQ. van der Arend. Adv • .._"'ryo. E~lg, 
1. 62 . .1 C)60. See also Birmingham. Chel ton, ~!ann .:;.nnV.E rr,a.nae.z. 
AS7M B~llPtln No. ::?~0. n. 3li. 1~59; Chelton, D. B. ~~d r~~n, : W. 
Nm3 'J\c>(~h. NotP N:-1.~8"'.1060 anrl ChP.ltnn P.t .:t: .NPS TA(l-.. !\ott=-
No . .':·9· .J':Jn, l960. - -
·x'-'seP' ChPli;or~, I>:1:. .Jnd 1:?-~r"lli.r.gh::J:•n. Rev. Sc:L Inst.r. ~::.. 7!.2, 
1960· --
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hydrogen flow of 35 scfm at an input pressure of 1800 psig and a 
precoolant temperature of 65°K.  Under these conditions the liquid 
N2 consumption was 8..3 liters/hr. 

Figs. 13 and 14 (taken from Chelton et al*) give the H2 
compressor power requirements and the liquid nitrogen consumption 
for hydrogen refrigerators of the type shown in Pig. 12.  For 
Fig. 13 the iso.thermal compressor efficiency was assumed to be 
65$.  To make the data presented in Fig. 13 comparable with that 
given elsewhere in this report, it should be modified to allow 
for 67$ isothermal compressor efficiency and to include 90$ com- 
bined motor and motor-drive efficiency.  Making these modifica- 
tions and assuming the H2 high pressure input pressure to be 120 
atm., one obtains from Fig. 13 for the power of compression per 
kW refrigeration the following:  40 KW for 21°K refrigeration and 
57 kW for 15CK refrigeration.  It is to be noted that these data 
were obtained on the assumption that the efficiency of the final 
J-T heat exchanger was 100$,. 

The lower limit of the liquid nitrogen consumption in the 
precooler is determined by the AT at the warm end of the three- 
way H2-H2-N2 heat exchanger between the outgoing N2 stream and 
the ingoing high pressure H2.  This AT is the AT/j of Fig. 14. 
It is to be noted that the liquid N2 consumption, as shown in 
Fig. 14, is independent of the hydrogen evaporator temperature. 
If one assumes that AT4 Is 10°K and AT3 Is zero (ATo is the 
temperature difference between the Ingoing and outgoing H2 streams 
at the warm end of the final J-T heat exchanger) then from Fig. 
14 the liquid N2 consumption is 20.6 liters/hr per kW of H2 re- 

frigeration.  Taking a value of O.69 kW-hr/lb for N2 liquefaction 
for a relatively small scale system (see subsection 3«l4), one 
obtains for the power of liquid N? liquefaction 25.4 kW per KW of 
refrigeration at hydrogen temperatures.  The total minimum power 
for refrigeration at 21'K, using this system, is therefore 65.4 
kW per kW load and 82.ü  kW per kW load at 15°K.  The correspond- 
Ing maximum coefficients of performianne, therefore, are:  0.015 
at 21 °K and 0.012 at l^'K mi, by interpolation, 0.0145 at 20°K. 
However the power required for pumping the liquid N2 to the pre- 
coollng temperature of 65°K is not included here. 

Fig. 15 shows a schematic diagram of the precooled J-T 
hydrogen refrigerator described above used as a precooling 
medium for bringing helium below its inversion temperature.** 
As shown, the compressed helium Is cooled against evaporated 
nitrogen and exhaust low pressure helium.  ft is further cooled 

»Chelton, D.B., et al. NES Tech. Note No. 19-   i960. 
**See Chelton, De^n, Strobrldge, Birmingham and Mann. NBS Tech 
Note No. 39- I960. 
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CHAMBER 

Fig.   12  - Flow diagram of precooled J-T hydrogen 
refrigerator. 
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against liquid nitrogen and then against low pressure helium in 
heat exchanger No. 1.  After being cooled with-boiling liquid 
hydrogen, the high pressure stream is cooled with boil-off from 
the helium evaporator, before being expanded in the throttle 
valve.  Liquid is formed in the throttle valve and supplies re- 
frigeration at liquid helium temperature' by evaporating.  The 
exhaust gas is used to cool high pressure helium and is then com- 
pressed, so completing the cycle.  It was found, upon drawing the 
cooling curve for heat exchanger No. 2, that it was desirable to 
carry out the helium expansion in two stages, thus modifying the 
schematic diagram as shown in Fig. l6.  The helium, compressor 
power requirements for this modified helium refrigerator as a 
function of the inlet pressure are shown in Fig. 17 for two dif- 
ferent H2 precooling temperatures.  In the evaluation of these 
power requirements, Chelton et al.* assumed 100$ efficiency for 
the final J-T helium heat exchanger (heat exchanger No. 2 of 
Fig. 15)-  From Fig. 17 it will be seen that the minimum work 
of compression occurs for a helium Inlet pressure of about 30 
atm.  This pressure, with a Ho precooling temperature of 21CK, 
will be assumed 1n the subsequent calculations.  These assump- 
tions result in a power for compression of 38^ kW per kW of re- 
frigeration at helium temperature (normalized to 67$ isothermal 
compressor efficiency and 90$ motor and motor-drive efficiency). 

Fig. 18 gives the result.", obtained by Chelton et al.* for 
the liquid N2 consumption in the helium circuit of the J-T re- 
frigerator as a function of the temperature difference, ATo, at 
the warm end of heat exchanger Nu. 1 for various values of AT^ 
(see Fig. 19 for the location of these AT's in the flow diagram). 
The liquid N~ consumption 1s expressed in liter/hr per helium 
flow rate expressed in scfm.  Fig. 19 gives this evaluation of 
the required helium flow rate in scfm per watt of refrigeration 
at helium temperatures as a function of AT2 for two different 
temperatures of H2 precooling.  Assuming AT2 to be zero and a 
precooling temperature of 21°K, the flow rate is 1.3 scfm per 
watt helium temperature refrigeration and this requires a liquid 
nitrogen consumption in the helium circuit of 73 liters/hr per 
kW helium temperature refrigeration, if ATT IS zero and ATr> Is 
10°K.  Using, as before, a value of O.69 kW-hr/lb for N2 lique- 
faction we get the N2 liquefaction power requirement for the hel- 
ium circuit to be 89.9 kW per kW refrigeration at helium temper- 
ature. 

Fig. 20 also taken from the same work by Chelton et al.,* 
gives the ratio of the helium temperature refrigerative load, Q2, 
to the hydrogen temperature (2i°K) refrigeration requirements Q-j 

♦See Chelton, Dean, Strobridge, Birmingham and Mann. NBS Tech 
Note No. 39. i960. 
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as a function of ~T2 and ~T1 . Assuming as before that ~T2 is zero 
and ~T1 is 1°K, this graph indicates that Q2/Q1 is 0.525; or that 
):Jer kW refrigeration at 4.2°K, the hydrogen evaporator must supply 
1.~8 kW of refrigeration at 21°K. Using the data deduced above for 
the precooled hydrogen J-T refrigerator, one obtains a power re
quirement in the H2 ci r·cu 1 t of 132 kW mi n1 mum per kW of refriger
ation at lf.2'K. Adding all the contributions to the total pov,er, 
therefore, for the helium ~efrigerator, due to the helium compres
so-:' power, N2 consumption 1n the helium circuit and to the H2 
circuit power requirements, one obtains an overall maximum coef
flcLcnt of perforr:LJ.ncc cf 0.00165 for a precooling temperature of 
2l°K. As indicated ln Fig. 17, considerable improvement is to be 
expected by r:;ol :1c to lower precooling temperatures. 

2.5 PRECOOLED J-T SYSTEMS FOR H2 AND He LIQUEFACTION 

Flow sheets for hydrogen and helium liquefaction with 
JiquJd n.ltrogen precoo1ing a.re identical to those for hydrogen 
and he1ium refriGerators as shown in Figs. 12 and 15. The only 
difference is th8t the liquid formed in the J-T expansion valve 
is drawn off As a product r8the:r than evaporated to provide re
feigeration. 

Flr:;s. 21. and 22, taken from the work of Chelton et al. 
previous1y cited, show the work of H2 compression as a function 
of the inlet pressure and precoolant temperature and the total 
v;ork or H2 liquefaction includ1ng p:recoolant. As 13 noted in 
section :~. 1!2 b8l0\·J, in svaluating the total \>Jork of liquefaction 
it was asstJmPd by Che1 ton et_ a.1. that the N2 liquefaction used 
0.2811 l<:W--hr/lb. This figure is applicable to very large systems, 
whereas for systems of the size considered in this report it is 
considered that one> should assume 0. 69 kW-hr/1 b for li quGfaction 
of N2 (see 0ection .3.1.11). In order to allow for this, the follow
ing calculations have b0en made: from Fig. 21 the work of H2 
compression at an inlet pressure of 120 atm. is 2 67 kW-hrjgal 
for normJ.1 H2 l iquefactl on and 3.115 kW-hrjgal for liquefaction 
and conversion to 95% para-H2 when ~T is l°K and the precooling 
temperature 65°K. Normalizing these values to 67% isothermal 
c;ompressor' eff·i e i ency ;:Jnd 90% combined motor and motor-dr1 ve 
effic!encv, onP gpf:ri rPspect1v~"ly 4.9 kW-hr/Jb and 6.3 kW-hr/lb 
and thP power for 1 !quid N2 production is respectively (assuming 
0.69 kW-hr~lb for N2 liqu8f8ction) 4.2 kW-hr a~d 4.75 kW-hr per 
lb of H2 liquefied. Added toge"4her thi::-, gives 9.1 kW-hr/lb of 
normal H2 llqueLled CJ.nd 11.05 kH·-hrjlb for liquefaction and con-
''"''"·'c'n t"c) cw:ol r)"'r"" u · ••. rc>l :;)/0 .· ... •).""[12' 
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Fig.   17 - Work of h9lium compression  in precooled 
J-T helium refrigerator,   according to 
D.  B.  Che 1 ton,  et al,   (NBS Tech. Note 
No.  39,   1960). 
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A hydrogen liquefier using a precooled J-T neon cycle has 
been b1111t and described by Hood and Grilly*. In this system, 
hycl roc en \\'8 s condensed at 6. 6 atm. ·by means of 1 iquid neon pro
rltlccd 1n o precooled J-T liquefier. The compound liquefier pro
duced and consumed 17 1 l tersjhr of 1 iquid neon and p·rodaced 27.5 
~1ter~-;,/h1' of 1iquid hydrogen. Operating data indicate that the 
same apparatus prodLJCCd 6 to 20 percent more liquid hydrogen than 
1·1hen :1yd1•oc;en was used d·l rect1y as the working fluid in the low 
temperature J-T circuit. It js also pointed out that there are 
no hazards associated with compressing neon. · 

The J-T heLium liquefier may.use a closed-cycle hydrogen 
r•efri;:;erator' as a precooUng device. For f:'!lCh a system, as shown 
by Chelto~ et a1 .** the work of helium compression is shown in 
l<'Lt> 23 as a funct·lon of' the pressure upstream of the J-T valve 
for precoo1·1ng temper'J.tures of 21 °K al')d 15°K. At an assumed ln
let pressure of 30 atm., and precooling temperature of 2l°K, the 
v1o1'k cr compres~:;i on (norm~.l ized to 67% isothermal compressor 
cffj c i e:1cy and 90?& comb·! ned motor and motor-drive ~ffici ency) 
L-; 5.6 kH-hr/-lb of he1·ium liquefied. This result assumes that 
6T') h~ :~era. (See F·Ig. 15 for location of the 6T's in the flo''-' 
.-:1 :Lagr·o.m) . · 

The liquid N2 consumption in the helium circuit of this 
:;y:s tern can he ubto.l nNJ from Fig:;>~ 2Lf and 25, also from __ Chel ton 
ct aJ. ,* assu~ing as before th~t 6T2 1~ ~ero, 6T

1 
is 1°K and t.T

5 
:~ l0°K. The re~ult is 0~69 liters N2 per liter He liquefied, 
;md a:..;:>umlnc ~l ~.-JoPk of 0.69 kW-hr/lb l'or N2 liquefactlor., th1s 
cives an additional O.h75 kW-hr/lb of He liquefied. 

FJna1Jy to get the power requirement in the 21°K precooling 
ll2th, l':e assume th-is is obtained by a precooled J-T H2 refriger-
atlnc oystc~, as described above, with a coefficient of perfor
'~'1t1C:C' uf O.ClJl)· 'The rntlo of the rate of hP-1lum Uquefled (ln 
l i Lers/ht•)_ to the ?1 °K refrlger-1tor requirement in watts Js glvF:n 
ln F1~. ?6 (takPn from Chelton et 81.~). For 6T1 equa1 to 1. K 
and 6T~ equal to zero, one obtains 0.0665 1/hr per watt, which 
yicld:.>c.:J. \'JOrl( of::: 70 k\'J-hr/lb of He Liquefied. 

i\dc11n~ :111 thr-> contr·lbutions, one obtains a value of 
c).Tr k~.J-hlfl\J He llqur=:flc•'l fer a precooling temperature of 2l~K. 

'Hood, c . .u. ~nd Gl-I:lv, E. F.. Rev. Sci. ~nstr. 23.357. 19:;2. 
qCheiton, De~tn, Str-obr•lrlgc>; B'irmingham ::lnd fvTann. NBS Tech. 
~·Jo'cc l~J~~ _)~~· 1 ~~ho. 
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V.3 SYSTEMS USING EXPANSION ENGINES 

3.1  SYSTEMS WITH ONE EXPANDER, FOR REFRIGERATION AND LIQUEFAC- 
TION DOWN TO TEMPERATURES OF 77 "K 

3.11 REFRIGERATORS FOR RELIQUEFACTION 

The cycle shown in Fig. 27 is suitable for providing re- 
frigeration over a wide range of temperatures^ Refrigerators 
built with this cycle may use, for example, helium as the refrig 
erant.  In this cycle, the compressed gas is first cooled In the 
after-cooler and then cooled by the low-pressure exhaust gas in 
the main heat exchanger.  It is cooled by the expansion in the 
expansion engine and then cools the load by taking up sensible 
heat.  After being warmed in its return path up the main heat 
exchanger, the low-pressure gas is recompressed, thus completing 
the cycle. 

Early refrigerators used air as the working fluid in 
this cycle which has been referred to as the Allen dense-air 
system and the Brayton cycle.  The thermodynamlc diagram of the 
path taken by the working substance on a T-S plot is given in 
Fig. 28 where the lettered points correspond to those given in 
Fig. 27. 

The essential difference between this cycle and the 
Stirling cycle is that, in the Stirling cycle (see Section V.4) 
expansion is carried out quasi-isothermally, while in the dense- 
gas cycle the expansion is carried out <°dlabatically.  From a 
standpoint of power consumption, as will be seen in Section VIII, 
the Stirling cycle Is the more efficient. 

3.12 PRACTICAL MACHINES FOR RELIQUEFACTION OF 02, F2 AND N2, 

THEIR COEFFICIENTS OF PERFORMANCE AND FOWER REQUIRE- 
MENTS. 

A. D. Little Inc., for example, has built refrigerators 
based on this cycle for the r*2liquefactlon of evaporating oxygen.* 
In these machines helium has been the refrigerant and the high 
pressure side of the cycle is at 285-290 psig and the low pressure 
side is 70-76 psig.  The expansion is carried out by a single re- 
ciprocating engine.  Some models of these systems, according to 
A. D. Little, Inc., (A. D. L. Brochure "ADL Helium Refrigerator") 
have capacities of 500, 1200 and 2400 lbs 02 condensed per day 
with power consumptions of 7-5* 17-5 and 33kW respectively.  Ac- 
cording to the above reference, their weights and dimensions are 
as follows: the 500 lb. unit, 2000 lbs. and 60" x 60" x 40"; the 
1200 lb. unit, 4000 lbs. and 64" x 6S" x 65" and the 2400 lb. 
unit, 6000 lbs. and 65" x 106" x 96"*. 

*ADL Helium Refrigerator, Paper from Arthur D. Little, Inc. 
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The actual coefficients of performance, CP. (actual), 
at a lower level (7 kW input) and a higher level (15 kW input), 
for these machines, have been calculated from the data quoted 
above and from other data* and are presented in Table 12.  This 
table also gives C.P. (Carnot) for operation at the same temper- 
ature levels, namely 77°K (oxygen reliquefaction), 85°K (fluorine 
reliquefaction) and 90°K (oxygen reliquefaction).  The sink 
temperature, Ts, is taken to be 300°K. 

Fig. 29 shows the power requirements, P, for various 
loads, L, for refrigeration at 77°K, 85°K and 90°K taking Ts = 
300°K, also obtained from Table 12.  In Fig. 29 the study 
limits for the refrigerative loads are also shown. 

TABLE 12 

COEFFICIENTS OF PERFORMANCE OF SOME REFRIGERATORS 
WITH ONE EXPANDER 

(See Text for References) 

T    C.P. 
°K  (Carnot) 

C.P. (Actual) 
(7 kW input 

power level) 

CP. (Actual) 
(15 kW input 
power level) 

77   0.347 

85   0.396 

90   0.428 

0.062 

O.O69 

0.073 

O.O65 

0.073 

0.077 

These data represent very conservative ratings and it 
is anticipated that with current and future improvements, par- 
ticularly in the use of turbine expanders and centrifugal com- 
pressors that marked improvements up to about 25$ are possible. 

3.13 LIQUEFACTION OF 0?y   F?  AND N2 USING MACHINES WITH 

ONE EXPANDER! 

An open-cycle liquefaction system, analogous to the 
dense gas refrigerator in which the gas liquefied was the same 
as the working gas, would involve forming liquid in the ex- 
pansion engine or turbine.  While "it is possible to form liquid 
in an expansion turbine, to.the author's best knowledge there 
are no existing open-cycle liquefaction systems in which this is 
the means employed.  The use of the dense gas cycle for liquefaction 
»Bulletln~No". HRF-l6^5, A. D. Little, Inc. 
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' 

t•f 02, I•'2 and N2 v;ould therefore be confined to 
~ 1 !c dcsl.rcd r;as l.n a secondary circutt in which 

\;{Jrna tcly atmospheric pressure, was- permitted 
;;H~l ·in thr>rm(ll contact with the refri.e;erator 

liquefaction of 
the r;as, at ap
to condense in a 
evaporator. 

For a cinr;le expander dense gas refrigerating machine 
!t_vinr; the snme coefficients of performanc3 as set out in Table 1~ 
t•~~~ power req1~ i rements for liquefaction are set out in Table 13, 
:· ,~· n ~lnk tem!.'lerntureJ· T~, of 300°K . 

-

.., 

'l'ABLE 13 

POWill< RE~UIREMENTS FOR LIQUEFACTION OF 02, N2 AND F2 
USING HACHINES WITH ONE EXPANDER 

(For sources, see text) 

PmoJer Requirements 
....--... 

--- rl...-... r-1>--. 
Ql'""H Ql Ql 
> Ql > 3: 
Ql 3: Ql 0 
HO . ._, 0. . ....--... O..D .D 11-. -P >--. rl >--. -P rl . m Ql -P" Ql ::l" !Xl bO Qlb() ::;: ::l >--. 3:0.>--< Ql ""---. .C""---. 0 0. .c oc.c (_) 0 Ul ~I) 11-.C I 11-.-ri I r< 

~-:-:>~ ~-P Ql ·rl ~ ~ 
,. 
ttl [;,.-; >--. -~ >--.::;;: ~: p ~:---; Ql ~ Ql ~-- Ql~ ..... 
c[) 0 () 4-) 0 ::: ~ ..c: .o 0 ..,_..~ 

(',1 ·~" 0 bOLr\ '5 0 rl Ht'- -rlrl U) (Y) ...__... ...__.. ::r::-------

r-: I J,) 236 199 0.88 0. 81~ 

l,' 173 172 0.63 0.59 '') 
'--

0,) 
r. 192 213 0.69 0.66 

-· •-' .. 

And t.hc power requirements, based on the above data in Table 13, 
o.~> a Cuncti on of the rate 11 quefac tl on in li tersjhr for 02, F2 
and N-? <tl'c shm·m ln F lg. )0, along with the study limits. Again 
:i. t ::;houlcJ he c:-·:>1-:asized that these figures are very conservative 
nnd mnrkr>d improvements cnn.he expected in the period 1965-70. 

For nitrogen liquefaction, where it would be possible 
to use the same r;as as the working fluid without hazards or 
other pr>.'lcticnl difficulties, i.t \oJOUld be also poss1ble to employ 
the CL::lllrle cycle or the Kapi t?.a cycl P-, both of which come under 
the c:1 tcr;or'Y of 'i i quef:i crs tls 1 ng a s 1 ngle expander. Considera
tion or thcoc cycles folJ.ows. 

34 6EST AVAILABLE COFi" 



P(KW) 

UKW) 

Fig.  29 - Performance of closed-cycle refrigerator 
uith one expander using He.     (Prom data 
given by A.  D.  Little,   Inc.,   brochure 
"ADL Helium Refrigerator,11 see  text for 
references.)    T3 approx.  300 °K.     The 
pouer requirements (kW) are plotted 
against refrigerative load,  L(kV). 
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Fig.  30 - Power requirements (kW) for liquefaction 
of N2,  F2 and 02,   using closed-cycle re- 
frigerators with one expander (He gas)f 
using data from ADL Helium Refrigerator 
Brochure (see text for references) versus 
the rate of liquefaction,   (liters/hr.). 
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3.14 CLAUDE CYCLE 

One of the earliest uses of expansion engines in gas 
liquefaction was in the Claude cycle, shown schematically in 
Fig. 31« Basically, the expansion engine serves the same pur- 
pose in this cycle as precooling in the precooled Linde lique- 
faction cycle.  A prime source of inefficiency in the basic 
Linde cycle is the inability of the low pressure stream, because 
of its low heat capacity, completely to cool the high pressure 
stream.  In this case, extra cooling is applied to the high 
pressure stream by the expansion engine.  This cycle is shown 
on a T-S diagram in Fig. 32, in which" the lettered points cor- 
respond to those in Fig. 31-  It should be noted that the dotted 
line c-p represents perfectly isentropic expander operation, 
while the solid line c-f represents anticipated actual expander 
operation.  (For simplicity in Fig. 32 the compression is shown 
as isothermal, along path a-b.) 

Typical operational conditions for a small machine* 
are as follows for practical operation of a Claude liquefier, 
in this case for air liquefaction.  (The subscripts refer to 
points on the flow diagram of Fig. 31«) They would be very simi- 
lar for N2 liquefaction, except that the liquefaction temperature 
would be 77°K. 

High presi^re, p-j^ = 40 atm.  Initial temperature, T- 
300°K.  Low pressure, p^ = 1 atm.  Liquefaction temperature, 
T = 82°K.  Temperature, Tc, of expansion engine intake = 200°K. 
Temperature, Tf, of expansion engine exhaust = 110°K.  Temperature, 
Ta, at exit of first heat exchanger, Ej, = 288.°K.  Temperature of 
low pressure gas entering first heat exchanger, E\,  = 170CK, and 
x - 0.30. 

it can be shuwn**that the liquefaction coefficient, 
e, is given by: 

ha - hi K26) 

and under the conditions stated above this leads to a liquefac- 
tion coefficient for air of 0,14 and the coefficient oV  perfor- 
mance, assuming an Isothermal compression efficiency oV  67$, 
would be approximately 0.5 kW-hr/lb. 

»Davies, M. "The Physical Principles of Gas iquclacuiun and Low 
Temperature RecTTflcaU on, ' pubT Longmans, 1) nee n • a nd Co. ,19/49. 
••Daunt, J-G. Hdb. d. Physik 14, 1 (I956). 
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TABLE 14 

OPERATING CONDITIONS FOR THE CLAUDE-CYCLE AIR 
LIQUEPTER AT MAXIMUM EFFICIENCY 

(from M. Da vies, "The Physical Principles o'f Gas 
Liquefaction and Low Temperature Rectification," 
Publ. Longmans, Green and Company, 1949) 

High pressure, p-^ (atm.) 6.5*- 20 30 40 60 

Fraction of gas passing through 
expander 

0.88 0.84 0.80 0.75 

Temperature of gas entering ex- 
pander (CK) 

115 115 173 191 215 

Power required (practical) 
(kW-hr/lb.) 

0.73 0.6 0.55 0.51 0.47 

♦Kapitza Machine 

Table 14 shows conditions for operation of the Claude- 
type air liquefiers at maximum efficiency.  This table also gives 
the coefficients of performance fo_- air liquefaction in kW-hr/lb. 
for machines operating at about 25 liters/hour.  We have calcu- 
lated the actual practical corresponding coefficients of perfor- 
mance for N2 liquefaction at a rate of approximately 1000 lbs/day 
on the basis outlined above and the results are shown in Table 
15 below. 

TABLE 15 

N2 LIQUEFACTION USING CLAUDE CYCLE. ACTUAL POWER REQUIREMENTS 

Method kW-hr/lb. 

Claude Cycle {p1  - 40 atmos.) 

Kapitza Cycle (Pi - 6.5 atmos.) 

O.69 

0.95 

The Kapitza machine referred to in Table 15 operates on 
a somewhat different cycle, as shown in Fig. 33.  Basically, the 
difference amounts to the omission of heat interchange^ E3, from 
the basic Claude cycle shown in Fig. 31. 
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COMPRESSOR 

MAKE-UP 
GAS 

AFTERCOOLER 
Kvwv- 

tc 

FIRST   HEAT 
EXCHANGER^, 

(l-X) 

SECOND  HEAT 
EXCHANGER, E2 

EXPANDER 

J-T HEAT EXCHANGER, E3 

EXPANSION VALVE 

"L-T-T "    RESERVOIR 

DRAIN VALVE 

Fig.   31 - Schematic flou diagram for Claude cycle 
liqtw/ier. 
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Pig. 32 - T-S diagram for Cla-.i» cycle liqutfiar. 
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COMPRESSOR/ 

SUPPLY 
[ P2=6.5At 

T2= 293° K 

HEAT 
EXCHANGER 

£ = 5.6 At 

c     Te»ll5*K 

VALVE, V 

EXPANSION 

ENGINE 

Pf = 1.56 At. 

Tr= 86* K 

Fig.  33 ~ Flow diagram for Kapitza's air liquefier, 
using one expander. 
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3.2 SYSTEMS WITH ONE EXPANDER FOR REFRIGERATION DOWN TO 20CK 

These systems are identical with those described in sec- 
tion V.3.1 which were for higher temperature operation.  The flow 
diagräm is shown in Fig. 27 and the T-S diagram in Fig. 28. 

Two examples of these systems are those made by A. D. 
Little Inc. (for example, Model l600 Helium Refrigerator described 
in ADL Bulletin HRF 16^5 for a 1.6 kW refrigerative load at 20°K) 
and by CryoVac Inc.  (HE series for 1 KW refrigerative load at 
20°K described in CryoVac Bulletin 202).  Both of these machines 
use helium as the working gas and use reciprocating expanders. 
Some data on them, taken from the above sources and computed by 
the authors, are given in Table l6. 

TABLE 16 

SOME OPERATIONAL DATA ON REFRIGERATORS USING ONE EXPANLER 
FOR REFRIGERATION AT 20°K DUE TO A. D. LITTLE INC 

AND TO CRYOVAC TNC. 

(For references to sources, see text » 

Property 
A. D. Little Inc. 

Model ]600 
CryoVac Inc. 

Model HE 

Meirigerative 
load at 20°K 1.6 kW 1.0 kW 

Inlet pressure 300 psia 290 psia 

Output pressure SO psia 'j>8.8 psia 

Gas flow 600 lbs/nr 350 lbs/hr 

Power requirement1' [h]   kW 7 3 l)  kW 

Coeff. of performance* 0.011 0.013 

*as computed by the author 

In calculating the power requirements from the manufac- 
turer's data, the author's, in order to be consistent with previous 
computations In this report, have assumed the isothermal compres- 
sor efficiency to be ()7?- and the combined motor and motor-drive 
efficiency to be (J0#>.     Taking thn  sink temperature to be 300°K, 
one  obtains the total power requirements and the coefficients of 
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performance, CP, given in Table l6.  It is to be noted that the 
the coefficient of performance for a Carnot refrigerator operating 
between the same temperatures would be 0.071. 

Taking from Table 16 an average practical value of CP for 
refrigeration at 20°K at the 1 to 2 kW level equal to 0.012, then 
the total power requirement for hydrogen reliquefaction at a rate 
of 1000 lbs/day would be 19R kW.  (or O.98 hp^per liter/hr relique- 
fied). 

The above figures are conservative ratings.  It is antici- 
pated that by the use of centrifugal expanders and compressors 
considerable reductions in the power requirements could be made 
with such single expander systems, reductions estimated to be up 
to 20#. 

3.3 REFRIGERATION SYSTEMS WITH MORE THAN ONE EXPANDER 

Trepp* has shown that, when obtaining refrigeration from 
expansion engines, it is thermodynamically desirable to use sev- 
eral expanders in series rather than one expander with a large 
ratio.  Trepp compares cycles by evaluating the relative loss of 
energy, giver by the expression: 

dL = T0.dS (27) 

wnere dL is the energy loss, T0 the ambient temperature and dS 
the entropy change. 

Assuming an ideal gas and assuming utilitization of mechan- 
ical work, the multistage expansion loss (equal ratio per stage) 
compared with the single stage expansion loss is given by: 

Lsingle  inh + (1 -n) (Pl/P2)(V   )/Y) 
 *- =  r (Y - l)vn 
Wti   nlnh + (1 - l) (pl/p2) 

(28) 

where r\  is the ad1a»batic efficiency of each expander, p. and p2 
the inlet and exhaust pressures, Y the ratio of the specific heats 
and n the number of stages in the multistage system. 

A second benefit of multiple expansion is to decrease the 
lrreverslbility in the main heat exchanger of a refrigeraulvo 
system.  In this heat exchanger there is an interchange between 
the high and low pressure gas. Since the specific heat of the 
high pressure stream is higher than that of the low pressure 

♦Trepp, "Refrigeration systems for temperatures below 25°K with 
turbo-expanders".  Adv. Cryo. Eng. 7.25I.I962. 
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stream, it is desirable to provide additional cooling for the 
high pressure stream by removing it from the heat exchanger at 
an intermediate point, reducing its pressure and temperature in 
an adiabatic expander, and returning it to the exchanger to be 
further cooled. There is thus a smaller mean AT in the heat ex- 
changer and, consequently, a smaller energy loss in it.  This is 
illustrated graphically In Pig. 3^. Fig. 35 shows a flow sheet 
for a dense gas cycle modified by adding intermediate expansion 
of the high pressure stream. 

To the author's best knowledge, no refrigeration systems 
have been built in which multistage expansion is the sole means 
of cooling.  The multistage expansion principle is utilized in 
conjunction with other means of cooling, particularly Joule- 
Thomson cooling. Such schemes will be discussed below in the 
section on compound systems. 

3.4 COMPOUND SYSTEMS - GENERAL DISCUSSION 

Several systems exist or have been proposed in which 
cooling is provided both by expansion engines and by other 
means, such as Joule-Thomson expansion or precooling by an ex- 
ternal source, which is either a separate closed-cycle system 
or a stored liquid.  These systems we shall refer  to as "compound" 
systems.  In general, expansion through engines may be substi- 
tuted for expansion through valves with consequent saving of 
power in any of the systems previously discussed In this report. 
However, it is not common to use engines for expansion into the 
liquid region.  Furthermore, In the region of vapor near the 
critical point an expansion engine has little thermodynamic ad- 
vantage over a valve. 

3.41 HYDROGEN TEMPERATURE REFRIGERATION WITH COMPOUND 
SYSTEMS 

Trepp* describes a closed-cycle refrigerator using 
hydrogen as the working fluid.  The cycle utilizes three stages 
of expansion through engines and finally a Joule-Thomson expan- 
sion forming liquid in the evaporator.  The existing machine is 
somewhat larger than sizes of interest in this study, delivering 
10 kW of refrigeration at ?3°K with a coefficient of performance 
of 0.019.  However, for smaller machines the coefficient of per- 
formance should be about the same as that measured for tills 
larger system. 

*See reference previous!v cited. 
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3.^2 HYDROGEN LIQUEFACTION USING THE CLAUDE CYCLE 

The Claude cycle can be used for liquefaction of hydro- 
gen.  Although it would not seem absolutely essential to employ 
precooling, one scheme cited in the literature does use nitrogen 
precooling of the h^gh pressure hydrogen stream.  The flow dia- 
gram for this scheme is shown '  "Vg. 36.  Chelton, Macinko and 
Dean* have calculated the woiv. A or liquefaction performed on the 
hydrogen as a function of expansion inlet temperature and pressure. 
The results are shown in Fig. 37-  Calculations were based on an 
engine efficiency of 80$.  Compressor efficiency was assumed to 
be 65$ of isothermal** and the sink temperature 300°K.  The 
total work of liquefaction is then the sum of that shown on the 
graphs of Fig. 37 plus that required to liquefy nitrogen.  Fig. 38 
shows the total work of liquefaction, assuming 65°K precooling, 
Ts equal to 300°K and 0.284 kW-hr/lb to liquefy nitrogen at 1 atm. 
For an Inlet pressure of 40 atm. therefore, Fig. 38 shows that 
the work required is 5.35 kW-hr/lb for liquefaction of normal 
hydrogen and 6.5O kW-hr/lb for liquefaction and conversion to 
95$ para-hydrogen.  (Note these values, as pointed cut in the foot- 
note, have been computed assuming an Isothermal compressor effi- 
ciency of 67$ and a combined motor and motor-drive efficiency of 
90$. 

The evaluations above for the number of kW-hr/lb, are, 
as noted, based on a very low figure of 0.284 kW-hr/lb for N2 
liquefaction, which can only be obtained in very large scale 
(tonage) plants. For operation in a space vehicle, any stream 
using N2 precooling, such as the one described in this subsec- 
tion or in subsection 3.43, for liquefaction up to 1000 lbs/day 
of H2, would be much less efficient in the production of the re- 
quired relatively small quantities of liquid nitrogen.  For such 
systems, therefore, it is considered appropriate to assume a 
value of 0.09 kW-hr/lb for N2 liquefaction, as for example has 
been shown in subsection 3«l4. to be appropriate for small scale 
production using a Claude cycled Using this value, then the 
revised figure for the total work of liquefaction of H2> using 
the Claude cycle, becomes 8.75 kW-hr/lb for liquefaction under 
the same conditions as previously assumed. 

♦Chelton, D. B. Macinko, J. and Dean, J. W.  "Methods of hydrogen 
liquefaction" NB3 Report No. 5520.  1957. 
**To make the data presented in Figs. 37 and 38 comparable with 
those presented earlier, the results should be modified to corres- 
pond to an Isothermal compressor efficiency of 67$ and then fur- 
ther allowance made for the combined motor and motor-drive effi- 
ciency. 
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HIGH PRESSURE^ 
H2  GAS IN 

LOW   PRESSURE^ 

H2 GAS  OUT 

LIQUID H2 

RESERVOIR 

^Ai 

/ 

N2 BOIL-OFF 

LIQUID   N2 

EXPANSION 
ENGINE 

J.T. VALVE 

Fig.  36 - Flow diagram for hydrogen liqiiefier nein, 
one expander. 
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3-43 DUAL PRESSURE CYCLE WITH EXPANSION ENGINE FOR HYDROGEN 
LIQUEFACTION 

Chelton, Macinko and Dean* have considered this cycle 
for liquefaction of hydrogen.  It is identical to a two-stage 
J-T cycle with the exception of the substitution of an expansion 
engine for a valve for the high pressure expansion.  The flow 
sheet and the T-S diagram for the cycle are shown in Fig. 39« 
The work of liquefaction at optimum intermediate temperatures 
and pressures, as calculated by Chelton et al., is summarized 
in Figs. 40 and 4l.  It may be noted that the Claude cycle is 
inherently somewhat more efficient thermodynamically than the 
dual-pressure cycle with expander. However, an advantage of 
the dual-pressure system is that, in the event of expansion 
engine failure, the defunct engine could be by-passed with an 
expansion valve, with liquefaction continuing at about 70$ 
capacity.  In use of the graphs of Fig. 4l, note again -r-st 
be taken, as discussed above in subsection 3*42, of the small 
value in kW-hr/lb for the liquefaction of the N2 precoolant 
assumed by Chelton. et al.  If, as assumed previously, the Ng 
liquefaction on a bmall scale takes O.69 kW-hr/lb, then this 
system requires total work of 9.81 kW-hr/lb for H2 liquefac- 
tion with. 80 atm. H2 inlet pressure. 

3.44 MULTISTAGE EXPANSION WITH LIQUEFACTION IN JOULE-THOMSON 
VALVE FOR"" HELIUM LIQUEFACTION 

This type of process is common in the liquefaction of 
helium, as exemplified in the Collins- cryostat, marketed by 
A. D. Little, Inc.  One of the Collins-type h'-»li]jw Mqueflers 
uses three stages of isentropic expansion toll owed by expansion 
through a valve.  Such a machine has been built by S. C. Collins 
at the Massachusetts Institute of Technology.  The temperature 
drops in the three expanders are roughly as follows:  80"K to 
45°K; 4s°K to ?5°K; 15°K to 9°K.  For a rate of liquefaction of 
23 to 3? 1/hr with liquid No precooling, the power required (Np 
plant excluded) is ^j  kW and the actual work expended, including 
that on No plant, Is 11-5 kW-hr/Lb.**  It Is anticipated that for 
larger scale operations, as for  the upper limit considered in 
this study of  ]SS 1/hr, centrifugal compressors and expanders 
could be used with very marked Improvement In performance. 

An alternative derivation of the power requirement 
would be to combine the data for the coefficient of performance 
for a multi-engine hydrogen "efrigerater with J-T cooling (see 

«NBS Report No. 3^20. 19^7 
**See, for example, Scott, R. B., "Cryogenic Engineering," Publ. 
Van Nostrand Co., 1959. 
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subsection 3.4l) with the data given in Section 2.5 for the per- 
formance of a J-T helium liquefier precooled to 21°K. Referring 
to section 2.5, the helium compressor power for the helium circuit 
is 5-6 kW-hr/lb of helium liquefied, to which must be added 0.48 
kW-hr/lb for the N2 precooling in the helium circuit.  In addi- 
tion, the 21°K refrigeration, assuming a coefficient of perfor- 
mance of about 0.02, (see subsection 3-4l), would require 2.78 
kW-hr/lb.  The total therefore is 9-86 kW-hr/lb. 
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ENTROPY 

Fig.  39 - Flow diagram and T-S diagram for dual pres- 
sure cycle with expander engine for liquefac- 
tion of H2t   according to Chelton,  Macinko and 
Dean,   (NBS Report No.  5520,   1957). 
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V.4.  STIRLING CYCLE SYSTEMS 

4.1 GENERAL DESCRIPTION OF CYCLE 

Refrigerators, based on the Stirling cycle, have been 
sucessfully and efficiently developed for liquefaction down to 
N2 temperatures.* Engines operating to lower temperatures, e.g., 
H2 temperatures, are currently being developed.** Although this 
technique is not new, having been adopted for example by Kirk for 
ice-making machines in 1862, its method of operation is not gen- 
erally familiar.  A brief description of an idealized Stirling 
cycle refrigerating engine therefore follows.  Tne fundamental 
requirements for such an engine are to have a compressor volume, 
Vc, at the* higher temperature, Tc, and an expansion volume, Vg, 
at the lower temperature, TE, and to allow a fixed quantity of 
gas to pass alternately from cne volume to other "ia a regen- 
erator, no valves being used (see Pig. 42).  In order to obtain 
a refrigerating effect, the movements of the two pistons in the 
two volumes must be out of Dhase, such that the expansion volume 
leads with respect to the compressor volume by about 90°. 

The necessary steps in the functioning of a refrigerating 
engine operating on an idealized Stirling cycle are set out in 
Fig. 42'and are as follows: 

1. Isothermal compression of the gas in Vc with Vg zero.  The 
heat of compression Is ejected at the head of the compi *s- 
sor at temperature, Tc>  and ideally the process can be 
considered Isothermal.  On the indicator diagram of Fig. 42 
this step follows the isothermal curve at temperature Tc 
from point A to B. 

2. Constant volume gas transfer from Vc to Vg.  This step, 
Illustrated by the path B to C along the isochorlc path 
on the indicator diagram of Fig. 42 involves no work and 
is achieved by simultaneous and equal increase in Vg and 
decrease in Vc.  During this process the gas in passing 
through the regenerator gives up heat so as to emerge 
into Vg at temperature Tg. 

♦Köhler, J. W. L. and Jonkers, C. 0. Philip? Tech. Rev. 16.69 1   d 
105 (19^4). See also Malaker Labs., Inc., brochure "flhe Cryomlte." 
•♦Malaker, F. Rossi, R. and Daunt, J. G. Paper presented at tenth 
National Infrared Information Symposium, Fort Monmouth, N. J., 
October 1963 
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3. Isothermal expansion of the gas in V£ with Vc zero.  The 

refrigeration produced by the expansion results in heat 
absorbed at the expander at temperature TE, and ideally 
the process can be considered isothermal.  On the indi- 
cator diagram of Fig. 42, this step follows the isothermal 
curve at temperature TR from point C to D. 

4. Constant volume gas transfer from VE to Vc.  This step, 
illustrated by the path D to A along the isochoric path 
on the indicator diagram of Fig. 42 is achieved by simul- 
taneous and equal decrease in VE and increase in Vc.  Dur- 
ing this process the gas in passing through the regenerator 
picks up the heat stored there during process 2, and it 
emerges in Vc at temperature Tc

# 

The cycle being one between two operational temperatures 
is, ideally, as efficient as a Carnot cycle. 

In practice the most conveniently arranged piston movements 
for the compressor and expander are harmonic or approximately har- 
monic.  Such a harmonically operated system modifies the idealized 
Stirling cycle outlined above, but does not affect the basic 
principle of operation.  The system,particularly in view of the 
complete absence of valves, has advantages oV  mechanical simpli- 
city and reliability.  It also lends itself to cascaded operation. 
A further noteworthy advantage is that it requires no external 
compressors. 

4.2  PRACTICAL SINGLE-STAGE 

The Philips Company and Malaker Laboratories, Inc., produce 
modified Stirling cycle refrigerators.  The former company (under 
Cryogenerators, Inc.) produce two rellquefiers or refrigerators 
capable of operating down to about 75°K with refrigerative cap- 
acities of 0.9 kW at 78°K for arr input power of 11 to 11.:; kW 
and oV  3.0 kW at 78°K for an input power of 4l to 4? kW.  It also 
produces a miniature urit with capacity of 1 watt at 30°K for an 
input power of about 2^0 watts and of 10 watts at 80°K.  The 
latter company produ.es a miniature unit, the Cryomite, with a 
capacity of about 8 watts at 77°K with an input power of approxi- 
mately 220  watts, and are developing units Tor refrigeration at 
20°K  with capacity up to about 1 kW.  In all cases the heal re- 
jection Is to ami lent temperature (300°K). 
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I ISOTHERMAL COMPRESSION 

REGENERATOR 
1LD 

COMPRESSOR      EXPANDER 

Compressor piston moves up. 
Expander piston stationary at  top. 
Heat given out by compressed gas. 

(Path A to I on indicator diagram.) 

H CONSTANT VOLUME GAS TRANSFER Compressor piston moves up. 
Expander piston moves down so  that 
gas  is  transferred from compressor 
to expander at constant volume. 

(Path B to C on  indicator diagram) 

SSL ISOTHERMAL  EXPANSION 

• HEAT 
/ABSORBED 

BTOONSTANT \OUUME GAS TRANSFER 

Compressor piston stationary at  top. 
Expander piston moves down. 
Heat  taken in by expanding gas. 

(Path C to D on  indicator diagram) 

Compressor piston moves down. 
Expander piston mov&3 up so  that 
gas  i3  transferred from expander to 
compressor at constant volume. 

(Path D to A on  indicator diagrarrO 

Pig.   42 

Steps  in the operation of an idealized 
refrigerator based on the Stirling cycle. 
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. ) C OE.FP IC IEN'J~S OF PERFOPMANCE, POWER REQUIREMENTS FOR REFHIG
JITDVfiON AND LIQVEFACTfON AT TEMPERNIO"'m'S" OF 77°K AND ABOVE 

The ideal coefficients of performance, C.P., of Stirling 
c;, . •:; engines, even when operating with harmonical piston move
me:;: ,s, a::-e the same as those of a Carnot engine 1 namely: 

C . P. ;,~ T/ (Ts - T) (29) 

where T is the temperature of the refrigerative load and T8 the 
te~perature of the heat sink. 

Actual coefficients of performance are in practice smaller 
than the Carnot values due to several causes, the most important 
being: (1) non-isothermal conditions in expansion and compres
sion, (Z) rGgenerator and heat exchanger inefficiencies. (3) 
heat losses due to imperfect thermal isolation of the cold ~arts 
of the engine, (4) drive motor inefficiency. It is convenient 
to assess the actual practical C.P. values for machines operat
ing down to 77°K by consideration of observed values of the cd
efficients of performance of existing Stirling cycle engines 
with refrigerative load capacity similar to those for the maximum 
loads of interest in this report (see Section III). The practical 
evaluations of c.P. (actual) for actual machines have been taken . 
from data b~ Kohler and Jonkers,* who.gave data for the shaft 
power required for various refrigerative loads at different 
ter.::::;eratures. The values given by Kohler and Jonkers have been 
di~~~ished by a factor (100/85), in order to account for drive 
mo: ~ inefficiency. The motor efficiency has been taken to be 
85% ~or the higher level of operation considered (1000 lbsjday). 
The lata, so adjusted for motor inefficiency, is shown in Fig. 4~, 
'.':h:: :-, plots c.p. (actual) as a function of the !:'efrigerat1.ve 
l oo.:::l temperature, T, under the condi t:ton that the sink temper
atu~e Ts is 300°K. The data are applicable for operation with 
a refrigerative load of about l kW. 

Estimates of the po~er requirement, P, for refri~eration 
o.t ~~::c three temperatures of interest, name1y (1) 77''K \nitrogen 
re~:~uefactlon), (2) 85°K (fluorine reliquefaction), and (3) 90°K 
(ox~~cn rcliquefactlon) were made in the following manner. At 
'A1C . :lghe r pov:ct' levels ( approx. l. kW, the C. P. values were 
to.k~ .. from the curve given .i.E Fig. ll3. At the lower power levels 
(ap:::::,ox. 0-0.3 kW) more conservative C.P. values were adopted,H· 
;\ sur:Imary of this data i's given in Table 17. The power require
ment, p, in kilowatts for a given refrigerative load, L, (in kW) 
lo ~hen given in the following ·equation: 

*Kc: ~e::> J. w. L. and ,JonkP.rs_. c.. 0., Philips Tech. Rev. 16, 105 
( l 0 \ -
\ ........ _;. .' . 
-x--:-T· "n from data. given .ln Cryogenera tor 1 s Bulletin, CP1000-5M--862 
c.nc.~ :·om unpublished d.~ta by M.:tlaKer· labor-atories, Inc. 
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c.p. =T (30) 

TABLE 17 

VALUES OF C.P. FOn STIRLING CYCLE REFRIGERATORS 
OPERATING DOWN TO 77°K 

(For sources, see text) 

T C.P. (Carnot) 
Low Power Level 
CP. (actual) 

Higher Power Level 
C.P. (actual) 

77 °K 0.347 0.075 0.084 

85°K 0.396 0.088 0.114 

93°K 0.428 0.093 0.133 

The results are also shown in Fig. 44, which plots P versus L for 
various refrigeratlve loads at temperatures of 77°K, 85 °K and 
90°K, taking Ts = 300°K. Also in Fig- 44 are shown the ideal 
(Carnot) power requirements under the same conditions, and the 
study limits for the refrigerative leads. 

In employing a Stirling cycle engine for liquefaction, the 
gas to be liquefied would be introduced at approximately atmos- 
pheric pressure into thermal contact with the cold head of the 
refrigerator in a separate gas circuit. 

To estimate the power requirements for liquefaction by the 
Stirling cycle method, it is to be noted that the sensible heat 
of the gas at approximately atmospheric pressure from Ts to the 
boiling point acts as a full load on the refrigerator as well as 
the latent heat.  The data for and the results of the computa- 
tions are given in Table 18. 

From these data and unpublished data of Malaker Labora- 
tories, Inc., on very low power engines (miniature engines), the 
curves of Fig. 45 were drawn, which show the power p required for 
liquefaction as a function of the liquefaction rate in liters per 
hour for N2> F2 anci O2. 

Finally, it is advantageous to express the liquefaction 
figure of merit in terms of kW-hr per lb of substance liquefied. 
This data is presented in Table 19 for the two power levels. 
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P(KW) 

LfTERS, 5/HR 

Fig,  45 - Pouer rvquinmnts (kV) for liquefaction 
of Npt F2 and 02,   using a oinglt-atag* 
Stirling cycle refrigerator system.     Ta 
is token to 
399    t9Xt.) 

be 30Q'K,     (For source of data. 
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TABLE 18 

POWER REQUIREMENTS FOR LIQUEFACTION OF N2> 02 AND F2 
BY STIRLING CYCLE MACHINES 

O) 
Ü 
c 
CO 
.p 
CO 

£> 
3 
CO 

AH 
300°K to 

B.P. 
joules/g 

I 
(Latent 
heat) 

joules/g 

Low Power Level Higher Power Level 

CP. 
(actual) 

P for 100 
lbs/day 

kW 
CP. 

(actual) 

P for 1000 
lbs/day 

kW 

N2 

F2 

o2 

236 

173 

192 

199 

172 

213 

0.075 

0.088 

0.093 

3.04 

2.07 

2.27 

0.084 

0.114 

0.133 

27.1 

15.8 

16.0 

TABLE 19 

LIQUEFACTION FIGURE OF MERIT FOR STIRLING CYCLE MACHINES 
OPERATING DOWN TO 77°K 

Substance Boiling Point 

Liquefaction Figure of Merit 
Low power level 
100 lb/day) 

High power level 
(1000 it/day) 

N2 77°K 0.73 kW-hr/lb O.65 kW-hr/lb 

F2 85°K 0.50 kW-hr/lb 0.38 kW-hr/lb 

02 90 °K 0.55 kW-hr/lb 0.38 kW-hr/lb 

All the above data are conservative ratings of the power 
requirements based on current practice.  It is anticipated that 
for the period 1965-70 some improvement can be made, mainly by 
improvement of drive motor and drive mechanism efficiency, by 
upgrading regenerator and heat exchanger efficiency and by atten- 
tion to heat losses.  Optimistic figfures for all the power require- 
ments for Stirling cv*:le liquefiers and reliquefiers should be 
based on at least a 15# improvement on the data given above. 

4.4  EFFECT OF SINK TEMPERATURE, Ts, VARIATION ON THE COEFFI- 
CIENT OF PERyORMAWCS gg STIRLING CTC^TOTOgagTOg  
WORKING DOWN TO 77°K'. 

As is discussed in Section VII.2, the sink temperature of 
space'liquefiers and reliquefiers is determined by the temperature 
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or the 1·ad .La tor·. Moreover, as w.i.ll be seen in Section VII. 2. 5, 
.l. t J.s deLLlr·:.tllJ.e lf po:3:.:LJ.b.lo to usc high radiator temperatures in 
order to ~:;a vc racliJ. tor we'l.r;h t. However, higher values of Ts re-
:oult :ln reduced va.luc~s of the coefficient of performance, C.P., 
of refrie;erators. 

Based on the data for Stirling cycle refrigerators opera
L.i.nc: at about the .l k\11 lo.J.d level, lt has h~•.m possible to esti
mate the effect. of varlatlon of Ts· 

In the caJ.cL~l~ltion, it has been assum~d that for refriger
at:Lon at .J. e;.i.vcn temperature lP.vel the figure of merit, 11rel' 
rcrna.Lm~ con~> tan t. By varying Ts, the Carnot coefficient of per
fot·rnance, C. P. ( Carno t) can_ be readily calculate_<!_ for any given 
valttee> oC 'L\, <tnd tlr. refrigeration temperature T. If T'lrel remains 
the same, U1cn C. P. (actual) is immediately obtained and the re
~;ul t~> should bo cor·rec t in flrs t order. The results of such com
p: l tet t.:..on~; ~n·c shown Jn Fir;. 1~6 which shows C. P. (actual) for the 
0t:Lr·LLnc cngLncs dcscelbed ln Section 4.3, as a function of the 
;,J11k ternpc!'dture '!'~; when refl'le;eratlng at 77°K, 85°K and 90°K. 
It w.UL be :~c,:n th:t t, by e;olne; to lower T3 values, marked cains 
_L_n cfflclcncy can l.Jc made. 

One ~; it~td Li.cQnt acivant~.lGC of the Stirling cycle system is 
Lh:.t L l t ,·:.m llc reo.d.l.ly ca0cadcd to provide tempera turcs down to 
:lbuut L'1')K. In pt>;tctlcc such cascaded systems have been made by 
f•L1 L:tkcr L:tbor>;). tot•Lc~> :1:nc. and these ene;.Lnes involve the use of 
:r~!.t.l Lipl.c c.v:p:w:;inn vo1urn0L> wh.ich ar·c provided by a slnr;le stepped 
p.L:·.tnn dcvicl·. Such ca~~cadcd ~3ystcn:~~ c:J.n be two or three stace 
(_'t' c:m he 'ri:t:lc .into C'(';;')pc.und sy~;tcm::> in Hhich a cascaded Stirling 
r·.v,_~Lr.: enc;Lt~t: ~~cr·vc~; :1.~·. :..t pt•ecoolant for· a ~;ubnidiary Joule-Thomson 
•·y ,: I c fo1· H;:> '.H' 1Ic t•e.L.Lqucfac t:i on or liquefaction. 

'L'lw fol.l.<JVI.LlT, :tt't':tnr;ctncntt:;, n.monr.;st others, are under de
Vl: '''f'lllcnL by M.J.J.:tl<Ct' liJ.llot•:ttOl'lC:J Int~.: (1) Small scale slnr;le 
:·L:tr:l' ;~tlt·JLng ,·v\.·.lc r~t·uvldinc; pt·cc,.'uJlnr.; at G~)°K for a. J-'r H2 
ci ~·,·u.i L Ll' pt•,)vi•lc t'12L't•il~'.:t•:tli.ott at :~l)°K or to liquefy :rr2 . For 
Ll1i:; \..]lC !:t·.l~tlrtl)ll! ck:;.i.[;ll L~Oc['.t.'Jei.ctd. Uf pCl'fOI'ln:J.~Ce iS 0.015 for 
;-c!'l'.it~c~t·:tLi<>Jl :tl :'O''K ;Pld Lilt~ m.in.Lmt!lil \vc'J'Ic for H2 liquefaction 11 
\.:1:-'-lll/Lll. (:~) :;nul.L ~;c;t:lc t•-:u :;t:..tt~L' c:t:;caded Stirltnr; cycle 
:·.y :; LC'itt Lu p ,·,whk _)f) "K pl'cl'c..'o.llnr.; fo1· a J-'r H2 cycle. For this 
~,llc t':tL.it'l': lllL' l:.'tl: l'ucl'J'1cl•~llt·uf pcri'ol'lnanee is >0.009 for re
I'J'if~C't':..tLic,:~ :ti. :'0°K :1.11d the work of liquefaction of H2 <19.5 
i·:\<1-lti/ll>. (.n :;nt:tU :;(·:.l.l.c tht•cc ::;tatjc cascaded Stirline; cycle 
:;:;-:~Lent Ln !'l'lllfick .l'!'~K pl'Ct~ool:Lnc; i'or· a J-T He cycle for refrie;cr
:!.\.illll :tl. llcl1·111r ic_'IPPl:t-:tLttt·c~; with cocff.Lc.icnt of performance, of 
i),()liJ.:' .l.ltd '"iLil :1. rlc:;i!~ll W!..H'k or l.Lqtlc~r:u·t.t.on of 13 kW-hr•/lb He. 
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fig.  46 -   Variation of t*# eomffieitnt of pmrfartnanee, 
Cf,   ca a /UACtto« of  :».*  sink  taf.fmr^tura. 
73>  for a aingla-atag* Stifling e\/el* rmfiri- 
gmr^tor ijian operating at  ^"JC,   RJ** and 
»O'JT.     (tor aourvta  of data.   »•«   t*xt.^ 
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V.5  TACONIS CYCLE SYSTEMS 

5.1 GENERAL DESCRIPTION OF THE TACONIS CYCLE SYSTEM 

This method was suggested by Taconis* in 1950. Pig. 47 
shows'a diagramatic sketch of the steps followed in an Idealized 
arrangement.  The main feature of the engine is a displacement 
expander, D, consisting of a piston closed at both ends moving up 
and down in a slightly longer cylinder, C, also closed at both 
ends. The spaces at the top and bottom of the cyclinder are in- 
terconnected by gas passages via a regenerator, R.  The top space 
is connected to the high pressure and low pressure sides of a 
compressor through the inlet and exhaust valves.  The cycle of 
operations, which is a closed cycle, is as follows: 

1. Isothermal compression. With the displacer piston at 
the bottom, the inlet valve is opened and the top space 
compressed from p^ to pg.  The heat of compression in the 
top space is ejected at the head of the cylinder and 
ideally the process can be considered to be isothermal 
at temperature T^, 

2. Constant pressure gas transfer.  In this step the piston 
is moved from the bottom to the top of the cylinder with 
the inlet valve remaining open.  The gas is transferred 
via the regenerator at constant pressure to the bottom 
space.  During this process the gas in passing through the 
regenerator gives up heat so as to emerge at the lower 
temperature, Tg 

3-  Isothermal expansion.  With the displacer piston remaining 
at the top of the cylinder, the exhaust valve is opened 
and the gas expands from p2 to p^.  During this process 
heat is absorbed at the lower end of the cylinder and 
ideally .this process can be considered isothermal.  In 
passing back through the regenerator, the gas receives 
heat from it so as to^emerge at the "prer end of T: 

'*•  Constant pressure gaj transfer.  Finally when the gas 
pressure is reduced to p1,   the .displacer piston Is 
allowed to fall to the bottom of the cylinder, gas 
passing back along the regenerator.  This process is 
at constant pressure and returns the cycle to its start- 
ing point. 

•Taconis, K. W. "Techniques of Very Low Tempi;glares," Leiden. 
June (IVJO); also British Patent Sj^ZEJ? U^u)* 
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In practice the so-called Isothermal processes are not truly 
isothermal and irreversibilitles are introduced.  However, the 
modifications introduced in practice do not affect the basic princ- 
ple of operation. The piston movements are ideally displacements 
only, involving no work.  The valves are both at the high temper- 
ature, resulting in reliable operation.  The system has the ad- 
vantage of relative mechanical simplicity and lends itself to cas- 
caded operation. 

5.2 PRACTICAL MACHINES 

Operational refrigerators based on a modified Taconis 
cycle using single stage, and cascaded stages compounded with a 
Linde cycle are produced by Arthur D. Little, Inc.* for refriger- 
ation at various levels down to about 4°K with heat ejection at 
ambient (300°K). They are referred to as the Gifford-McMahon 
system. 

5.3 COEFFICIENTS OF PERFORMANCE, POWER REQUIREMENTS FOR 
MACHINES SUITABLE FOR REFRIGERÄTI5JTÖR LIQUEFACTION AT 
TEMPERATURES OF 77°K "AND ABOVE 

The coefficient of performance of Taconis cycle refriger- 
ators as exemplified in the Gifford-McMahon system has been pre- 
sented theoretically by Hrycak.**  If p^ is the high pressure at 
which gas leaves the cold end of the regenerator and enters the 
lower (cold) expansion volume, and If p£ *5 tne ^ow pressure at 
which the gas exits finally from this volume, then since the pis- 
ton movement does not work (being a displacer only), the heat 
absorbed at the cold end of the refrigerator is Just the enthalpy 
change, AH, of the gas entering and leaving.  If the cold end is 
isothermal, then AH is given by: 

AH -- (PJL - po) V 

where V Is the total maximum volume at the cold end. 

(3D 

It is found moreover (see references cited)  that  the exit 
gas  at  the  top end is at a  temperature,  Tg,   somewhat above  the 
ambient or sink temperature,  Ts,  due  to  the isenthaipic nature of 
the  cycle.     Bearing this  in mind,   the quantity of gas per cycle 

and Hoffman,  T.   K.  Adv.   in Cryogenic Eng1neer- 
fford,  W.  E.  and McMahon,  H.   0.   Proc.   10th 

•See Glfford, W.  E. 
lri£ o.  82  (1961);   Gifi. 

*i:n.    ,:f-2.   of Refrift.   (Copenhagen)  1,  100 (1959) and 1_,  105 
[i^1/»TT!*c7Gnon,  H.   0."and Glfford,  W.   E.  Adv.'   in Cryogenic Eng. 
5,   35^ and 368  (1959) and McMahon,  H.   0.  Cryogenics I, t>5   U9t>o)- 
r*Hrycak,  P.   Cryogenics 3,  ?3 (March I963). 
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EXHAUST 

HEAT 
EJECTED 

DISPLACER 
D 

CYLINDER 
C 

COLD, T2 

HEAT^ 

ABSORBED 

7. 

REGENERATOR 
R 

ISOTHERMAL COMPRESSION 

uith dispiacer doun,   gas  is com- 
pressed from pj   to p^.     Heat 
ejected at hot end of cylinder. 

II.       CONSTANT PRESSURE GAS TRANSFER 

Displacers raised to  top.    Gas 
transferred  to cold end via re- 
generator.    Make up gas from 
compressor maintains pressure 
at P2* 

III,     ISOTHERMAL EXPANSION 

with dispiacer up,  exhaust valve 
open,  so  that pressure drops  to 
pj.     Heat absorbed at cold end of 
cyl inaer. 

IV,       CONSTANT PRET>SURE GAS TRANSFER 

D.splacer louered  to bottom.    Gas 
transferred  to hor. end via re- 
generator.     Return cycle  to start- 
ing point. 

'ig.  47 - Stepa   in the operation of an  idealised re- 
frigerator using a displacement ezparuier. 
(71ie Taconis engine.) 
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entering (or leaving) the cold end is: 

M =» 
p2V  p2V 

RT RTt 
(32) 

where T is the refrigerated temperature of the cold end.  If one 
assumes isothermal compression of the gas exterior to the refrig- 
erator at a temperature, Ts, and assumes that on compression the 
gas can be assumed to be perfect, then the ideal coefficient of 
performance, C.P., is: 

C.P. (ideal) =k  - Pl I P2 It 
P  PXTE - P2T In (px/p2)  Te (33) 

where L is the refrigerated loii and P the Input power.  The value 
of TE can be determined from knowledge of the other parameters 
citea and the nature of the working gas. 

Evaluations of the C.P. (ideal) have been made for various 
values of T, assuming helium to be the working gas and assuming, 
as has been successfully adopted in practice*, that p^ n 300 psig, 
p2 = 75 psig and Ts « 300"K.  The data are presented In Table 20. 

TABLE 20 

VALUE::  OF C.P.   AND rirel  KOK GIFFORD- MC MA HON SYSTEM 
OPERATINO  DOWN TU 77  K 

(Kor   sources,  see  text) 

T 
cr. 

(Carnot) (Ideal)// 
Low  Power  Level Higher  Power Level 

C.P.   (actual) \rt C.P.   (actual *Wi 
80'K 0.36'j 0.1' 4 O.OVJ 0.16 0.072 0.198 

100*K 0.5 0.?0f> 0.07t) 0.1b 0.091 0.18? 

VjO K 1.0 0. $?(J 0.1P2 0.12 0.1*48 0.148 

^00 °K 2.0 o.4fo 0.167 0.08*1 o.ro7 0.104 

''Ideal  value:;   toi   %\\ I! 01 \ ••McHihon system with parameters au 
stated  In  text. 

*;:ee   for example,   NeMrih'jfi«   H.O.   Ciycjgettlca  1,  6'>   (l^6o) 
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To compute the actual C. P. values which would be 
encountered in practice and which must be known in order to make 
fair comparisons with other cycles mentioned earlier in this re- 
port, the same assumptions will be made regarding isothermal com- 
pressor inefficiency and motor drive inefficiency.  It will be 
assumed (see Section VI.1) that for helium gas the isothermal com- 
pressor efficiency is 67$ and the motor drive efficiency 80$ for 
the low power levels and 67$ and 85$ respectively for the higher 
power levels (~1 kW, as assumed for previous cycles).  The losses 
due to regenerator inefficiencies, heat losses, etc., will be 
lumped together and a refrigeration efficiency of 70$ is assumed 
for the low power levels and 80$ for the higher power levels. 
These values are taken from measured values published by McMahon 
ct al (loc. clt.). We then have evaluated CP. (actual), which is 
tabulated in Table 20 and shown in Fig 48, as a function of the 
refrigeration temperature, T.  Also in this figure are presented 
the corresponding values of the figure of merit, r\rei  (*nrei = C.P. 
(actual)/C.P. (Carnot) ). 

Estimates of the power requirement, P, for refrigeration 
at the three temperatures of interest, namely: (l) 77°K (nitrogen 
reliquefaction), (2) 85°K (fluorine reliquefaction), and (3) 90*K 
(oxygen reliquefaction) were made from the data of Table 20. The 
results are shown in Fig. 49, which plots P versus the refrlgera- 
tive load, L at temperatures of 77°K, 85°K and 90°K, assuming the 
sink temperature, Ts, to be 300°K. Also in Fig. 49 are shown the 
Carnot power requirements under the same conditions and the study 
limits for the refrigerative loads. 

It is to be noted that the Gifford-McMahon system, even if 
operated in an ideal manner with no losses or inefficiencies, 
does not have an ideal coefficient of performance, C. P. (ideal), 
equal to the Carnot C.P. (see Table 20). Only in the extreme 
limit of p, tending to equal p does the expression given above 
for C.F. (ideal) approach asymptotically to the Carnot value. 
However, in this limit the useful refrigeration (equal to (p, - 
P2)V per cycle) also tends to zero. As was pointed out by Hrycak 
(loc. clt.), the McMahon-C-ifford cycle is able to increase its 
thermodynamic efficiency only by decreasing its 'volumetric effi- 
ciency', which is the refrigerating effect per unit volume of 
the system. This is common handicap of nearly all gas refriger- 
ating systems. The notable exception to this rule is the Stirling 
cycle, which in reversible operation has a Carnot efficiency and 
this fact renders it particularly suitable therefore for minimum 
power requirements. 

In employing a Taconis cycle engine for liquefaction, the 
gas to be liquefied would be introduced at approximately atmos- 
pheric pressure into thermal contact with the cold end of the 
refrigerating engine in a separate gas circuit. 
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To estimate the power requirements for liquefaction by the 
Gifford-McMahon system of Ng, F2 and 02* it must be observed that 
the sensible heat of the gas from Ts to its boiling point at 
about 1 atmos. pressure acts as a full load on the refrigerator 
in addition to the latent heat load. The data for the computa- 
tion are given in Table 21 below. 

TABLE 21 

POWER REQUIREMENTS FOR LIQUEFACTION OF N2, 02 AND F2 
USING GIFFORD-MCMAHON SYSTEMS 

(For sources, see text) 

Ü 
c 
eg 

CO 
,o 
3 
CO 

AH 
300°K to 

B.P. 
jdules/g 

I 
(Latent 
heat) 

joules/f 

Low Power Level Higher Power Level 

CP. 
(actual) 

P for 100 
lbs/day 

kW 
CP. 

(actual) 

P for 1000 
lb/day 

kW 

N2 

F2 

°2 

236 

173 

192 

199 

172 

213 

0.056 

O.063 

O.067 

4.08 

2.87 

3.18 

0.068 

0.076 

0.081 

33.5 

23.8 

26.3 

From the above data the curves of Fig. 50 were drawn which 
show the power P required for liquefaction as a function of the 
liquefaction rate in liters per hour for N2, F2 and 02- 

The liquefaction figures of merit in terms of kW-hr per 
lb of substance liquefied are given in Table 22. 

TABLE 22 

LIQUEFACTION FIGURE OF MERIT FOR GIFFORD-MCMAHON SYSTEMS 
OPERATING DOWN TO 77°K 

(For sources, see text) 

Substance 

N2 

F2 

0. 

Boiling Point 

77 °K 

85 °K 

90 °K 

Liquefaction Figure of Merit 

(lower power levels) 
0.98 kW-hr/lb 

O.69 kW-hr/lb 

O.765 kW-hr/lb 

53 

(Higher power levels) 
0.805 kW-hr/lb 

O.57  kW-hr/lb 

O.63 kW-hr/lb 
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All the above data are conservative ratings of the power 
requirements based on current practice.  It is considered that in 
the period 1965-70, by reducing inefficiencies of these machines, 
the power requirements could be reduced by about 15$ below those 
stated. 

5.4 CASCADED MULTIPLE GIFFORD-MCMAHON ENGINES USED IN COMPOUND 
SYSTEM 

As with the Stirling cycle, the GIfford-McMahon engine 
lends itself readily to cascading for going to very low tempera- 
tures.  Not many examples of such systems are currently avail- 
able and in consequence the method is best illustrated by the 
three-stage cascaded Gifford-McMahon engine combined with a 
closed loop J-T He circuit for refrigeration down to liquid hel- 
ium temperatures as produced by A. D. Little Inc.  (See the 
brochure "Cryodyne Maser Refrigerator" issued by A. D. Little 
Inc., which brochure also describes the system.  Other descrip- 
tions also have been provided elsewhere*).  It consists of three 
expander volumes operating at 80°K, 35°K and 15°K, connected to- 
gether with regenerators and all operating from the same com- 
pressed He gas supply in phase and in the manner described above 
for the single stage engine.  The inlet and exhaust pressures to 
the expanders are 280 and 80 psia respectively and the total gas 
flow for a system (Model 1, as described by McMahon in Cryogenics 
1. 65. i960) providing 4 watts of refrigeration at 4.2°K is 15 
scfm.  Each expansion stage of the engine serves as a precooling 
step for a closed-cycle J-T He circuit which has inlet and exhaust 
pressures of 280 and 15 psia and a flow of 2 scfm for the 4 watt 
refrigerator.  The closed-loop J-T circuit has heat exchangers 
between the ingoing and outgoing He streams between all tempera- 
ture levels. 

Considerable detail on the performance of this system has 
been provided in the reference cited and a theoretical study of 
the thermodynamic behavior has been made by Hrycak.** If one 
assumes that for Model I, providing 4 watts of refrigeration at 
4.:?°K, the full 10 hp of the compressor motor is required, then 
the minimum coefficient of performance is 0.0054.  This clearly 
is a conservative figure.  Other sizes of helium temperature re- 
frigerators based on the same compound cycle are marketed by 
A. D. Little. 

♦See, for example:  Glfford, W. E. and Huffman, T. E. Adv. Cryo. 
Eng. 6.82.  1961.  McMahon, H. 0. Cryogenics. 1. 65. 19&0. 
"Hrycak. P. Cryogenics, 3. 23. 19^T 
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P(KW) 

•»LITERS 
25    PER. HR. 

Fig.  50 - Pou»r requirements (kW) for liquefaction of 
N2>  ^2 anfl °2*   usiHQ single-stage Gifford- 
McMahon engine versos rate of liquefaction 
(liters/hr.).    Ta  is token to be 300°K. 
(For source of data,  see text.) 
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It is clec.rly possible to design other arrangements of 
compound cycles using Gifford-McMahon engines to provide, for 
example, refrigeration at H2 temperatures, liquefaction of Ho and/ 
or He.  They would follow the same general scheme as that out- 
lined above for the helium temperature refrigerator.  There lv> 
insufficient data available to the authors at present, however,. 
to allow presentation of their possible performances.  However 
one may note that they would possess the same advantageous fea- 
tures as the single stage Gifford-McMahon engines, as outlined 
above. 
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V.6  MISCELLANEOUS SYSTEMS 

6.1 ROEBUCK DEVICE 

In 1945 J. R. Roebuck* proposed a new type of refrigerator, 
which is described briefly by Scott.** A diagram illustrating the 
principle of this device is shown in Fig. 51.  The working fluid, 
a gas, flows in the crank-shaped pipe from A to B to C to D, as 
indicated by the arrows on the diagram.  The pipe is rotated 
rapidly.  The motion of the crank causes compression in leg B, the 
heat of compression being removed by a cooling medium. Expan- 
sion occurs isentropically in leg C, which is insulated.  An ex- 
ternal compressor or blower is required to complete the cycle 
from D to A. 

To the authors' best knowledge, a working model has not 
as yet been developed.  To be successful very high peripheral 
speeds would be required which imposes severe mechanical design 
problems. 

6.2 VORTEX TUBE. 

The Vortex Tube*** is a device seemingly quite unrelated 
to other schemes of refrigeration.  A simple illustration of the 
device is shown in Fig. 52.  A gas at a pressure of the order of 
magnitude of 5 or 6 atmospheres enters the tube tangentlally 
through a nozzle as shown by the arrows and expands, rotating and 
attaining a high velocity.  The gas may escape to the left, through 
the unobstructed full diameter, or through the small centrally 
disposed aperture to the right.  The ratio of the amounts of gas 
which take each path Is determined by the adjustment of a throttl- 
ing valve at the end of the left hand line.  It is observed that 
the gas which emerges through the small aperture is much colder 
than the gas entering the tube, while the gas which emerges to the 
Left is somewhat warmer.  It has been possible to separate air at 
20 °C and a few atmospheres pressure into the cold and warm streams 
oV  -S0°C and 200°C, respectively.**** 

It would be possible to make a refrigerating machine incorp- 
orating the Vortex Tube as tb" source of refrigeration, in a manner 
analogous to using an expansion engine or a valve. 

♦Roebuck, J. R. J. Appi. Phys. l6, 285 (19^5). 
**Scott, R. B. Cryogenic Engineering, publ. Van Nostrand Co. 
(1959), P. 38. 
♦♦♦Rangue, G. J. U. S. Patent No. 1952231, December 6, 1952. 
♦♦♦•Hllsch, R. Rev. Sei. Instr. 18, 18 (19^7). English Trans- 
lation by Estermann, I. 
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Fig.  51  - Diagram of Roebuck Device. 
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Fig.  52  - Diagram of vortex tube. 
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The performance of such a refrigerating machine operating 
on this cycle has been calculated,* using data from Hilsch.  Fur- 
ther, the performance for cooling to about -50°C has been compared 
to an analogous machine using an adiabatic expansion engine and 
it was found that the Vortex Tube performance suffers by the com- 
parison, being at least 13 times less efficient.  It may be con- 
cluded that the Vortex Tube, while having the advantage of sim- 
plicity, is not efficient enough to be of potential wide-spreaa 
use as a refrigerating device. 

6.3 DESORPTION METHODS 

The desorption method of cooling and/or liquefaction for 
obtaining very low temperatures was proposed by Simon** and 
first put into practice for helium liquefaction by Mendelssohn*** 
in 1931»  It has not, however, come into general use since that 
time due to the superiority of other methods. 

The method is dependent on the use of materials such as 
charcoal, silica gel, "molecular sieve" materials, etc., which 
are well known to absorb large quantities of gas per g. of 
material at low temperatures.**** 

A brief description of the method used by Mendelssohn for 
the liquefaction of helium follows:  Activated charcoal was 
placed in a container, surrounded by a vacuum Jacket, which con- 
tainer had a pipe leading fron it vertically upwards so that it 
could be connected either to .1 supply of low pressure helium gas 
or to a vacuum pump.  The system was placed in a bath of liquid 
hydrogen and a small quantity of "exchange gas" was introduced 
into the vacuum Jacket to permit thermal contact between the char- 
coal container and the liquid hydrogen.  In this condition, heiiur. 
gas was introduced into the container where it was absorbed by the 
charcoal up to a pressure of about one atmosphere.  The heat of 
absorption was taken up by the liquid hydrogen.  The vacuum Jacket 
was then evacuated of exchange gas, so adiabatically Isolating the 
charcoal container, and the charcoal container was pumped by a 
fast vacuum pump.  This pumping desorbed the helium gas from the 
charcoal and the process resulted in a cooling of the absorbent 
to approximately **cK.  This cold container then served to permit 
condensation of liquid helium in a separate container thermally 
attached to the charcoal container. 

♦Daunt, J. G. Handbuch der Physik, XIV, 1 (19fjö) . 
♦♦Simon, F. Phys. Zelt. 27, 790 TJ-93ET- 
»»»Mendelssohn, K. Zeit f. Phys. 73, 482 (1931). 
»♦♦♦See, for example, Itterbeek, A. V. and Dirgenen, W. V. J. Phys, 
Radium 11, 25 (194O), for data for helium on charcoal. 
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The adsorption method of cooling, as described above, is a 
"one-shot" prncoss, which places it in a poorly competitive posi- 
tion for moso rei'rigerative applications with a continuous cooling 
method. To date, no continuous closed cycle desorption refriger- 
ation process has been proposed or developed and it is considered 
that this adsorption technique is unlikely to become of Immediate 
practical significance for continuous liquefaction or reliquefac- 
tion of gases. 

6.4 SOLID STATE DEVICES 

6.41 THERMOELECTRIC COOLING 

McCormick* has studied the potentialities of thermoelec- 
tric cooling in the range below 77CK.  It is clear that existing 
knowledge does not permit the construction of practical thermo- 
electric coolers in the temperature region of liquefied gases. 
However, it is conceivable that some future materials break- 
through could lead to thermoelectric devices being used for gas 
liquefaction. 

The basic phenomenon on which thermoelectric coolers are 
based is the following:  Whenever a circuit composed of two dis- 
similar conductors is so situated that the Junctions are at 
different temperatures, an electromotive force can be observed in 
the circuit.  This, of course, is the familiar effect upon which 
thermocouples are based.  It has as its corollary the fact that 
an emf applied across the junctions, if they are thermally iso- 
lated, will cause them to be at different temperatures, the cur- 
rent through the circuit causing heat to be evolved at one Junc- 
tion and absorbed at the other.  Thus, a schematic diagram for a 
thermoelectric refrigerator would be as shown in Fig. 53« 

The effectiveness of a thermoelectric device is a func- 
tion of the properties of the thermoelements. These properties 
are the Seebeck voltage, the electrical resistance and the ther- 
mal conductance.  There has been postulated** a dimensionless 
term, called the figure of merit. The expression for the figure 
of merit, M, is given by: 

2 

M 
T 

T 
lPN 

RPN KPN 

(34) 

♦McCormick, J.E., "Cryogenic Thermoelectric Cooling," ASTIA Docu- 
ment #AP259770, May 1961. 
**For a fuller account, see, for example: 

Ioffe, A. F. "Semiconductor Thermoelements and Thermoelectric 
Cooling," Publ. Infosearch Ltd., 1957. 

Goldsmid" H. J. "Applications of Thermoelectricity," Publ. 
Methuen and Co., i960. 
""MacDonald, D. K. C. "Thermoelectricity," Publ. Wiley and Suns, 
1962.  £  
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Pig,  53 - Schematic diagram for a thermoelectric 
refrigerator. 

58A 



mum mm*mmm*mmimmsmm .... i •i»«P»»f .■1.I..IIIIU.II..U.,, i, iiiM.i.n iwj.1 u.>)PiH-.^i^k.ll1iJ!ll.pW>IWfy^W»u*»LJ!'Mi.ii>....<».i.Wi. i. ■- ,..■ 11 . ■ wu, ■ «mgEM 

where T = temperature, absolute, 

aPN Ä Seebec^ voltage for couple, 

RpN = Electrical resistance of circuit, 

KPN ~ Thermal conductance of circuit. 

In terms of the properties of individual thermoelements 
(assuming joint resistances to I 3 negligible), 

RPN = ^f7"+ —5^" 

where p » electrical resistivity of each element 

I » length of element, 

A = cross-sectional area of element, 

(35) 

and 

K 
KpAp KNAN 

PN LN 
(36) 

where K - thermal coji^uctivity of each element. 

If the two elements are arranged in the optimum 
configuration, then it can be shown that 

2 
aPN (do - ON) 

RPN KPN   (^ppKp + ^PNKN)2 K0 + Vc 
(37) 

It is convenient to relate this expression to Ioffe's definition 
of his figure of merit, Z, defined such that 

L, - 
(aP - aN)' 

TTP^T 'W (38) 

Ic has been demonstrated that, for any couple, the 
maximum temperature difference between the heat sink and the 
object being cooled is given by the expression: 

AT, max 
2*1  T3lnk 

where M^ is the effective .igure of merit and is defined by 

4     2 

b9 

M, 

(39) 
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For materials tested at 77°K the best values of Z are in the range 
0.5  x 10'3 to 5 x 10"3 (i.e., M±  from 0.01 to 0.10). Recently 
Smith and Wolfe* have shown that Bl-Sb alloys can reach the higher 
figure given here. Even so, the use of such materials with a 
single junction device (single stage) yield only small temperature 
drops. Fig. 5^ shows the maximum (for optimized configuration) 
drop in temperature, ATmax> for a single Junction produced by a 
single stage thermoelectric refrigerator plotted against the mean 
temperature, T^.  The lower curve in the figure is for Z ■ 1.5 x 
10~3, as found for many commercial product*.  The middle curve is 
for Z - b  x 10"3 and the upper curve represents wnat might be 
expected in possible future development.  If one assumes an Mj_ 
value of 0.05, then 16 stages would be required to go from 77 °K 
to 20°K and 31 stages to go from 77°K to 4°K.  Such a device 
seems too complex to be practical. 

At ambient conditions, a value of Mj[ = 0.3 (i-e., Z - 4 
x 10"^) is fairly common.  If we assume that we can achieve this 
figure of merit at lower temperatures, then it would be possible 
to go from 77°K to 20°K In four stages.  It has been derived chat 
the coefficient of performance for each stage is given by the 
expression: 

CP 
/T 

, AT 
TTMJ - 1 - fc" 

rnax / 1 + WL±  + 1 (*1) 

Using this expression for CP and the formula AT = 2^iT3ink It- 
may be calculated that it requires ten thousand watts of power 
to deliver one watt of refrigeration at 20°K with a heat sink at 
77°K. 

It may be concluded that at the present state of knowl- 
edge of the properties of thermoelements, thermoelectric cooling 
is not competitive with existing gas systems for supplying re- 
frigeration in the temperature region of liquefied gases from the 
points of view of efficiency or practicality. 

»Smith, G. E. and Wolfe, R. Bail. Amer. Phys. Soc. 2, 13? (196l) 
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() · :1 ;:; GAINANO-'l'HERMOMAGNETIC REF'RIGERATORS ----------- -
The theory of galvano-thermomagnetic refrigerators has 

been discussed by many authors, no-~Jably O'Brien and Wallace, by 
Harman and Honig, by El-Saden, by Norwood and by De:l ves. '*· The 
theories cover many possible arrangements of systems and the 
three of the simpler arrangements will be discussed here. Follow
ing Harman and Honig, consider the two element device for longi
tudinal mod::; of operation illastra ted i.n Fig .. 55; -rt consists 
of two rectangular paralellopipsd bars design~ced as t and r re
spectively. The rlght hand bar i.s a p-type semiconductor and 
the left hand an n··type. ':.:'he ends of the bars are thermally 
attached to two reservoirs. The upper reservoir at the temper-
a tu.re T1 constitutes the '' coJ.d-he:.~d 11; that is to say, the re
frigerated load. The lower reservoir, at the temperature T

2
, 

is the hAat sink, such that T2 > T1 . The ends of the semicon
ducting bars at the lower temperature end (T1 ) are connected 
electrically fo1' opera ti.on in the longitudinal mode discussed. 
in this sub-section. A magnetic field, of lntensity H, is 
externally applied at right angles to the current flow, along 
the z axis of Fig. 55. An electric current is fed into and out 
of the lower ends of the ~ars, which are both maintained at 
temperature T2 but which are electrically insulated from each 
otrter. 

The theory of such ~·refrigerator as presented by Harman 
and Honig** results in a calculated optimal coefficient cf per
for~nnce, CPL, given by: 

, 
+ ~ 

2 
(45) 

-~·0 1 B:'icn .. B. J. a.ncl Wallace .. G. S. J. Appl. Phys. 29, 1010 (J.9C)8\. 
Harman, 'I'. C, a::-1d Honlg, ·,;. M. J·. Appl-.-.PFiys.-_Jj,'5188, ':U78 

'J.ClS2) ~r1d ·l''ol·,-~ "~h J89 (Jgfi·-:>)' 0 'e '-'' 0 "' H3.r·wr::;·n T rt T Apr·-1 \ _., l.~ - , • d. . . . . . ...~. .. wL..:. .• . . . \ • _ ' .• J 1 o u e . u . .L .. ...~ ···' ·-·· .... ..:a. , • v • v • .r-' _ .• 
P, ·'"" -~I· 0 'n (1"63-) -- d.~ , Ph L rt " 13 (J96') -----·-ny . .)., ._.~+, '-.).:; ... :; ctn ... '-I.PP..l.· ys. ev • <- 1 , . , ,J • 

E.L-:.:Jaoer:, H. R. J. Appl.-Phys-:-3:r;1souTI962). 
Nonwocl .• M. H. .(:- App.r:--Phys·-:--34-; 59L1 ·( 1963). 
Delves, F. T. lfr'71. t .-J.f\ppi;=-pflys. 13, L!LW (1962 }-,;-

·X·+:·Harr:1an, T. c. o.nd. HonJg,~.J.. M. J, Ap.pl. Phys. 33, 3188 (1962). 
See al:::.o ~nrne authors, <T. Appl. Pnys .. 5], .31'78 (.19"62) a.nd 34 .• 
·Lr)·-~ ( J •;•) ·---------- --
- (_ • ' \ . ,_)I ,. 
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ross 

where P/, and Pr are the Ettinghausen-Nernst coefficients* for the 
left hand and right hand bars, RL the total electrical resistance 
of both bars in series and K is the rate of heat flow (in the ab- 
sence of an electric current through the device) along the two 
bars in parallel per unit temperature difference across their ends. 
The device can be operated "adiabatically" or "isothermally," 
meaning in the first case the bars are adiabatically isolated along 
their lengths and in the second case they are in thermal contact 
so that bT/dy  = 0. For each mode of operation the appropriate 
adiabatic or isothermal Ettinghausen-Nernst coefficients must be 
used in equation (43). 

As in the discussion of thermoelectric cooling, it is 
convenient to introduce a "figure of merit." Harman and Honig 
give for the optimum figure of merit, z?^* 
mode of operation: 

for this longitudinal 

opt (pt - pr>' 

¥ <?i) 
V? 

+ (Mr) 
E72J- (M) 

where k»  and kr are the average thermal conductivities of the left 
and right hand bars and P^ and Pr are the average electrical re- 
sistivities of the left and right hand bars. 

It is to be noted that in equation '42) for the coeffi- 
cient of performance the first term, T]/XT2 - Ti), on the right 
hand side is the ideal Carnot refrigerator coefflöient of per- 
formance. 

An arrangement for a two element device for operation 
in the transverse mode is shown schematically in Fig. 56.  Again 
it consists of two rectangular parallelopiped bars designated 
and r respectively.  The ends of the bars are thermally attached 
to two reservoirs.  The upper reservoir at the temperature T]_ 
constitutes the "cold-head"; that is to say, the refrigerated 
load.  Note, as is shown in Fig. 56, that the bars are elec- 
trically Insulated from each other at this end, as they are also 
at the end at temperature T2»  The center points of both bars 
closest to each other are electrically connected by a shorting 
bar, and electric current is fed into the center point on the 
outside of bar I  and carried away from the center point on the 
outer side of bar r.  A magnetic field of intensity H is ex- 
ternally applied at right angles to the current flow, along the 
z axis of Fig. 56. 

♦For definitions  of the various galvano-magnetic coefficients. 
see:  Mazur, P. and Prigogine, I. J. Phys. Radium 12, 616 (1951) 
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As found by Harman and Honig, the optimum coefficient of 
performance, CP<p, in this transverse mode of operation is given 
by: 

CP - .  Tl    (1 I ALVT2) (M CPT - (T2 - Ti)  (1 + AT)  <45) 

where A«, is given by: 

AT = 1  - T T2H2N2/RTK (46) 

where N is the average transverse Nernst coefficient, RT the 
total electrical resistance of both bars in series in the y 
direction and K is as defined earlier. 

The optimum figure of merit for this mode of opera- 
tion is: 

Z°P
t = H2N2/KD 

T P (47) 

where the symbols have their previously defined significances. 

The maximum temperature differences which can be es- 
tablished are given by: 

(p2
t - yV i 

Longitudinal:  ATmax =  — =T ZLT12      (48) 
1/ 

? 2 2 H N T? 
Transverse:  ATmaY =   =* — ZmT (49) max   2KRT    2 l  2 

Where Z^ and ZT are the longitudinal and transverse figures of 
merit. 

These are to be compared with the expressions given 
earlier for the maximum temperature difference attainable by 
thermoelectric cooling, which for small temperature differences 
yield the approximate expression: 

Thermo-electric:  ATmnv       laP " aN'  = _1_ ZT
2 t^0\ 

ßp»oPv2 - (P«C)^!)2   2 
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A much simpler configuration for a galvano-thermomagnetic 
refrigerator is the one discussed for example by O'Brien and 
Wallace and by Delves.* The simple device is a single element of 
an intrinsic semiconductor operating in the transverse mode, as 
schematically illustrated in Fig. 57.  In this the electric cur- 
rent is along the x axis, the applied magnetic field along the y 
axis and the consequent heat flow is along the z axis. This 
arrangement has the advantages of great simplicity and of the 
requirement for one working material only.  The maximum tempera- 
ture difference obtainable is as fgr the two-element transverse 
systems given by ATmax « (1/2) ZTT" where ZT = H

2N2/kp . 

Unfortunately the highest figures of merit observed so 
far for either the transverse or longitudinal modes of operation 
are small.  For example Wolfe and Smith**recently reported Z 
for the longitudinal case equal to 7.3 x 10~3/oK fcr a Bi-Sb 
alloy at 100°K in a magnetic field of 700 gauss.  Cuff et al***, 
also using Bi-Sb alloys, report similar figures and have exper- 
imentally obtained therewith temperature drops of about 5°K, 
starting at 77°K.  For other data, see previous references cited. 
Kooi et al# report AT values of 35 °K for transverse operation in 
the range between 200°K and 100°K also using Bi-Sb.  However for a 
transverse mode refrigerator to cool from 80°K to 4°K, it would 
require Zm ^ 10/T to achieve a coefficient of performance of one 
tenth that of a Carnot refrigerator, which values of ZT are far 
beyond any reasonable extrapolation of current developments in 
galvano-thermomagnetic materials.  These- results seem to indicate 
that galvano-thermomagnetic refrigerating devices, although theo- 
retically they should have figures of merit of about ten times 
better** than thermoelectric cooling devices, are still not competi- 
tive with gas cooling systems and the comments made earlier con- 
cerning such thermoelectric devices are applicable to galvano- 
thermomagnetic refrigerators operating in longitudinal and trans- 
verse modes.  Whereas by the development of better semiconductor 
materials with higher figures of merit, it may be possible in the 
future to use galvano-thermomagnetic devices for cryogenic re- 
frigeration, at present they clearly require multiple cascading 
(or shaping*^) to achieve any significant temperature drops, 
and this results in inefficient devices.  Moreover these galvano- 
thermomagnetic devices all require their accompanying magnetic 
fields which may use further power if permanent magnets are not 
used.  (the use of superconducting magnets in persistent modes of 

♦See references given earlier. 
**Wolfe, R. and Smith, G. E. Dull. Amer. Phys. Soc. 7. 173- (1962). 
***Cuff, K. F. Horst, R. B. Weaver, J. L. Hawkins, S. R. Kooi, C F. 
and Enslow, G. M. Appl. Phys. Letters. 2.145. (I963). 
#Kooi, C. F. et al. Lockheed Mls"sH.es and Space Co. Tech. Report 
No. ASD-TDR-62-llOO. Mar. 19oJ. 
##Po"r discussion on "shaping" see O'Brian and Wallace, (loc. cit.) 
and Kooi, C. F. et al. in above reference. 
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Fig.  57 - Schematic arrangement of single element 
transverse galvano-thermomagnetic refri- 
gerating device. 
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operation would obviate additional electrical power requirements, 
but they in turn need low temperatures for their operation, the 
maintenance of which is power consuming.) 

6.5  MAGNETIC COOLING 

This process of the cooling of paramagnetic salts by adiä- 
batic demagnetization* is used for obtaining temperatures well 
below 1°K, starting from temperatures obtainable with liquid hel- 
ium (1°K to 4°K). Although it is not applicable for refrigeration** 
or liquefaction of the subject gases in this report, a brief re- 
view of the technique is included here, largely in order to point 
out the reasons for the inapplicability of the magnetic cooling 
method at temperatures well above 4°K. 

A paramagnetic salt, for example chromium potassium alum, 
is used as the working substance.  It is located In a space 
(vacuum jacket) which can either be highly evacuated or contain 
exchange" gas and which is cooled to as low a temperature, T±» 

as possible by a bath of liquid helium (T^ wl°K).  The steps in 
the process can be followed by use of the entropy-temperature 
diagram cf Fig. 58.  Initially the vacuum jacket contains some 
exchange gas so that the working paramagnetic salt is maintained 
isothermally at the bath temperature, given by the point a on the 
T-S diagram.  The salt is then magnetized Isothermally along the 
path a-b on the diagram, where, for example, b lies on an isofield 
line of, say, 10,000 gauss.  At this point the vacuum jacket is 
pumped to high vacuum, thus isolating thermally the working salt 
from its surroundings.  The external magnetic field, H, is then 
reduced to zero and the salt follows the isentropic path b-»c, so 
reducing its temperature to Tf. 

Typical values of Tf obtainable with chromium potassium 
alum for various initial conditions of T^ and H^ are shown in 
"able 23- 

The success of the method is dependent on the fact that 
the entropy change on magnetization, ASmag, is Large compared 
with the total entropy, Si, the system at Ti and HO.  For 
example, for Ti - 1°K and Hb • 20KG, ^mag/sl lü ü &  foi> ^von 

ammonium alum and 78# for chromium potassium alum and In 

♦For general descriptions see, for example:  de Klerk, D. Hand- 
buch der Physik, Vol. XV, p. 30 (1956); Casimir, H. B. G. "TEg- 
netism and Very Low Temperatures," Cambr 1 dgg Phy s. Tra ts (I940h 
Garrett, C G. D. "Magnetic Cooling," Harvard Univ. Press (1954). 
**For continuous magnetic refrigeration below"1VK see:  Daunt, J. 
Proo. Phys. Soc. (London) B 70, 641 (1957) and Heer, C. V. 
Barnes, C. B. and Daunt, J. 57 Rev. Scl. Instr. 25, 1088 (1954). 
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.^sequence very low temperatures, corresponding to the low en- 
tropies on magnetization, can be achieved. This result that 
ASmag/Si can be so high is due to the fact that for the paramag- 
netic salts used in the magnetic cooling method the contribution 
to the total entropy due to lattice vibrations is negligible com- 
pared to the magnetic contributions when Ti is of the order of 
1°K. At higher temperatures the (T > 10°K) lattice entropy and 
hence the total entropy, Si, becomes much larger and additionally 
ASmag becomes much smaller.  (ASmag = FfHb/TjJ ).  These two 
effects result in very small values of ASmag/Si and hence yield 
very small temperatures changes on adiabatic demagnetization. 

- 

TABLE 23 

FINAL TEMPERATURES OBTAINABLE BY MAGNETIC COOLING 
OF CHROMIUM POTASSIUM ALUM 

Ti(°K) Hb(KG) Tf(°K) 

1.12 

1.13 

1.11 

10 

15 

20 

0.08 

0.06 

0.033 
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Fig.  56  - Schematic of steps taken in magnetic cooling 
system plotted on an S-T diagram. 
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VI.  SOME DATA ON COMPRESSORS, MOTORr AND EXPANDERS 

VI.1 COMPRESSORS 

In evaluation of compressors, we are concerned with size 
and weight, efficiency, reliability and adaptability to space 
environment. Reliability and adaptability to space environment 
are functions of the type of compressor employed, while for each 
type of compressor size and weight and efficiency are functions 
of throughput and compression ratio. 

There are two major classifications of compressors:  re- 
ciprocating and centrifugal. In addition, other designs such as 
the bellows compressor have been proposed to meet special pro- 
blems, particularly those of miniaturization.  In general, cen- 
trifugal machines are more efficient than reciprocating in large 
throughputs with low compression ratios. Reciprocating compres- 
sors are more adaptable to high compression ratios and also to 
miniaturization. 

1.1 RECIPROCATING COMPRESSORS 

Data have been obtained from various manufacturers on the 
performance characteristics and sizes of currently available re- 
ciprocating compressors. A partial list of manufacturers includes 
Cooper-Bessemer Corp., Ingersoll-Rand, Sulzer Bros., Inc., Air 
Products and Chemicals, Inc., York Corp., Worthington Corp., Nor- 
walk Co., Westinghouse Air Brake Co., Gardner-Denver Co., Pressure 
Products Industries and Chicago Pneumatic Tool Co. For some 
models, performance data are not available for the compressor 
separately, but only for the unit as a whole. 

A common assumption in the literature, when making studies 
of comparative cycles or other studies in which compressor effi- 
ciency is a factor, is to assume that the isothermal efficiency 
of compression is some constant amount, such as typically 70#. 
The isothermal efficiency is defined as the ratio of the work 
required in isothermal compression from the input condition to 
the work actually required. 

An interesting and useful format for expressing compressor 
performance is shown for example in Pig. ^9 (Taken from data 
supplied by Ingersoll-Rand Co., sheet 9^00.10-2. i960). Here the 
power per unit rate of volume flow is plotted versus the compres- 
sion ratio with the specific heat ratio, as a parameter.  Inlet 
pressure is assumed to be 14.4 psia. 

For a perfect gas, the work of isothermal compression is 
given by the equation: 

p2 
W - -PV In — VA) 

Pl 
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If we assume that we are compressing a perfect gas, we may then 
take points on Fig. 59 and test the assumption of constant iso- 
thermal efficiency over the range of operation.  This test leads 
to the result that the isothermal efficiency is roughly constant 
for a constant value of Y- Results of this calculation are shown 
in Table 24. 

TABLE 24 

ISOTHERMAL EFFICIENCY VARIATION OF INGERSOLL-RAND 
RECIPROCATING COMPRESSORS 

(Taken from data distributed by Ingersoll- 
Rand Co. For reference, see text). 

Ratio of 
Specific Heats 

Isothermal Efficiency 
Compr. Ratio = 2 Compr. Ratio - 5 

1.10 74 78 

1-2 72 74 

1-3 70 69 

1.4 68 67 

1.7 66 60 

This analysis leads to the expectation that the power re- 
quirements of all reciprocating compressors will follow roughly 
the same pattern.  The isothermal efficiency will be mainly a 
function of the gas properties and, for thermodynamic calculations 
on cycles, may be considered nearly independent of compression 
ratio.  It is seen that, of the fluids of interest in this study, 
relatively lower isothermal efficiencies may be anticipated with 
helium, and monatomic gases In general, than with the other 
fluids.  It is seen in the section on expanders also that re- 
ciprocating expanders are less efficient when used with mon- 
atomic than with diatomic gases. 

The minimum size of the machines covered by Fig. 59 is 
about one horsepower (745 watts).  It should be noted that the 
power requirements Indicated are brake horsepower, from the motor 
to the compressor shaft.  In computation of the total input power 
requirements the motor efficiency and the motor-compressor drive 
efficiency must be taken into account also.  Motor efficiency is 
defined as the percentage of power supplied to the motor which 
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actually reaches the shaft.  Estimates of this can be made for 
three phase, 60 cycle motors from Table 25 collated from data 
provided by Reliance Motors. 

Weights of reciprocating compressors are a function of 
both horsepower and pressure ratio.  Data on sizes and weights 
of two and three-stage compressors Including motor, in the size 
range of 20 to 150 horsepower, are presented in Tables 26 and 
27 (source:  Ingersoll-Rand Form 3250-C).  The curves of Fig. 59 
apply to these machines. Data on smaller machines manufactured 
by Gardner-Denver are shown in Table 28.  Perhaps more indicative 
of the weights of potentially space-borne reciprocating units are 
the weights of lighter, air-cooled units which are currently 
marketed as being suitable for intermittent duty only, because 
of the heat dissipation problem.  Performance data on some of 
these machines manufactured by Ingersoll-Rand are tabulated in 
Table 29.  Dimensions and weights of these machines are tabu- 
lated in Table 30 Including driver. 

TABLE 25 

MOTOR EFFICIENCIES 

^Data provided by Reliance Motors) 
3 Phase, 60 Cycle, 40°C Rise 

(Protected - Design B) 

HP 
Sync 

Speed RPM 
Efficiency 

4/4 of full load 3/4 of full load 

1 
1800 
1200 
900 

84,5* 
77.5 
76 

81.5* 
78 
76 

2 
3600 
1800 
1200 
900 

81 
81 
77 
77 

80.5 
81.5 
80 
77 

10 

3600 
1800 
1200 
900 

80 
85 
85-5 
66 

79 
85 
88 
89 

.}0 
3600 
1800 
1200 
900 

87 
90.5 
89.5 
80. • 

87.5 
91.5 
91 
87 

by 
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TABLE 25 (Cont'd) 

MOTOR EFFICIENCIES 

(Dat  r^ovided by Reliance Motors) 
3 mase, 60 Cycle, 40°C Rise 

(Protected - Design B) 

HP 
Sync. 

Speed RPM 
Efficj Lency 

4/4 of full load 3/4 of full load 

30 3600 
1800 

87-5 
92 

88 
91.5 

I 40 3600 88.5 90 

50 
3600 
1800 
1200 
900 

90 
90.5 
90 
88.5 

92 
92 
91.5 
90 

1 lb 3600 
Isoo 
1200 

92.5 
90.5 

93 
92 

100 36OO 
1800 91 92 

125 3600 
1800 92.5 92.5 

1 150 3600 - - 
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TABLE 26 

SOME DATA ON TWO-STAGE INGERSOLL-RAND COMPRESSORS 

(Source:  Ingerso11-Rand Co., Form 3250-C) 

Piston 
Displ. 

cfm 

1 Max. 
Pres. 
psig 

Motor 
HP. 

Dimensions Including 
V-Belted Motor 

feet-inches 
Approx. 
Weight* 
lbs. L W H 

130 350 30 8-1 2-10 3-8 2570 

226 350 50 9-4 3-0 4-3 3710 

386 350 100 15-8 3-7 4-11 7480 

504 350 125 17-4 3-10 5-7 8500 

94.7 500 30 8-1 2-10 3-8 2370 

177.5 500 40 9-4 3-0 4-3 3710 

2 89 500 75 15-8 3-7 4-11 7280 

421 500 125 17-4 3-10 5-7 9900 

SOME DATA ON 

(Source 

TABLE 27 

THREE-STAGE INGERSOLL-RAND COMPRESSORS 

Ingersoll-Rand Co., Form 3250-C) 

Piston 
Displ. 

cfm 

Max. 
Pres. 
psig 

Motor 
HP 

Dimensions Including 
V-Be]ted Motor 

feet-inches 
Approx. 
Weight* 
lbs L W H 

86.6 1500 30 11-3 2-10 3-6 2625 

165.5 1500 60 13-1 3-4 4-3 4550 

255 1500 75 17-7 4-1 4-11 8322 

383 1500 150 20-1 4-6 5-6 11,400 

64.8 2500 20 11-3 2-10 3-6 2675 

124 2500 50 13-1 3-4 4-3 4460 

200 2500 75 17-7 4-1 4-11 8490 

^11 2500 125 20-1 4-6 ■i-6 11.199 
♦Boxed for domestic shipping. 
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TABLE 28 

SOME DATA ON GARDNER-DENVER WATER-COOLED COMPRESSORS 

(Data from Gardner-Denver Corp.) 

(Displacement 
cfm Pressure HP* 

Size (Inches)** Weight*** 1 
lbs L W H 

32 100 5 48 20 33 925 

64 10 71 20 35 1540 

131 25 74 24 41 2455 

184 30 75 30 43 30?0  1 

♦Nominal HP of motor. 
**Includes compressor, base, coupling and motor. 
***Includes compressor, base, coupling, motor and skids for 
snipping. 

TABLE 29 

SOME DATA ON INGERSOLL-RAND HIGH PRESSURE COMPRESSORS 

300 TO 1000 PSIG 

j  Symbol 

Piston 
Displacement 

Cu. ft. per mln. 

300 
psig 
BHP# 

500 
psig 
BHP 

1000 
Psig 
BHP 

231 7.4 1.9 2.3 
; 

223 
6.75 
8.6 
9.55 

- - 
2.7 
3.1 1 
3.9 \ 

41 12.7 
15.2 

3.3 
3.9 

3.6 
4.4 

4.1 I 

YT2 36.0 9.0 10.2 - 

|   15T2 
31.4 
41.2 
49.5 

9.35 

14.6 

10.5 

16*4 

12.6 1 
16.4 \ 

#BHP = Horsepower to compressor shaft from motor. 
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TABLE 29 (Cont'd) 

SOME DATA ON INGERSOLL-RAND HIGH PRESSURE COMPRESSORS 

1500 TO 5000 PSIG 

\    Symbol 

Piston 
Displacement 

Cu. ft. per min. 

1500 
pslg 
BHP* 

2000 
pslg 
BHP 

2500 
pslg 
BHP 

3000 
pslg 
BHP 

223 
6.75 
7.6 
9.55 

2.8 
3.25 
4.1 

2.9 
3.4 
4.3 

3.1 
3.55 
4.5 

3.2   1 
3.7 
4.7   j 

15T3 
25.O 
23.2 
17.4 

10.7 
9.55 
7.15 

11.3 
10.15 
7.6 

11.9 
10.55 
7.95 

12.3 
11.0 
8.2 

tais 23.55 - 10.7 11.2 11.6  1 

*BHP = Horsepower to compressor shaft from motor. 

TABLE 30 

SOME DATA ON INGERSOLL-RAND HIGH PRESSURE COMPRESSORS 

DIMENSIONS AND WEIGHTS, INCLUDING MOTOR 

Symbol 
Dimensions, in. | 

L W H Welght#, lbs.  j 

231 36 20 19 290 

41 44 22 25 500 

7T2 52 24 31 69O 

15T2 59 28 34 1150 

15T3 58 28 33 1070 

4R15 42 30 35 850      1 

#Boxed for domestic shipment. 
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Prom the data tabulated above, the weights of reciprocating 
compressors complete with motors and drives have been estimated 
as a function of power input (kW) and the results are shown in 
Pig. 60 in which the shaded area indicates the range in weight. 
Also in the figure are shown the weights of the motors, for 60 
cps, 3 phase motors, which have been taken from data supplied by 
the General Electric Co. (Bulletin 4-62(15-M)200). 

Fig. 6l shows the range of compressor volumes complete 
with motor and drive as a function of power input (kW) taken 
from the data tabulated above. Fig. 62 shows the volumes of 60 
cps, 3 phase motors as a function of input power (kW) taken from 
data supplied by the General Electric Co. {Bulletin 4-62(15-M) 
200). 

All the data presented here, both in tabular and graphical 
form, are conservative ratings based on currently available com- 
pressors and motors. Considerable reductions in weights and vol- 
umes, particularly in the volumes, could be anticipated by special- 
ized custom design Q.nd by the use of lightweight materials, al- 
though it is difficult to estimate exactly what these future op- 
timized figures may be. 

A further comment should be made here concerning the fact 
that all the compressors discussed here use oil lubrication. As 
is discussed elsewhere in this »report, it is desirable that com- 
pressors for space systems be oil-free to permit their operation 
in any attitude, to obviate the weights and volumes associated 
with filters, etc., which otherwise would be necessary to remove 
the oil entrained in the working gas and to ensure reliable block- 
free operation of the cryogenic systems.  It is known that de- 
velopments are in progress on oil-free compressors,* particularly 
for small sizes, and it is anticipated that this must be further 
accelerated to meet the requirements of space refrigerators and 
liquefiers. 

1.2 CENTRIFUGAL COMPRESSORS 

Centrifugal machines are preferable for large-volume flows 
accompanied by a low over-all pressure ratio of perhaps 6 or 7. 
For high pressure ratios, the multiplicity of staging makes cen- 
trifugal machines less desirable from a size standpoint. Some 
data concerning centrifugal air compressors, supplied by Joy Mfg. 
Co., De Laval Turbines, Inc. and the Worthington Corp., are set 
out in Table 31 and Figs. 63 and 64 show respectively the weights 
and volumes of centrifugal air compressors complete with motors 
as a function of shaft input power (kW). The curves were drawn 

*See for example: Ritter, U. et al. J. Refrlg. (Mar.-Apr. 1959)* 
p. 37 and references to be founcf Tn the "Bibliographic Guide to 

" 1953-1960 of the Internat. Inst, of Refrlg. and Refrigeration," 1953-196« 
Manufacturers brochure's. 
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from data quoted In Table 31« The data presented are for cur- 
rently available Items and consequently reflect conservative 
practice. For space-borne operation considerable savings in 
weight and volume can be anticipated from future development, due 
to the use of light-weight materials, etc.  It is to be noted 
that the data presented here are for rather large size compres- 
sors, for input shaft powers larger than about lOOkW.  (Compare 
Figs. 60 and 6l for reciprocating compressors which give data 
only up to 100 kW).  Developmental effort* however, is being made 
to produce centrifugal compressors of smaller sizes and higher 
pressure ratios because of the ultimate possibility of much 
higher isothermal efficiency than that obtained with reciprocat- 
ing compressors. Further, since centrifugal compresscrs run at 
higher speeds, motor efficiency will be higher at smaller sizes. 
A further advantageous feature associated with centrifugal ma- 
chines ij the fact that they can readily be constructed to run 
with gas bearings, so increasing the reliability of operation. 

The smallest centrifugal compressor known to the authors 
is of approximately three horsepower size and is used in a 
closed-cycle refrigeration system designed to supply 50 watts 
of refrigeration at liquid nitrogen temperatures.** It seems 
possible that in the next few years centrifugal machinery will 
be applicable to most systems in the range of interest of this 
study. 

♦See for example:  "Bibliographic Guide to Refrigeration," 1953- 
1960, Internat. Inst. Refrig. 1962. 
**Hunimoto, W. Y.  Closed-cycle Cryogenic Refrigeration Systems," 
"Garrett Corporation paper #AE-2068-R, September 27, 1962. 
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VI.2 EXPANDERS 

A preliminary investigation reveals three basic machines 
with which we may accomplish expansion.  They are the radial in- 
ward flow expander, the axial flow impulse expander, and the re- 
ciprocating expansion engine.* 

The three types of machine all have applications for which 
they are particularly suited. The radial flow inward expander is 
good for high volume flow expansion entirely in the gas phase. 
If it is desired to expand into the liquid region, an axial tur- 
bine must be used. This turbine has basically a lower efficiency 
than the radial one but it is capable of expansion into the liquid 
region. For low flow rates and/or high pressure ratios the re- 
ciprocating expansion engine is the choice. Hansen** cites a 
break point of 10:1 pressure ratio and 15,000 SCFH flow rate, in- 
dicating that below this, pressure ratio and above this flow rate 
expansion turbines are generally used. However, the relatively 
low wear characteristics and mechanical simplicity of turbines 
together with the facility they present for use of gas bearings 
have attracted the attention of designers of small systems. 
Kunimoto*** mentions an axial turbine for use in a system designed 
to give SO watts of refrigeration at liquid nitrogen temperature. 

The radial expander is primarily suitable for high flow gas 
expansion. The lower practical limit of flow is set by structural 
limitations.  In particular, manufacturing limitations set a 
lower limit on wheel width and an upper limit on turbine speed. 
Jekat and Nagyszalanczy ("Application and Selection of Industrial 
Expansion Turbines," Power and Fluids, 1959) set 3/8" as a mini- 
mum wheel width. Existing Worthlngton Radial Expanders are de- 
signed to run at 23,500 RPM and have been tested at 40,000 RPM 
("Turbine Expanders for Low Temperature Application," Bulletin 
#G-2933, Worthlngton Advanced Products Division).  Trepp ("Refrig- 
eration Systems for Temperatures below 25°K with Turbo-expanders," 
Advances in Cryogenic Engineering, Volume 7) claims operating 
speeds of 92,000 RPM for turbo-expanders in an existing system. 
Fig. 65 shows minimum throughput versus Isentroplc enthalpy droj& 
for a radial expander at various speeds.  Similar data on exist- 
ing radial Worthlngton machines are shown in Fig. 66.  At design 
point, according to Worth! igton, radial expansion turbines may be 
expected to have 85# adlabatlc efficiency. Hansen Indicates a 
similar number (Fig. 67). The weights and dimensions of the 

*See, for example:  Collins, S. C. and Cannaday, R. L. "Expan- 
sion Machines for Low Temperature Processes, Oxford Univ. Press, 
Edmister, W.^ghem. Eng. Prog. April 1951, p. 191; Brown, E. H. 
J. Res. NBS 64c, No. I, Jan-Mar, i960, p. 25. 
»♦Hansen, 0. A. "Extremely Low Temperatures," Chem. Eng. Feb.23.S9. 
***Kunimoto, W. Y. "Closed-cycle Cryogenic Refrigeration Systems,' 
The Garrett Corp., Report No. AK-2088-R. 

77 



Worthingtor. expanders of Pig. 66 are shown in Table 32, (Worth- 
ington Paper G-2933). 

TABLE 32 

WEIGHTS AND DIMENSIONS OF SOME WORTHINGTON .TURBINE.EXPANDERS 

(Taken from Worthington Paper G-2933-2) 

1 Lgth. 
(in.) 

IWdth. 
(in.) 

[Hgt. 
fin.) 

IWght. 1 
(lbs) 

MR-600 - Monobloc design, compressor 
brake, R-600 turbine 56 47 70 3,50d 

MR-1200 - Monobloc design, compressor 
brake, R-1200 turbine 80 91 104 li,ood 

MA-600 - Monobloc design, compressor 
brake, A-600 turbine 48 47 64 3,ood 

CA-600 - Coupled design, compressor 
brake, A-600 turbine 120 73 65 6,50o| 

For expansion into the liquid region, an axial impulse tur- 
bine is required.  As a rule of thumb, the lower flow limit for 
efficient operation of axial expanders seems to be 1/5 to 1/lC of 
the minimum for radial expanders. At design point an efficiency 
of 75# for gas expansion in £ Worthington axial turbine may be 
expected (see Bulletin G-2933, Worthington Advanced Products Div.). 
Hansen indicates a figure of about 79# (see Fig. 67). If lique- 
faction takes place in the expander, the efficiency is reduced by 
one-half of the percentage of liquefaction.  For example, if the 
exhaust contains 6# liquid and if dry efficiency is 75#, then the 
efficiency would be as follows: 

t'1.00 - 
.06 

) (.75.) « -97 (.75) = 73*. 

In addition, the axial impulse turbine may be turned down 
to a lower percentage of its capacity flow than the radial re- 
action turbine.  This is because the radial turbine demands a 
-'ull circle of nozzles.  To cut down flow, the flow to each 
nozzle is throttled, thus causing inefficient expansion in the 
nozzles.  The axial turbine, on the other hand, may be adapted to 
a wide range of flows by changing the number of nozzles, or ad- 
mitting flow only to some of the nozzles.  Thus, each nozzle 
operates at design flow rate. The turndown characteristics of 
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nxi<:1l and radial turbines are shown in Fig. 68 (from Jeka t, "An 
Impulse Type Expander Turbine!'' Advances in .Cryogenic Engineering, 
Volume 2). ·· · · · · .:. ·· :.'. · · · 

. ' . 
' 

For flm'l ra tcs too llt:lw for--expansion t.urbines :; the flexible 
Pod reclproca ting expansion· engine is recommended. Th1s type' or· 
machine is de::>cri bed by Collins ("Expansion. Machine_s for Low 
Temperature Processes," Colli-ns and Canaday.; Oxford Uni v·ersi ty 
Press) and in "Infrared Detector Cooling in Ultrahigh·Altitude 
Vehicles," by the Garrett Corp. (ASTIA Report No. 222204). A · 
3imilnr expansion engine is used by Air Products in a small re
frige::."a tor ("A Closed-Cycle Helium Refrigerator for ·2 -.·5 °K 11

, Zeitz 
and Woolfenden, Cryogenic Engineering Conference, 1962). Accord
:Lng to the above references, ·the efficiencies to be .expected are 
as shown in Fig. 6g. Efficiency falls off at low throughputs 
when -the point is reached wh~re furthe~ siz~ r~duction is imprac
tlcal and the machine must be run slower to achiev.e re_duced flow. 
·This causes very efficient heat transfer between 'the gas and the 
cylinder wRlls. The lower curves in Fig. 69 are for maximum 
heat tran~fer effectiveness. They ~re approximately the lower 
limi~s of efficiency to be anticipated with these madhines. 

?rom a standpoint of efficiency, the followin~·~achi~e ~elec
:;:Luns ~ll'e indica ted for expanders: 

il· For large, single ·phase flow the radial reaction should 
be used. At present, the lowest level of throughput is an 
cxhaus t 'Jolu.me of abcut 10 CPS. This type of machine proba
bly !10.~; the potential to be scaled down to 1 CFS. A design 
point efficiency of 85% may be expected, with turndown 
chG..c'::.ctct".Lstics dS in Fig. 68. . 

:_:. For· c:·:pansion into the liquid region, the axial impulse 
~:!.:l'bLne ~~r10uld be used. A desig!1 point efficiency of 75% 
=~~Y be expected, minus the correction for liquefaction 
;;w~;, tioned above. Turndmm characteristics are given in 
Fie;. 68. The minimum exhaust volume is about 2 CFS and this 
type of m.J.chjnc can probably be scaled down by a factor of 
10 Cll~3C. 

c. For gCl~ expansion at low flow rates, the flexible rod 
recipro~~ti~g engine is used, with efficiencies as given 
in Flg. 6g. In this case 1 _ further increase in RPM and 
consequently efficiency is blocked by the abiliTy of gas 
to fl mv rapidly through very small valve ports, and it 
seems., therefore, that· major improveme~hts it:l the per
formCJ.nce of this type of machine iri·the'smal;er siies are 
not r"eadily forP.seeable. . . 
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VII.  SPACE ENVIRONMENT AND COMPONENT 
COMPATIBILITY AND DESIGN 

VII.1 The Environment 

A partial definition of the space environment* in which 
the liquefiers or reliquefiers shall be assumed to operate is 
as follows. 

1.1 Altitudes 

It will be assumed that the altitudes in which the lique- 
fiers or reliquefiers shall operate range from 100 miles above 
the earth to 150,000,000 miles (equivalent to Mars or Venus). 

1.2 Ambient gas pressure 

The ambient gas pressure ranges from that at earth's sur- 
face (760 mm Hg) to less than 10~9 mm Hg. 

1.3 Radiations and plasmas 

1.31 Solar wind 

This is ionized hydrogen gas with a density 10-/cmJ at 
1 A.U. for quiet sun to 10ycm3 at 1-A.U. for an active sun. 

1.32 Stationary gas 

The estimate for the density of stationary gas ranges 
from 10"1 to 103 protons and electrons per cm3. 

1.33 Solar flares 

These are protons of varying energies whose appearance 
seems to be related to sunspot activity. 

*See:  "Space environment for aerospace vehicles." USAF specifi- 
cation bulletin No. 523* November i960. 

"Natural environment of interplanetary space." Shaw, J. W. 
Ohio State University Research Foundation, WADD Technical Note, 
January i960, ASTIA Document No. 250230. 
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1.3^ Cosmic radiation 

This consists of 90$ protons, 7$ alpha particles and 
the remainder heavier nuclei and electrons. Their energy ranges 
up to 10l7 e.v. with an average of approximately 3-6 x 109 e,v. 
and their intensity ranges between 1.38 and 2.1 partieleo/oiu^-sec. 

1.35 Van Allen belts 

It shall be assumed that the gas liquefiers or relique- 
fiers considered in this report shall not operate in the Van Allen 
belts for any extended period of time. 

1.36 Nuclear radiation 

£ ■■ h radiation may be present due to possible use of 
nuclear power in the space vehicle. 

1.37 Solar radiation 

The solar radiation at a distance 1 Ä.U. from the sun 
is about 0.137 watts/cm2,  it is distributed in wavelength as 
given in Table 33« 

TABLE 33 

WAVELENGTH DISTRIBUTION OF SOLAR RADIATION 

Energy 
Wavelength 

Angstrom Units 
%  of radiant 

energy 

X-ray and ultra- 
violet 1 - 2,000 0.2 

Ultra-violet 2,000 - 3,800 7.8 

Visible 3,800 - 7,000 41.0 

Infrared 7,000 - 10,000 22.0 

Infrared 10,000 - 20,000 23.0 

Infrared 20,000 - 100,000 6.0 
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1.4 Meteoroids 

Some data concerning meteoroids is summed up* as follows. 

1.41 Origin 

Approximately 90# are of cometary origin and lint  remain- 
der mostly of asteroidal origin. 

1.42 Density 

Estimates of the density of the cometary meteoroids vary 
from 0.05 to 3.5 g/cnP, whereas for asteroidal meteoroids the 
estimates range from 3-5 to 8.0 g/cnP. 

1.43 Velocities 

The estimates** range from 11 to 72 km/sec with an 
average between 28 and 70 km/sec. 

1.44 Size 

The size of meteoroids varies from about 1 micron to 
about 500 miles across.  A collection of data in graphical form 
is given in Fig. 70 of the flux (number of particles crossing 1 
sq. ft. per day) as a function of meteoroid mass in grams.  Data 
for Fig. 70 were taken from "Meteoroid Protection for Space 
Radiators," I. J. Loeffler, S. Lieblein and N. Clough, ARS Power 
Systems Conf., September 1§62, Paper No. 2542-63.  It has been 
compiled from various sources and, in addition to those cited 
above, the following provide much of the original data: 

"Rocket, Satellite and Space-Probe Measurements of Inter- 
planetary Dust."  IQY Bull. No. bl (July 19&2). 

♦See for example: 
"Meteor Astronomy," Lovell, A. C B., Oxford Univ. Press (1954). 
"Meteoroid Shielding for space Vehicles," Rodriguez, D. Aero- 

space Eng. 19 (12), p. 20 and 53 (December i960). 
^Behavior of Materials in Space Environment," Jaffe, L. D. 

Rittenhouse, J. B. Tech. Rep. 32-150* Jet Propulsion Lab. 
(November 1961). 
"Space Debris Hazard Evaluation," Davison, E. H. and Winslow, P.C. 

NASA TN D-1105 (I96I). 
"Meteoroid Protection for Space Radiators," Loeffler, I. J. 

Lieblein, S. and Clough, N. NASA Amer. Rocket Soc. Space Power 
Systems Conf. (Sept. 1962). 
♦♦See above references and "On the Velocity Distribution of 
Meteoroids," Fralko, Y. I. U.S.S.R. Office of Tech. Services, 
U.S. Dept. of Commerce.  
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"Particulate Contents of Space." Whipple, P. L. Publ. in 
"Medical and Biological Aspects of the Energies of Space." 
Edited by P. A. Campbell, Columbia Univ. Press, New York (1961). 

"Relation Between Asteroids, Fireballs and Meteorites." 
Hawkins, G. S. Ast roh', j. 64, 45Ö (1959).       ' 

"Density and Ifeps Distribution of Meteoritic Bodies in the 
Neighborhood of the Earth's Orbit." Brown, H. J. Geophys. Res. 
65, 1679 (I960) and 66, 1316 (1961). 

"Direct Measurements of Interplanetary Dust Particles in the 
Vicinity of the Earth." McCracken, C. W. Alexander W. M. and 
Dubin, M. Nature 192, 441 (1961). 

NOTE: The Venus voyage of Mariner II has provided some 
additional data on interplanetary flux of micrometeoroids. 
The Mariner II sent back word of only two impacts during 
its voyage of particles larger than 1.3 x 10-9 grams, a 
flux rate of 1/10,000 of that near the earth. (James, J. N. 
Scientific American, July 1963, pg. 81.) 
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VII.2  INTER-RELATION BETWEEN COMPONENT DESIGN AND SPACE VEHICLE 
ENVIRONMENT 

2.1 INFLUENCE OF ALTITUDE, AMBIENT GAS DENSITY AND SPACE 
VEHICLE REfttmiEMSUTS 

Since the liquefier or reliquefier systems will have to 
operate in high altitude environments in which the ambient gas 
pressure may be lower than 10~9 mm Hg., the systems must be en- 
closed and high-vacuum sealed to avoid loss of gas. 

All components and mounting for all components must be 
designed to withstand the high-g conditions and vibrations asso- 
ciated with space vehicle launching. 

Since very low or zero-g conditions will be obtained in 
the space vehicles after launch and since they may operate in 
various attitudes, the systems must be designed to obviate the 
necessity for any process dependent on the existence of a finite 
g value.  In general this means that single phase refrigerative 
systems are to be preferred over two-phase systems, since single 
phase (vapor) systems are unaffected by zero-g environment.  Any 
lubrication process, if used, for refrigeration components must 
be'designed to be without oil, oil-sumps, etc., since this would 
impose serious design difficulties for zero-g operation.  The 
objective must be to employ oil-free compressors, expanders and 
other moving mechanisms.  This is a problem area, since most 
large size compressors in use today for liquefaction and relique- 
faction use oil lubrication and many employ oil-sumps. 

2.2 INFLUENCE OF RADIATIONS AND PLASMAS EXTERNAL TO THE SPACE 
VEHICLE 

Here one is concerned with the possible effects of solar 
wind, stationary gas, solar flares, and cosmic radiation on the 
liquefaction or reliquefaction systems.  The possible effects on 
radiators have been studied by Silvern*, who concluded that the 
erosion of surfaces by these causes is negligible for thicknesses 
of materials such as is required for minimization of meteoroid 
damage.  Since all pneumatic components of liquefier or relique- 
fier systems must be of thickness sufficient to obviate meteoroid 
damage or since they must alternatively be shielded by material 
of this necessary thickness, it is concluded that erosion effects 
due to these radiations and/or plasmas is negligible for all pneu- 
matic components.  Other components, for example control components 
(especially electronic and solid-state electronic controls), elec- 
tric wiring, etc., should be suitably protected with covering 
against erosion by this source. 

♦Silvern, D. H. "Study of Heat Rejection in Space." ABMA Report 
No. 250-IR-l.  



Effects due to these causes other than erosion must also 
be considered, which fall into the category of "radiation damage." 
Polymers, organics, plastic materials, glasses, insulations, 
semiconductors, oils, etc., are more prone to radiation damage 
than metals, although the full effects of radiation damage at 
very low temperatures in metals have not yet been fully explored. 
Where such materials are used, therefore, particularly in any 
control components employing electronic circuitry, care must be 
taken in initial design to provide adequate radiation damage 
shielding, as may be specified in current engineering handbooks 
on radiation damage.* In view of the fact that such protection 
may in some instances involve a significant weight increase in 
the system, it is desirable to avoid altogether, if possible, 
the use of such materials prone to radiation damage, e.g., con- 
trols where possible should be pneumatic. 

These considerations lead also to the conclusion that 
solid-state, semiconductor, refrigeration, even if it appeared 
feasible under terrestrial environments, would require extended 
Ftudy in radiation fields before it could be considered adequate 
for space environment. 

2.3 NUCLEAR RADIATION 

If a nuclear power plant is used in the space vehicle, 
then nuclear radiation damage to the liquefying or reliquefying 
systems must be considered.  In this case the radiation field 
will be considerably more intense than that due to the space 
environment (neglecting passage through Van Allen belts) and 
the recommendations made in subsection 2.2 must be carefully 
followed in the design of the system. 

2.4 EFFECTS OF MKTKOROIPS ON COMPONENTS OTHER THAN RADIATORS 

The effects of meteoroLds on radl. tors is discussed in 
some detail in subsection 2.lj below.  For this consideration of 
possible meteoroid damage to the other components of liquefying 
or reliquefying systems an approximate formulation of the pro- 
blem is sufficient. 

♦For example:  Nuclear Eng. Handbook, McGraw-Hill (1958) 
Radiation Damage in~5ulids, Blllington, D. S. and 

Crawford, Jr., J. H. Princeton Univ. Press (iy6l). 
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Based on data provided by Whipple* and by Bjork**, 
Rousseau*** gives the following expression for the necessary wall 
thickness, t, of materials for protection against puncture by 
meteoroids: 

t (inches) = a iA 

1 - Pi 
1/3 ;s2) 

where T is the mission time in years, A the external exposed sur- 
face area and P is the design probability of no critical damage, and 
where a is dependent on the characteristics of the exposed material, 
and is equal to 0.001 for steel and 0.0023 for aluminum. 

Curves showing t versus exposed area A, taken from Rousseau *** 
data, are shown in Fig. 71 for steel and aluminum, in which the 
mission time was assumed to be two years and the design probability 
of no puncture was assumed equal to 95 per cent.  It will be seen 
from the curves that for steel of wall thickness 0.090", 95 percent 
protection is afforded for areas of approximately 70 sq. ft. 
Since in general the components of the liquefying or reliquefying 
systems, particularly the pneumatic components, must for other 
reasons have wall thicknesses greater than 0.090" for steel (or 
the equivalent for other metals), it is concluded that damage to 
such components (other than the radiator, which is discussed sep- 
arately below) will be negligible. 

2.5  RADIATOR DESIGN 

2.51 RADIATOR TEMPERATURE 

To assess the optimum temperature for the Inlet and out- 
let fluid to the radiator which serves to dissipate the heat of 
compression, etc., in space llquefiers and reliquefiers, it is 
necessary first to estimate the equivalent radiative sink temper- 
ature, i.e., the average effective temperature of the space into 
which the radiator Is assumed to be radiating. The equivalent 
radiative sink temperature, Tr, is the same as the temperature to 
which the radiator would come in equilibrium if it were not dis- 
sipating any of its internal energy. 

»Whipple, F. L. "The Meteorite Risk to Space Vehicles," ARS 
Journal, October (1957).   
**BJork, R. L. "Effects of Meteoroid Impact on Steel and Aluminum 
in Space," Rand Corp. Paper No. 1662, December (1958). 
♦♦♦Rousseau, J. Airesearch Mfg. Co., December i960, ASTIA Document 
No. 222204.  
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Calculations have been made for Tr by J. Rousseau* who 
gives for a radiator in the vicinity of the earth: 

T* 
asCFs 

ae nfaFE l1+ W    + 
i 7*r 

asCPE 

aeT* J1 + -gV 
(53) 

!   a FE 

where as = radiator coating solar radiation absorptivity. 

aT = radiator coating absorptivity for earth's radiation. 

C = solar constant. 

F = shape factor (subscript s for sun, E for earth), 

a = earth's albedo. 

Tlf 

G 

o 

= earth's temperature. 

= radiator fin effectiveness. 

- radiator surface emissivity. 

- Stefen-Boltzman constant 

Two radiator configurations were considered as typical 
examples and the evaluations for Tr as a function of altitude 
above the earth are given in Fig. 72 (data from J. Rousseau, 
loc. cit.).  For these data Rousseau assumed the following radi- 
ator configurations: 

1. A flat rectangular plate rejecting heat from one side 
only, looking down at the earth, with the direct and 
reflected radiation from the sun at a maximum value. 

2. A cylindrical radiator with axis passing through the 
center of the earth, with direct and reflected radi- 
ation from the sun at a maximum value. 

In addition, it was assumed that:  as ■ 0.14; ciip ^ 0.9; 
c - 0.9; a a 0.8; and r|f » 1.0.  Ihe assumptions for as and aT 
are reasonable figures as may be seen from Table 3^, which gives 
the emissivity (aT) at 325°K and. 675°K and the absorptivity (as) 
for solar radiation for various coating materials.  (Data taken 
from J. Rousseau, loc. cit.) 

♦Rousseau, J. "infrared Detector Cooling In Ultrahigh Altitude 
Vehicles," Airesearch Mfg. Co.» December i960, ASTIA Document 
No. 222204.   
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TABLE 34 

SOME DATA ON EMISSIVITIES AND ABSORPTIVITIES CF 
VARIOUS SUBSTANCES 

(For source, see text) 

Substance aT at 325°K <*s 

A12°3 O.98 0.l6 

CaO O.96 0.15 

Zr02 0.95 0.14    ! 

MgO 0.97 0.14 

j     PbC03 0.89 0.12     j 

Prom Fig. 72 it will be seen that for the plane radiator the 
equivalent radiative sink temperature, Tr>   under conditions of 
maximum incident radiation varies from about 270°K at an alti- 
tude of 200 miles to about 250°K at 100,000 miles, whereas the 
values of Tr for the cylindrical radiator vary from about 240°K 
at 200 miles to about 185°K at 100,000 miles. 

It is considered of value to extend these estimates of 
Tr to conditions In space far removed from planets and at dis- 
tances from the sun between the orbits of Mars and Venus.  The 
computation is as follows. 

Radiative energy received an area 6A normal to the incident 
radiation from the sun's surface of radius R at a distance d is 
given by (for d » R): 

0Gsun Tsun6A 2 

Rc 

dfc + R£ (54) 

where csun and TSiin 
are the emissivity and surface temperature 

of the sun and a is the Stephan-Boltzmann constant. 

Let as and e be the absorption coefficient and emissivity 
of the receiving surface; then the equilibrium temperature, Tr, 
of the receiving surface (assuming It can radiate from both sides) 
is: 

.ac \ I/1* /  D2  \ V* 
*.un 

'csunas 

1 2c 

R2 
(55) 
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Tr then Is the equivalent radiative sink temperature for a flat 
radiator with plane normal to incident radiation.  Putting in 
the values:  esun ■ 1; as « 0.14; e = 0.9; R (sun) ■ 6.96 x 10 I0 

cm. = 4.66 x 10-3 A.U.J Tsun - 6300°£, we get: 

Ts ~225//a" °K (56) 

where d is in A.U. 

Values of Tr. for various values of d under the above con- 
ditions of maximum incident solar radiation and negligible 
planetary reflected radiation are given in Tabie 35. 

TABLE 35 

EQUIVALENT RADIATIVE SINK TEMPERATURE FOR PLANS RADIATOR 
(MAXIMUM) IN SOLAR RADIATION FIELD ONLY, 

ASSUMING as - 0.14 and e - 0.9 

d(A.U.) Equivalent Planetary Orbit Tr(°K) 

0.723 

1.0 

1.52 

Venus 

Earth 

Mars 

264 

225 

183 

For a cylindrical radiator the corresponding values of Tr 
are approximately 6o£ less than the above figures.  The exact 
value of Tr will be a complex function of the radiator geometry 
and altitude and reference is made to previous work in this 
field.* For the purposes of this study the significance of the 
above data and calculations is the provision of working limits 
for the value of the equivalent radiative sink temperature for 
the space vehicle liquefaction program covered in this report. 
From Fig. 72 and the calculations above, Tr can range from 
about 120°X for a cylindrical radiator distant from the sun at 
approximately 1.5 A.U. (Mars orbit) to over 270 K for a plane 
radiator in the vicinity of Venus.  The lower limit here is for* 
the case where no attempt is made to minimize the incidence ef 
solar radiation by attitude control; indeed the i*everse situ- 
ation is assumed, namely maximum solar incident radiation.  By 

•"Infrared Detector Cooling Uitrahigh Altitude Vehicles," 
Rousseau, J. Airesearch Mfg. Co., December i960, AST1A Documerr 
No. 222204 "  
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suitable geometrical design of the radiator and/or attitude con- 
trol, values of Tr significantly lower than the above quoted 
could, if desirable, be obtained. 

The surface areas required in the radiator for a given 
power radiated, P, are a function of the equivalent sink temper- 
ature, Tr, and of the inlet temperature, Ti> outlet temperature, 
T2>  of the fluid passing through the radiator.  The expression* 
for the radiator area is: 

A 

P 2cT)feT-3(T1  -  T2) 

[tan"1 T2    - tan"1 Tl    + 
L To TI" 

JL   in (Ti  - Tr)     (T2 + TrJ" 
(T2  -  Tr)     (Tx  + TrU (57) 

where a is the Stephan-Boltzmann constant and the other symbols 
are as already defined. 

Pig. 73 shows an evaluation of rj^A/P in square feet per 

kilowatt as a function of Tr for various values of T^ and T2. 
In these evaluations e was taken equal to 0.9, a figure compatible 
with data of Table 3^. 

From the curves of Fig. 73 it will be seen that for high 
inlet temperatures T]^ of about 500°K, the required surface area 
per kilowatt dissipated is almost independent of Tr in the range 
Tr ■ 0°K to 250°K and moreover is only slightly dependent on the 
temperature difference (Tj - T2) between inlet and outlet streams. 
From a point of view of radiator design, therefore, it is desirable 
tc have T^ as high as possible. This, however, is extremely unde- 
sirable from a point of view of liquefier or reliquefier efficiency, 
where it is advantageous to reduce the temperature of the liquefier 
heat sink to as low a value as possible. A compromise, therefore, 
is necessary,as is discussed in Section VIII. 

It will be further noted from Fig. 73 that as the inlet 
temperature, Ti, is reduced, the required surface area per kil- 
owatt dissipated becomes more strongly dependent on the temper- 
ature difference T^ - Tg, larger values of T^ - Tg requiring 
much larger values of rj^A/P. 

♦"Infrared Detector Cooling in Ultrahigh Altitude Vehicles," 
Rousseau, J. Airesearch Mfg. Co., December i960, ASTIA Document 
No. 222204. 
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T, «ÖOO'K. T -400*K 

T, ■ 500* K.  T2« 450*K 

50 100 150 200 250 300 

'■'ig.   '"3 -  Effective radiator r-rea per kilowatt dissi- 
pated  (*ifA/P)   in sq.  ft.,   versus equivalent 
radiative" sink  temperature,   Tr,  for various 
fluid   inlet  (Tj) and outlet   (Tp)  temperature:: 
to   the radiator.     (For sources of data,   see 
text.) 
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2.52 RADIATOR PROTECTION FROM METEOROID DAMAGE 

As stated in a recent report by Loeffler, Lieblein and 
Clough*, there are still considerable uncertainty in the design 
requirements for protection of radiators against impact damage. 
These authors suggest that the major approaches to be followed 
are 1) to obtain a better definition of the hazards and the dam- 
age mechanisms, 2) to determine ways to reduce the vulnerability 
of radiators which will result in minimum weight and maximum 
reliability.  These problems have been and continue to be the 
subject of extensive theoretical and experimental study. Refer- 
ences to some of this work have been given above and other per- 
tinent work is enumerated below.** In Section VII.1 above an 
outline of current Information on the meteoroid hazard has been 
presented.  Clearly much remains to be done in this area. 

In considering the question of minimization of the 
vulnerability of space radiators the following approaches are 
to be considered, as has been discussed, for example, by Loeffler, 
Lieblein and Clough. 

2.521 REDUCTION OF VULNERABLE AREA.  By suitable choice of 
geometry of tube and fin areas In the radiator a minimization of 
the vulnerable tube area can be achieved.*** Moreover, as is 
evident from the considerations put forward in Section VII.2.51 
above, by increase of the inlet temperature of the fluid to the 
radiator a reduction of the required area can be obtained. How- 
ever, this is undesirable from the point of view of liquefler or 
reliquefier efficiency and a compromise must be reached (see 
Section VIII). 

2.522 DEVELOPMENT OF NON-FLUID RADIATORS.  Non-fluid radi- 
ators using continuously moving belt or rotating disk surfaces 
have been proposed and promise significant weight savings.  At 
the present time, however, it is considered premature to base 
design studies for .liquefler or reliquefier systems for the 
period 1965-70 on these new concepts.  In any subsequent updating 

♦"Meteoroid Protection for Space Radiators," APS Power Systems 
Conf., September 1962, Paper 2542-63. 
**See, for example, refernnces above and:  Whipple, F. L, "The 
Meteorite Risk to Space \t.hides," ART Journal, October 1957- 

Bjork, R. L. "Effects of Meteoroid Impact on Steel and 
Aluminum in Space," Rand Corp., Paper No, 1662, December 1958. 

"Space Radiator Study," Thompson-Ramo-Wooldridge, ASK Tech. 
Rep. 61-697, April I962. 
"Krebs, R. P. Winch, J. M. and'Lieblein, S. "Analysis of a 
Megwatt Level Direct Condenser-Radiator," ARS Space Power Systems 
Conf., September 1962, Paper No. 25^5-62. 
***See, for example, Loeffler, Lieblein and Clough, loc. clt., 
and Mackay, D. B. "Space Radiator Analysis and Design," 
July 1962. 
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of this report, however, notice should be taken of any practical 
breakthrough in this area. 

2.523 SELF-SEALING OR SELF-REPAIRING RADIATORS.  A satis- 
factory practical method of self-sealing or self-repairing has 
not yet been evolved. Here, therefore, the recommendations made 
for item 2 above also apply. 

2.524 ORIENTATION. Because of the known directional proper- 
ties of meteoroid movement, choice of favorable orientation of 
radiators may lead to significant reduction of damage probability 
or allow weight savings to be effected. Since, however, to date 
no detailed design information is available, this approach must 
be the subject of further study. 

2.525 ISOLATABLE SEGMENTATION OF RADIATORS.  This system en- 
visages the isolation of damaged segments of the radiator and the 
consequent operation of the system under correspondingly reduced 
power.  It appears that this approach looks promising for large 
radiators designed for high power (megawatt) levels. 

2.526 THICK RADIATOR FLUID PASSAGES WITH OR WITHOUT SHIELDS 
AND BUMPERS.  This is the current approach to the 

meteoroid damage problem and is the one on which design consider- 
ations in this report are based. 

According to Loeffler, Lieblein and Clough the de- 
sired "armor" thickness, t, for radiator tubing is given by: 

t (inches) m   *L.   M V3 Pp -V3 ££^Wfr*/3 ^M_J ^\ 1/5 p_ -V3 ^62.4PPY/?V \2/3 /aAT \1/10 

• 54 
(58) 

where a = thin plate and space (1.75)» 

Pp = meteoroid particle density (2.7 g/cnW). 

pt « radiator material density (lbs/ft-*), 

v = average meteoroid velocity (98,400 ft/sec). 

c - 12|Et& where Et is Young's modulus in lbs/in
2. 

I pt 
a = 2.54 x 10~9. 

A ■ external exposed surface area of tubes. (ft2). 
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T = mission time in days. 

P = design probability of no critical damage. 

2.53 RADIATOR SIZE AND WEIGHT 

For a radiator design using tubes, fins and armor as 
proposed by Loeffler, Lieblein and Clough, these authors present 
a weight versus surface area similar to that shown in Fig. Ik, 
It will  be seen that the weight per square foot of the armored 
radiator increases with increasing total area. For the radi- 
ator size as a function of power dissipated, equivalent radia- 
tive temperature, etc., see curves presented in Fig. 73» 
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VIII.  COMPARISON OF CYCLES 

VIII.1 GENERAL CYCLE COMPARISON 

Before going into a quantitative comparison of cycles for 
liquefaction and refrigeration, it might be well to discuss 
qualitatively the bases to be used for comparison. Basically, 
for our considerations, there are four important categories of 
comparison to make between different cycles.  They are (l) power 
consumption, (2) weight and volume, (3) reliability, and (4) 
adaptibility to space environment.. 

1.1  POWER CONSUMPTION 

Thermodynamically, the power consumption for any cycle of 
refrigeration or liquefaction may be broken into two parts. The 
first part is the minimum reversible work required to do the job, 
either liquefaction or refrigeration.  (See Section IV.) This 
minimum reversible work is the same for any two cycles designed 
to do the same job; for example, two cycles each designed to take 
10 lbs/hr of oxygen at 70°F and 1 atm. and convert it to satur- 
ated liquid at 1 atm.  Assuming the input and output pressures 
are the same for any two cycles doing the same job, their power 
consumptions will be different because one cycle contains more 
irreversible ties than the other.  The thermodynamic quantity 
which is a measure of irreversibility is the entropy, usually 
designated by the letter S.  For any cycle, the total work equals 
the reversible work, plus the irreversibility in the compressor, 
plus T0EAS for the rest of the system, where 

T0 = ambient temperature or temperature of heat rejection, 

As = entropy change of working fluid in any section of the 
cycle outside the compressor. 

It is roughly correct to assume the compressor Irreversibility to 
be directly proportional to total power.  Making that assumption, 
we then see that for any two cycles doing the same job, working 
at the same pressures and temperatures, the one with the greater 
EAS will consume more power.  For any cycle, no matter how com- 
plicated, the irreversibilltles are due to five fundamental pro- 
cesses:  (l) Heat transfer processes, (2) Pressure drops through 
piping and heat exchangers, (3) Non-isentropic expansion, (4) 
rieat leak from the outside universe, and (5; Heat conduction 
from the warmer to the colder parts of the system. 

It is valuable, moreover, to differentiate between irre- 
versibilltles inherent in the cycle and J.rreversibilities caused 
by components which are less than 100 per cent efficient.  The 
magnitude of the pressure drops is largely a matter of equipment 
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RADIATING    AREA , FT. 

Fig.   74 - Radiator weight as a function of area. 
(Data from Loeffler,  Lieble in and C2oughf 
ARS Space Power Systems Conf.t  September 
1962,   Paper No.   2543-62.) 
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design and not fundamentally inherent in the cycle.  Temperature 
differences in heat exchangers are, in general, partly due to heat 
exchanger inefficiency and partly due to the cycle itself. Any 
cycle in which heat is transferred between fluid streams of un- 
equal heat capacity has inherent in it a thermo-dynamic irrevers- 
ibility. This is an important point, because it tells us, for 
example, that there is a significant irreversibility in the main 
heat exchanger of a Linde-type nitrogen liquefier no matter how 
efficient the exchanger may be. The realization of this fact 
leads directly to the precooled Linde cycle or to the Claude 
cycle, in both of which extra refrigeration is applied to the 
high-pressure stream in the main exchanger. The most extremely 
undesirable heat transfer, fran a power standpoint, is to ex- 
change latent heat with sensible heat.  It is this which accounts 
for the relative power disadvantage, for reliquefaction purposes, 
of the dense-gas cycle as compared to the Stirling cycle or the 
Taconis cycle. 

A basic irreversibility is inherent in any cycle which 
employs Joule-Thomson expansion. Expansion through an engine 
or turbine, on the other hand, approaches a constant-entropy 
operation, falling short only by virtue of inefficiencies in 
the expander. However, as may be seen on  a T-S diagram, isen- 
thalpic expansion near the critical conditions is quite effi- 
cient; in fact it has in this region a practical efficiency approx- 
imately as good as an expansion engine. Therefore, a valve 
would be chosen over an engine for expansion near critical con- 
ditions. A valve is also usually chosen for expansion into the 
liquid region, although it is possible to expand into the liquid 
region with a turbo-expander. For most cases of gas expansion, 
an expansion engine has the advantage of decreasing the power 
consumption of the system, while the valve has the advantages of 
reliability and low weight.  In choosing a means of expansion a 
compromise must in general be made between the reliability and 
low weight of the valve and the power savings obtained by use of 
an engine or turbine. 

It should be pointed out that inefficiency in the compo- 
nents does not necessarily imply faulty design. A perfect heat 
exchanger would combine an infinite heat transfer surface with 
infinitesimal pressure drop.  A perfect expander wo.ild operate 
without friction.  These Ideals are unattainable, even with the 
best possible engineering designs. 

1.2 WEIGHT AND VOLUMS 

For space-borne application, the relative weights and 
volumes of cycles under consideration will certainly be a factor 
in choosing an optimum one.  For the purposes of this study, 
the optimum cycle in terms of weight, volume and power consump- 
tion would be that which has the minimum total weight and volume 
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of system and power supply. However, in fact, these parameters 
are not i-TTEemselves sufficient to determine the optimum cycle. 
Consideration must also be taken of the weight and area of the 
space radiator used as a heat sink for the refrigeration or 
liquefaction cycle. There is no theoretical approach to deter- 
mining system weights or volumes. For any cycle these are em- 
pirical functions of such parameters as capacity and temperature 
level; however, as will be seen below, cycles with larger power 
requirements also have larger weights and volumes. 

1.3 RELIABILITY (EXCLUDING SPACE RADIATORS) 

The major causes of failure in cryogenic systems are 
failure of moving parts and the effects of contamination in the 
working fluid.  In terrestrial liquefaction processes, the gas 
to be liquefied may contain contaminants which can freeze in 
various parts of the cycle.  In a space vehicle, great care 
must be taken to ensure highest purity of the fluids with which 
a refrigerator, reliquefier, or liquefier Is Initially charged 
and there should be no source of contamination due to compressor 
lubricants.  It is desirable, therefore, to avoid any compressor 
contaminant.  The major moving parts which would be reliability 
factors are compressors, expanders, and switching valves.  In 
the case of compressors, reliability generally decreases with 
increased discharge pressure.  This is because of the higher 
stresses on equipment from high pressures and also because re- 
ciprocating compressors are often used for high compression 
ratios. Reciprocating compressors are less reliable than tur- 
bines, largely because of the valves which must switch open 
and shut on the Intake and exhaust portions of each compression 
stroke. As for expansion, an engine is clearly less reliable 
than a valve.  It is generally considered that turbines for 
compression and expansion are more reliable than reciprocating 
machinery.  However, they are less capable of being miniaturized 
than reciprocating machines. Cycles, such as the Stirling cycle, 
which employ no valves can be made highly reliable even though 
they employ reciprocating machinery.  The third mentioned re- 
liability factor Is switching valves.  It would seem desirable 
to Include manual oy-pass valves In parallel with all switch 
valves, so that in the event of failure of the latter, the cycle 
can continue to be operable.  The redundancy would add little 
weight to the total system and would insure continued operation. 
However, where possible, cycles should be chosen which do not 
require such valves. 
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1.4 ADAPTABILITY TO SPACE ENVIRONMENT 

The space environment will differ from the terrestrial in 
three main ways:  (l) There will probably be no gravity; (2) 
There will be large acceleration and vibration forces, particul- 
arly at take-off ana landing; and (3) Effective ambient temper- 
atures nry range from about 350°K or warmer down to cryogenic 
temperatures (See Section VII). 

The lack of gravity will have a large effect on those 
cycles which depend on heat transfer from a boiling liquid to 
provide refrigeration.  Efficiency of boiling heat transfer is 
greatly increased by convection currents in the boiling liquid. 
Since these will be absent in the absence of gravity, it will 
probably be necessary to provide mechanical agitation or cir- 
culation for'a boiling liquid in space. 

Susceptibility to acceleration and vibration forces is 
hard to predict with any accuracy.  This is generally a subject 
for experimental investigation.  In general, however, one might 
expect that cycles contained In one compact unit, as for example 
the Stirling cycle, would be preferable to those which consist of 
several components piped together. 

The possibility of ambient temperatures ranging from ter- 
restrial ambient down to very low temperatures imposes problems 
in cycle design and in cycle choice In addition to any which are 
involved in space radiator engineering.  Matters concerning space- 
radiators have been discussed in Section VII. 

Although the general space vehicle design will largely de- 
termine and possibly restrict the range of ambient temperature of 
the components and systems mounted therein, consideration must 
be given to the question of component operation over a wide range 
of ambient temperature. These considerations must inclule mech- 
anical as well us thermodynamlc design problems.  The major mech- 
anical problem that would be encountered would be In the design 
of compressors.  Clearly the development of such compressors in 
the future is a major requirement. 

If one assumes that compressors or combined compressors 
and expanders, as in the Stirling cycle, can be developed which 
operate satisfactorily in space vehicles, the major mechanical 
problems involved therein would involve the development of suit- 
able bearings, gears, piston rings, etc., and their lubrication, 
where necessary, and the  possible binding or excessively loose 
fits of moving parts occurring when changes of the ambient temper- 
ature occurs.  It is satisfactory to note that in a few instances, 
as for example miniature Stirling cycles,* these problems have 
already been solved. 

♦For example the Malaker Laboratories Inc. 
ators. 
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1.5  TABULAR SUMMARY OF GENERAL CYCLE COMPARISON 

To conclude this general discussion of the basic princi- 
ples of cycle comparison, the following tables (Tables 36 and 37) 
present significant items for consideration other than efficiency, 
weight, and volume.  These tables present a compilation of (1) 
the main causes of inherent irreversibility, (2) a listing of the 
heavy components (excluding the main compressor, the space radi- 
ator and the load cooler), (3) the location of the moving parts 
(excluding the main compressor) and (4) the major disadvantages 
in space environment for the nine major significant cycles which 
have been considered in Section V.  Consideration of the relative 
efficiencies, weights, and volumes of the various cycles is made 
below in subsection VIII.2. 
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VIII.2 QUANTITATIVE COMPARISON OF CYCLES 

Tables 38 through 51 present estimates based on the con- 
siderations put forward in this report of many significant quanti- 
tative factors which must be considered, in addition to those 
discussed in subsection VIII.1 above (and tabulated in Tables 
36 and 37), when making a comparison of cycles. The quantitative 
factors presented in the ensuing tables are:  (1) coefficient of 
performance (for refrigerators or reliquefiers) or kW-hr/lb re- 
quired for liquefaction, (2) total required input power for re- 
liquefaction or liquefaction at either 1000 lbs/day or 100 lbs/ 
day, (3) compressor and motor weight (lbs), (4) compressor, 
motor and liquefier weight (lbs), (5) radiator weight (lbs), 
(6) total weight of compressor, motor, liquefier and radiator 
(lbs), (7) power generation subsystem weight (lbs), (8) Radiator 
area (sq. ft.).  (9) Compressor volume,  (cu. ft.) and (9) 
Compressor and liquefier volume, (cu. ft.) 

These factors are tabulated for various cycles for 
operation down to 77°K, including-t   (1) Single stage J-T, (2) 
Single stage J-T with preceding, (3) two stage J-T without pre- 
cooling, (4) Two stage J-T with precoollng, (5) Systems with 
one expander (6) Stirling cycle (single stage), (7) Gifford- 
McMahon engine, (8) Claude cycle (single expander). For opera- 
tion to lower temperatures, for hydrogen and helium liquefaction 
and rellquefaction, the following cycles have been quantitatively 
considered in these tables: (^j)  Single stage J-T with precoollng 
(10) systems with one expander, (11) compound systems.  (12) 
Stirling cycles in conjunction with J-T circuits. 

The tables cover the following liquefaction and/or* 
rellquefaction systems: 

Table Title 

38 
39 
40 
41 
,'1 o 

43 
44 
•V 
46 
47 
48 
49 
30 

51 

Reliquefaccion of N2 
Rellquefaction of F£ 
Rellquefaction of O2 
Rellquefaction of No 
Rellquefaction of F£ 
Rellquefaction of Oo 
Liquefaction of Np a 
Liquefaction of F2 a 

Liquefaction of Op a 
Liquefaction of Np a 
Liquefaction of Fp a 
Liquefaction of 0^ a 
Rellquefaction of^il^ 

lbs/day 
Rellquefaction of He 

lbr/day 

at 1000 lbs/day 
at 1000 lbs/day 
at 1000 lbs/day 
at 100 lbs/day" 
at 100 lbs/day 
at 100 lbs/day 

t 1000 lbs/day 
t 1000 lbs/day 
t 1000 lbs/day 
t 100 lbs/day 
t 100 lbs/day 
t 100 lbs/day 
at 1000(100) 

at 1000(100) 
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In addition Table 52 presents estimates on the kW-hr/lb 
for liquefaction and the total input power requirements for lique- 
faction of H2 and He at 1000 lbs/day for various cycles. 

IN USING THESE TABLES, IT IS NECESSARY TO NOTE THE FOLLOW- 
ING EXPLICIT COMMENTS WHICH DETAIL THE METHODS BY WHICH THE TABLES 
HAVE BEEN DRAWN UP AND THE ESTIMATE"ACCURACY, RELIABILITY AND/OR " 
APPLICABILITY OF THE DATJT 

2.1 COEFFICIENT OF PERFORMANCE AND/OR kW-HR/LB 

The detailed quantitative methods whereby the coefficient 
of performance and/or the kW-hr/lb for liquefaction for each 
cycle have been estimated are given in Section V.  It is to be 
noted that the evaluations are for the total overall practical 
performance for which allowance has been made not only for cycle 
inefficiencies but also for motor and motor-drive inefficiencies 
and for non-isothermal conditions in compression. For the de- 
tailed evaluations of all these items, see Section V.  It is 
also important to note that all the data are obtained assuming 
that the exit temperature of the compressor aftercooler (radi- 
ator) is 3ÜÜ^K. 

Two evaluations are given for C.P. or kW-hr/lb, namely: 
conservative (cons), which Is based on current practice and 
estimated optimistic value (opt. est.) which is based on a 
reasonable prognostication of future capabilities in the period 
1965-1970. For estimates of practical performances of some 
miniature systems, see subsection VIIIo- 

2.2 COMPRESSOR AND MOTOR WEIGHT 

The data given in the tables for combined compressor and 
motor weights are taken from the curves presented in Section VI 
for reciprocating compressors (Fig» 60).  These curves con- 
structed from manufacturers' data on  currently available com- 
pressors and, as is evident from Fig. 60, there is a consider- 
able range of weights for any given input power.  This is under- 
standable since no detailed account has been taken of compressor 
type, as for example output pressure delivered, cooling medium, 
etc.  Moreover it must be remembered that the compressor data 
used was for compressors designed wich no necessary considera- 
tion being made with regard to minimization of weight.  More- 
over centrifugal compressors have not been taken explicitly in 
account for lack of data on  relatively small scale units.  It is 
evident therefore that tnere Is a considerable area of Ignorance 
here and this has been allowed for in the tables by specifying 
three different weights, as follows:  (a) "conservative upper 
(cons, up) which is taken as the highest weight given in Fig. 60 
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for the "conservative" power requirement,  (b) "conservative 
lower" (cons, low) which is taken as the lowest weight given by 
Fig. 60 for the "estimated optimistic" power requirement, and 
(c) an optimistic estimate of weight to be expected for compres- 
sors now or in the near future which has been computed at 67$ 
of the "conservative lower" value.  It should be noted that no 
compressor weight evaluations have been given in Tables 38 though 
49 for single stage Stirling cycle systems, since in these cycles 
the compressor, expander and refrigeration system are an integral 
unit. 

The difficulties mentioned above concerning the problem 
of specification of combined compressor and motor weights are 
further enhanced in considering H2 an<l He reliquefiers.  (Tables 
50 and 51).  With the exception of the cycle "Systems with one 
expander" for H2 reliquefaction and possibly the compound 
systems, the cycles considered have two or more compressors (or 
Stirling engines). The assessment of the weight here has been 
arbitrarily made, using Fig. 60, assuming the weight of the 
compressors and motors to be equivalent to that of one com- 
pressor and motor with the same total input power as the sum 
of the multiple compressor input powers. 

As is evident from the above comments and from the 
tables, there is a wide range for compressor weights and no 
great claim is made for accuracy in this respect. Since, as 
is pointed out elsewhere, for space operation special oil-free 
compressors must be employed or developed, it is likely that 
the evaluations given here will have to be substantially re- 
vised for weight subsequent to this compressor development. 
The evaluations given here therefore must be taken as a rough 
guide only. 

2.3 COMPRESSOR, MOTOR AND LIQUEFIER WEIGHTS 

The estimates given in the tables for the combined 
compressor and motor weights are discussed immediately above. 
For all cycles, except the Stirling cycle which does not em- 
ploy a separate compressor, the complete refrigerator or 
llquefler system weight is largely determined by the weight 
of th2 compressor (with its coolers, filters, etc.) Adequate 
data on the weights (or volumes) of practical reliquefiers 
and liqueflers in the ranges considered in this report are 
not available.  In consequence the following approximate 
assessments were made and have been used in compilation of 
the tables:  (a) for single-stage J-T systems and two-stage J-T 
systems without precooling the reliquefler or llquefler weight 
was assessed at one third (1/3) of the "conservative lower" weight 
of the compressor end motor required for the single-stage J-T 
system; (b) for single-stage precooled J-T systems and for 

103 

-. - *„■, ^+*^-^^^^,.,.miK(lir -■iBMmffiHfeimiitiHiflnifttiiii 



two-stage precoolea J-T systems for the temperature range down to 
77°K, the reliquefier or liquefier weight was assessed at one 
third (1/3) of the "conservative upper" weight of the compressor 
and motor required for the single-stage precooled J-T system; 
(c) for all other systems, except the Stirling cycle-, the 
reliquefier or liquefier weight was assessed at one third (1/3) 
of the "conservative upper" weight of the compressor(s) and its 
motor(s). Although this assessment may appear somewhat arbitrary, 
it is intended to give a rough guide only, since, as noted above, 
there is considerable possible latitude also in the compressor 
weight assessment.  Three different possibilities are tabulated to 
cover the range of the possible weights of the compressor, motor 
and reliquefier (liquefier), namely:  (a) "conservative upper" 
(cons, up) being given by adding the assessed reliquefier (lique- 
fier) weight to the conservative upper evaluation of the compres- 
sor-motor weight, (b) "conservative lower" (cons, low), being 
given by adding the assessed reliquefier (liquefier) weight to 
the conservative lower compressor-motor weight and (c) an esti- 
mated optimistic weight which could be attained by use of improved 
design arid weight-saving materials. 

It is not possible to give an accurate assessment from 
theoretical considerations of the weights and volumes of Stirling 
cycle liquefiex'S :-nd reliquefiers for operation down to 77°K at 
this time.  The aDproach taken has been to assess the weights 
and volumes of existing machines with their motors which operate 
in the range of interest to this report.  Current estimates of 
these data made from design data of Malaker laboratories are pre- 
sented in Figs. 75 and 76 which plot conservative and optimistic 
evaluations of the volume and weight as a function of overall 
input power of Stirling cycle liquefiers and reliquefiers (radi- 
ators not included) suitable for liquefaction of nitrogen, fluo- 
rine anH oxygen. 

The conservative evaluations are based essentially on 
estimated current practice and the optimistic evaluations are 
based on considerations of improved design and of the use of 
lightweight and advanced metals in their construction.  Again 
it should be emphasized that these evaluations are intended to 
serve as a rough guide only.  The data given in the tables for 
the Stirling cycles are based on the curves of Figs. 75 and 76. 

2.4 RADIATOR AREAS AND WEIGHTS 

The radiator areas were obtained from Fig. 73 assuming the 
cooling fluid inlet temperature to the radiator to be 400°K, the 
cooling fluid outlet temperature from the radiator 300°K, an 
equivalent radiative sink temperature, Trj of 250°K, and a radi- 
ator fin effectiveness (f) equal to unity.  (See section VII for 
data).  The value of Tr chosen corresponds (see Section VII) to 
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Fig.   ?S - Weight of aingle-atage Stirling cycle system 
for operation doun  to  ??°K. 

50 

40 — 
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35 40 

';. re - Volunes of amgle-etage Stirling cycle »ye- 
temo for liquefaction or rmliqumfaction of 
*!?.   Fn or 0^. 
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a realizable figure.  (Higher values than this would impose 
greater radiator area requirements, as is shown in Fig. 73)» 
Under these assumptions the area requirement is 22.5 sq. ft. per 
kilowatt radiated, and this figure has ' a?n  adopted in the tables. 
Clearly, under other environmental conditions the radiator area 
requirements will vary and a compromise between radiator weight 
and area and reliquefier or liquefier weight must be made.  This 
will be discussed below.  In order *-o simplify our tabulations 
however, a particular and reasonable value of   /?  for the radi- 
ator has been assumed; but sufficient data is provided in the 
report to permit evaluation of radiator parameters under other 
possible space conditions.  Two evaluations for the radiator 
area are given in the table, both based on TJ A/P = 22.5 q- ft./ 
kW, one corresponding to the "conservative" input power require- 
ment of the reliquefier or liquefier, (cons), and one correspond- 
ing to the "estimated optimistic" power requirement.  (opt). 

The radiator weight is taken from Fig. 7^ for a Be fin 
armor protected radiator, which is based on data of Loeffler, 
Lieblein and Clough (ARS Space Power Systems Conf. Sept. 1962. 
Paper No. 2543-52).  Again two weights are given, based on the 
"conservative" and "estimated optimistic" radiator areas. 

2.5 POWER GENERATION SUBSYSTEM WEIGHT 

The data for the power subsystem generation weights are 
*".aken from Fig. 77» which was provided by ASD.  The authors of 
this report have made an extrapolation of the original curves 
to lower power levels, which extrapolation is shown by the 
broken lines.  Fig. 77 shows a range of possible subsystem 
weights for any given output power.  In the tables two evalu- 
ations are given for the power generation subsystem weights, 
a "conservative" value (cons) based on the "conservative" total 
power requirement and on the highest curve of Fig. 77 and an 
"optimistic" value (opr,.) based on the "estimated optimistic" 
total power requirement and on the lowest curve of Fig. 77« 

2.6 COMPRESSOR AND MOTOR  VOLUME 

The data given in the tables under compressor volumes 
are taken from the curves of Fig. 6l (Section VI) for recip- 
rocating compressor's.  These curves are constructed from 
manufacturer's data on currently available compressor's with 
their motor's and, as is ^vidpnt from the figure, there is a 
considerable range of volumes for* any given input power*.  This 
is understandable since no detailed account has been taken of 
compressor' type, as for example output pressure delivered, cool- 
ing medium, etc.  Moreover', it must be remembered that the com- 
pressor data used was for compressors designed with no necessary 
restrictions on volume.  In addition centrifugal compressor data 
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are not included.  There is here, as in compressor weights, a 
considerable area of ignorance and this has been allowed for in 
the tables by specifying three different volumes, as follows: 
(a) "conservative upper" (con. up) which is taken as the largest 
volume given in Fig. 6l for the "conservative" power requirement, 
(b) "conservative lower" (con. low) which is taken as the smallest 
volume given in Pig. 6l for the "estimated optimistic" power re- 
quirement and (c) an optimistic estimate of volume which could 
be expected for compressors now or in the near future, which has 
been computed at 67$ of the "conservative lower" value. 

The difficulties mentioned above concerning the problem 
of specification of compressor volumes are further enhanced in 
considering H2 and He reliquefiers.  (Tables 50 and 51).  With 
the exception of the cycle "Systems with one expander" for H2 
reliquefaction and possibly the compound systems, all cycles 
considered have two or more compressors (or Stirling engines). 
The assessment of the volume has been arbitrarily made, using 
Fig. 6l, assuming the volume of the compressors and their motors 
to be equivalent to that .of one compressor and motor with the 
same total input power as the sum of the multiple compressor in- 
put powers. 

As is evident from the above comments and from the 
tables, there is a wide range for compressor-motor volumes and 
no great claim is made for accuracy in this respect.  Sirce, 
as is pointed out elsewhere, for space operation special oil- 
free compressors must be employed or developed, it is likely 
that the evaluations given here will have to be substantially 
revised subsequent to this compressor development-.  The evalu- 
ations given here, therefore, must be taken as a rough guide 
only. 

2.7 COMPRESSOR, MOTOR AND LIQUEFIER (RELIQUEFIER) VOLUMES 

As Indicated In the tables, there is little informa- 
tion on this parameter, except, as noted above, for the Stirling 
cycle.  It can be assumed however that for all systems the 
compressors) with motor(s) occupy the major fraction of tne 
total system volume. 
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Pigt   ?? _ Specific ueight of anticipated power genera- 
tion subsystem. 
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TABLE 51 

RELIQUEPACTION OF He AT 1000 (100) lbs/day 

System 

He J-T with 
H2 J-T Pre- 
cooling at 

21 °K 

Compound 
Systems with 

Expanders 
and He J-T 

Stirling 
cycle 
wi'vn 

He J-T 

Coeff. of per- 
formance 

Required input 
power. kW for 
1000 lb/day. 

Compressor and 
motor weight, 
lb. 

Cons. 
Opt. (Est) 

Cons. 
Opt. (Est) 

Cons. (up) 
Cons, (low) 

Compressor, motorjC 
and liquefier 
weight lbs. 

ons. (up) 
Cons, (low) 
Opt. (Est) 

Radiator weight, 
lbs. 

Total weight of 
compressor, 
motor liquefier 
and radiator 
lbs. 

Power generation 
subsystem weight 
11-. 

Radiator area. 
sq. ft. 

Compressor 
Volume cu. ft. 

Compressor aad 
liquefier 
volume, cu. ft. 

Cons. 
Opt. 

Cons, (up) 
Cons, (low) 
Opt. (Est) 

Cons, 
Opt. 

Cons. 
Opt. 

Cons, (up) 
Cons, (low) 

Cons, (up) 
Cons, (low) 
Opt. (Est) 

0.0013 
0.00165 

82 
65 

5300 
3800 

7100 
5100 
3400 

5550 
4100 

12650 
9200 
7500 

3600 
2100 

1340 
1460 

360 
220 

0.0017 
0.0020 

63 
53 

3750 
3000 

5000 
4000 
2700 

3950 
3200 

8950 
7200 
5900 

3000 
1750 

1420 
1190 

270 
170 

O.OOO9) 
0.0012) 

(12) 
'.9) (8 

(1450 
(550 

(1930; 
(730 
WO] 

(510 
(36O 

(244o; 
(IO9O 
(850; 

(900) 
(550) 

(270) 
(200) 

(14 
(8 

NO DATA AVAILABLE 
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TABLE 52 

LIQUEFACTION OF H2 ANJJ He. 

The typical data below are taken 
from text. For performances of 
other cycles, see Section V. 

Hydrogen liquefaction 
Cycles kW-hr/lb. 

Total input Power 
(kW) for 1000 lbs/day 

Single J-T with liquid N2 
precooling at 65°K ill.05 *460 

Single J-T system using 
neon £10.0 2417 

Dual pressure cycle with 
one expander and liquid N2 
precooling at 65°K $9.8 -405 

Claude cycle with one ex- 
pander and liquid N2 pre- 
cooling at 65°K g 8.75 *366 

Helium liquefaction 

£ 9.8 ^410 

Single J-T cycle with 21°K 
precooling obtained by H2 
J-T system with liquid N2 
precooling at 65°K 

Compound system with three 
expanders and J-T He 
liquefaction £ 8.85 2 370 
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VIII.3  SOME COMPARATIVE DATA ON MINIATURE SYSTEMS 

The data on the performance, weight, volume, etc., of the 
cycles considered in this report for reliquefaction or liquefac- 
tion of gases has been gathered and presented for systems of 
small to medium size such as would allow for liquefaction up to 
1000 lb/day.  It is very difficult to extrapolate the data pre- 
sented with any accuracy towards the origin, i.e. for systems 
providing only about 1 to 5 watts of refrigeration.  In order to 
make some survey of this region of miniature refrigeration systems 
and to provide some comparison of cycles in this region, we con- 
sidered the most significant approach lies in enumeration of the 
properties and operation data of some existing miniature refrig- 
erators.  Table 53 gives a partial listing of known miniature 
closed-cycle refrigerators for operation down to 77°K, giving, 
where known, published data on their performances, \C.P.), 
weight and volume.  Table 54 gives a similar partial listing 
for miniature closed-cycle refrigeration systems for cooling be- 
low 77°K.  It must be pointed out that these tabulations are not 
intended to be exhaustive, but rather to serve as an indication 
of the relative performance of some of the major closed cycles. 

Remarks on the relative merits of the different minia- 
ture systems for space operation are made in Subsection VIII.4 
in which the systems of all sizes covered by this report are 
discussed.  It is to be noted that the general comparisons 
made in Subsection VIII.1 are equally applicable to miniature 
as well as to larger systems. 

NOTES FOR TABLE 53 

»Hughes Aircraft Co. Brochure 2784.20/46. 14 Jan. 19&3 
»^Garret Corp. AlReT^aTcTTüIv Report No. AE-2088R. Sept. 27 1962 
* * * San ta Ba rba Fa Rep . C e nt ei  S r_o c hu re dited 12/3/62. 
#Air Products and Chemicals" Inc.-. Brochure "Advanced Products 
Data Sheet",  (undated)7 
##Cryogenerdtors,   r!vision North American  Philips Co.   Inc. 
Norelco Reporter Vol.   IX.   No.   3 May-June 1962 and Brochure 
CP1004-10M-Vb/0 3 and paper by  puFre,   F.   IRIS  Detector 
Specialty Group Meeting.     Syracuse .     17 June 19^3•     ("Input 
power based on Author*s assumption of 70£ motor efficiency). 
###Malaker Laboratories   Inc    Brochure  "The Cryoralte and private 
information.     ;Motor efficiency 70$) 
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VIII.4 DISCUSSION OF THS QUALITATIV AND QUANTITATIVE COMPARISON 
OF CYCLES AND CONCLUSIONS 

4.1 RELATIVE POWER. REQUIREMENTS FOR LIQUEFACTION AND RELIQUE- 
FACTION 

The relative efficiencies of liquefaction and reliquefac- 
tion have been discussed theoretically for ideal reversible cycles 
in Section IV.  The results of this discussion were summarized in 
Tables 4, 5, 6.  In Table 6 the theoretical evaluations of the 
ratio, r, of the minimum work for liquefaction to the minimum 
work for reliquefaction were given for various gases, assuming 
the liquid to be produced at a pressure of 1 atm. and assuming a 
sink temperature of 293°K. 

By inspection of Tables  1 through 52 an assessment can 
be made of this ratio, r, for practical liquefiers and relique- 
fiers for which allowance has been made for all losses and irre- 
versiblliti.es»  The results of this assessment are given in 
Table 55>   together with the previously presented data on r for 
ideal reversible cycles. 

TABLE 55 

RATIO, R, OF THE MINIMUM WORK FOR LIQUEFACTION TO MINIMUM 
WORK FOR RELIQUEFACTJON IN THEORY AND IN PRACTICE. 

(Pressure of li quid 1  atm  Sink t emperature 293°K) 

i  Substance r (Theory; r(Practical) 

Oxygen 1.29 approx. 2 

Nitrogen 1 • 33 approx. 2 

Hydrogen 1.88 approx. 2.5 to 3 

Helium 4.75 approx. 6      j 

4.2    GOOD CYCLES PROM POWER FSQ'JühEMENT VIEWPOINT 

It 3s convenient to discuss the question of the overall 
power requirements for practical cycles under two headings, 
namely (a) cycles for operation down to 77CK and (b) cycles for 
liquefaction or reliquefact!on of H£ and He. 

fa) Tata for the coefficient of performance for rellque- 
fiers and for the number cf kW-hr/lb. for liquefaction for Np, 
02 and F£ are given in Tables 58 through 49 for liquid production 
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rates of 1000 and 100 lbs/day.  Moreover graphs and tabulations 
have been presented in Section V giving fuller data on the same 
parameters over the whole range of liquid production covered in 
this report. Reference is made to the above mentioned graphs 
and tables and to Table 53, which gives some data on miniature 
systems. The four best cycles of those considered from the point 
of view of minimum practical overall power requirements are: 
(l) Two-stage J-T with precooling, (2) systems with one expander, 
(3) Stirling cycle, (4) Gifford-McMahon engine and, for lique- 
faction of No, (5) the Claude cycle with single expansion.  Men- 
tion should be made at this time also of the cascaded compressed 
vapor systems which, as has been pointed out in Section V.i, can 
be made to have very high practical efficiency.  However for 
reasons which have been discussed in Section VIII.1 and tabulated 
in Table 36, the cascaded compressed vapor system,due to the 
large number of components involved, is not considered suitable 
for long period space operation and is not further considered. 

In referring to the performance data tabulated In Tables 
38 through 49 and in Table 53 the difficulties in assessing the 
probable error in or ranges of the evaluations should be re- 
emphasized here.  Again it must be pointed out that the perfor- 
mance data must not be interpreted as necessarily representing 
the best that can be achieved by any particular cycle. 

It Is clear from the data referred to above that the 
J-T ^ystems, with the exception of the two-stage precooled J-T 
system, have markedly lower coefficients of performance as re- 
liquefiers and require considerably higher kW-hr/lb liquefied 
than the cycles (2) through (5) enumerated above.  Basically 
this Is due to the inherent irreversibllities In all J-T 
cycles, as discussed in Section VIII.1.1, and to the basic de- 
pendence of such cycles on the non-ideality of the working 
fluid.  As will be noted in the subsections following, J-T 
systems possess other undesirable features for long period 
space operation besides their relatively inefficient perfor- 
mance noted herewith, and probably therefore should not be 
further considered in detail.  However an Important point of 
a general nature should be made at this Juncture.  As Is 
clearly evident from Tables 38 through 51 and as will be 
further clarified In the discussion of Figs. 78, 79>  and 80, 
any increases in the overall power requirements for relique- 
fiers or llquefiers are accompanied by approximately propor- 
tional increases in the system weight and volume and in the 
radiator area (and weight) requirements.  The issue of efficiency 
of the cycle, therefore, Is a paramount one and any compromise 
in efficiency can only be justified If there are overwhelming and 
overriding disadvantages inherent In an efficient cycle with 
regard to reliability or adaptability to space environment. 
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In comparing the better cycles, (1) through (5) listed 
above, it will be seen that they are all roughly of the comparable 
efficiency, at least for operation at 77°K.  The Stirling cycle 
appears to have an edge on the others and this superiority is 
more clearly evident at the higher temperatures for reliquefaction 
or liquefaction of F2 and O2.  This fact probably reflects the 
intrinsic high theoretical efficiency of the Stirling cycle, 
which is discussed in Section V, and which is evident in Table 37. 
It is worth noting in this connection that the Stirling cycle 
does not suffer significantly from the intrinsic drawback of ex- 
change of latent heat for sensible heat, which is characteristic 
of systems employing expansion engines only.  The high efficiency 
of the Stirling cycles and Gifford-McMahon engines in this tem- 
perature range is also significantly due to the fact that they 
employ regenerators rather than heat Interchangers, since for 
this temperature range highly efficient regenerators of small 
volume can be easily constructed whereas this is not so in the 
case of heat exchangers. 

In choosing a reliquefier or liquefier for N2> $2 or ®2 
therefore the choice should be made from the systems (1) through 
(5),  enumerated above and because of their comparable efficiencies, 
the final choice must be determined only after consideration of 
the other- factors involved In their operation In space vehicles, 
and after consideration of the required rates of liquefaction (re- 
liquefaction). 

However before proceeding to these other considerations 
it Is of value to consider the question of the applicability of 
two distinctly preferable cycles for operation down to 77°K in 
terms of the desired rates of liquefaction (reliquefaction).  The 
two distinctly preferable cycles are (2) Systems with one expan- 
der, the expander being a turbine (with centrifugal compressor) 
and (3) the Stirling cycle.  The main reasons for their desir- 
ability, besides their small power requirements, weights, and 
volumes (and associated small areas and weights of the radiator 
to be used with them), lie in their absence of valves, which are 
a source of reliability problems, the fact that they are single 
phase systems and their relatively small number of moving parts 
and components, a factor which leads to inherent reliability. 
At the high production rates, up to 1000 lbs/day N2> F2> or ^2* 
both systems are highly recommended.  For the lower production 
rates, down to miniature systems of 1 watt refrigeration capacity, 
difficulties may arise In turbine systems, due to the extremely 
small size of the turbines which must be used. Such miniature 
turbines could be a source of blockage by contaminants carried in 
the working gas and would impose very rigid requirements on the 
working fluid purity and on the compressor design. Moreover, 
even for turbines of the highest efficiency, the limiting problems 
on overall efficiency would continue to lie in high efficiency 
heat exchanger design and in the inherent disadvantage of exchange 
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of latent heat for sensible heat.  In consequence, for the smaller 
scale operation, the Stirling cycle appears to be a preferred 
cycle. 

(b) Data for the coefficients of performance for relique- 
fiers and for the number of kW-hr/lb for liquefaction for H2 and 
He are given in Tables 50 through 52 for liquid production rates 
of 1000 and 100 lbs/day.  Moreover detailed discussions of these 
factors have been given in Section V.  Again, as noted earlier, 
the difficulties in assessing the probable error of 
the evaluations should be re-emphasized and again it must be 
pointed out that the performance data must not be interpreted 
as necessarily representing the best that can be achieved by any 
particular cycle.  Of the cycles listed in the above mentioned 
tables, those to be preferred from a point of view of efficiency, 
and hence from the point of view of weight and volume also, are 
systems with une expander and compound systems using expanders. 
Again their superiority over systems using J-T expansions only 
is mainly to their inherently smaller thermodynamic irreversi- 
bilities. Unfortunately, due to lack of practical data on 
the larger production sizes, comparisons with possible com- 
pound systems using Stirling cycles cannot be made at this time, 
although some general discussion of such systems is given in 
Section V.  On the other hand, because of the advantageous 
position of Stirling cycles in the higher temperature range 
(77°K to 90°K), such cycles, either as single stage or multiple 
stage, should be thoroughly investigated in practice for use 
in H2 or He reliquefaction or* liquefaction, at least in sizes 
up to about [50 kW total input power.  For larger :;izes, as 
has been previously discussed, systems using turbine expanders 
are to be preferred.  For miniature sizes, as is evident from 
Table ^,  Stirling based cycles for very low temperature oper- 
ation are most suitable. 

It is sometimes pointed out that for the lower temper- 
atures of operation, below about 20°K, regenerator efficiencies 
fall off seriously and systems using heat exchangers are there- 
fore to be preferred for such very iow temperature operation. 
It appears likely, however, that a breakthrough may be expected 
in the development of highly efficient regenerators for very 
low temperature use, and this may result in highly efficient Hp 
and He systems in the period 19^6-1970. 

Whereas for liquefaction or reliquefactlon of H^ it is 
possible to construct cycles which do not rely on use of a J~T 
expansion cycle somewhere in the system (c.f. the tables cited 
and Section V), this is not possible at the present state of 
the art for He liquefaction or reliquefactlon.  It would be of 
value to consider development of, say, turbine expanders and of 
more efficient regenerators used in conjunction with Stirling 
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based cycles, in order to obviate the necessity of this J-T cir- 
cuit in He temperature systems, thus greatly reducing complexity 
and the number of required components with resulting gain in re- 
liability and suitability for space operation. It is considered 
that this is a feasible goal for the 1965-1970 period. 

To summarize briefly some of tne data presented in this 
report and discussed above on cycle efficiencies, plots have beer- 
made of the total overall required input power in kW per kW of 
refrigeration (l/CP) as a function of refrigeration temperature 
for the average "better" cycles operating with a sink temperature 
of 300°K.  The plots are reproduced in Fig. 78 and are for: 
"Carnot performance", "Optimistic for 1000 lbs/day"; "Good con- 
servative for 1000 lbs/day and optimistic for 100 lbs/day" and 
"Good conservative for miniature systems." These plots show clearly 
the rapidly increasing power requirements for all systems, in- 
cluding the ideal Carnot engine, as the temperature of refriger- 
ation is reduced.  They show, however, that although the power 
requirements of practical systems are strongly dependent on the 
design refrigeration load, the variation with temperature is 
similar for all sizes of system.  It Is anticipated that these 
plots may be of value in refrigeration specification.  In the 
temperature range 90°K to 20°K the curves of Fig. 78 are approx- 
imately linear and can be approximated by the following formula: 

(l/CP) - AT~n (59) 

where A and n have the values given in Table $6. 

In order to emphasize the rapid increase in the power 
requirements of any refrigerator which occurs on decreasing the 
desired temperature of refrigeration, Table 57 has been drawn 
up which lists the number of watts of total overall Input power 
required per watt of refrigeration as a function of temperature 
for the average "better" cycles of various sizes considered in 
this report. 

4.i GOOD CYCLES FROM WEIGHT AND VOLUME VIEWPOINT 

A detailed account has been given in section VIII.2 of the 
way in which the weights and volume or compressor-motors, llque- 
fiers (reliqueflers), radiators and power generation subsystems 
were arrived at.  Again it must be noted that the evaluations of 
these parameters presented in Tables 38 through 51 are to be 
taken as rough guides only, because of the paucity of firm data 
on which to base the evaluations. As discussed in Section VIII 
4.2 above, and as is evident from the tables cited, there is an 
approximate one to one relation between the total overall power 
requirement of a system and the weights and volumes of the com- 
ponents.  Those cycles which have been cited in Section VIII 4.2 
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as desirable from a power requirement viewpoint therefore are 
also the desirable cycles from the weight and volume viewpoint. 

On the basis of the assumptions used in arriving at the 
data presented in Tables 38 through 51, evaluations have been 
made of the average weight of the "better" refrigerators per watt 
of refrigeration.  Included in this weight is that of the compres- 
sor-motors) and liquefier (refrigerator) only.  The main assump- 
tions were:  (a) sink temperature 300°K; (b) temperature of fluid 
inlet to radiator 400°K; (c) temperature of fluid outlet to radi- 
ator 300°K; (d) equivalent radiative sink temperature, Tr, 250°K. 
(e) radiator fin effectiveness equal to unity.  Fig. 79 shows 
graphically these evaluations of the weights per watt as a func- 
tion of the temperature of refrigeration for:  "Optimistic for 
1000 lbs/day"; "Optimistic for 100 lbs/day" and "Good conserva- 
tive for miniature systems".  The rapid increase in weight as 
the refrigeration temperature is reduced and the fact that the 
curves resemble closely those for (1/CP) versus T given in 
Pig. 78 are to be noted.  In the temperature range 90°K to 
20 K the curves of Fig. 79 are approximately linear and can be 
approximated by the formula: 

Weight (lbs/watt) = A T"n (60) 

where A and n have the values given in Table 56. 

Similar plots have been made of the combined compressor- 
motor and refrigerator volumes per watt of refrigeration as a 
function of refrigeration temperature under the same basic 
assumptions and these are given in Fig. 80.  Again the curves 
are similar to those for the weights and for (1/CP) and again 
in the temperature range (JG°K to 20°K they can be approximated 
by the formula 

Volume (cu. ft./kW) - A T"n (6l) 

where A and n have the values given in Table 56. 

Estimates of the relative weights of the radiator and 
power generation subsystem as compared with the weight of the 
combined compressor-motor and reliquefier (liquefier) for 
''better" cycles are given in Table l;>8.  The data are taken 
from Tables 58 through 'jl and therefore must be taken as 
rough guides only. 

Considering first the relative power generation sub- 
system weight (C/A of Table 'j8).  It will be seen that for the 
smaller scale systems ^100 lbs/day) for No, F? and O2 rellque- 
faction and liquefaction the C/A values range from 2236 to y3$ 
for the "conservative" compressor-motor plus rellquefler (lique- 
fier) estimates and between 82£ and <)*/$  for the "optimistic" 
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es tlma tes of the same weights. The 0/A values-for the larger 
scale systems (1000 lbsjday) and f8r the H2 and He systems are 
much larger ranging up to 130%· Clearly, the dat~ on power gen
eration subsystem weights given in Fig. 77> on which these esti
ma~es are based, in1icate that the power generator subsystem is 
a major component contributing to the overall weight. 

In considering radiator weights Table 58 shows that for 
the smaller scale systems (100 lbsjday) for liquefaction or re
liquefaction of N2, F2, or 02 the radiator weight 1s relatively 
a minor factor. For the larger scale systems !1000 lbsjday) 
operating down to 77~K the relative radiator weight becomes im
portant under the assumed conditions of operation of the systems 
and may reach values as high as 96%. For the sy8tems for H2 and 
He reliquePaction and liqu9faction the relative radiator weight 
becomes a.n even more ser.ious factor, ranging ...tp to 150%. :1ore
over for higher val.;es of the equivalent radlative sink tempera
t~re, Tr, than the one chosen for these computations (250°K), 

> I 

the relative radiator weig~ts would increase still further ~See 
Fig. 73) and such higher v~lues of Tr may be expected in certain 
space env:l.ro!.!ments (See ;;':.g. 72 ~nd. subsection VII. 2. 51). Clearly 
space vehicle radiator designs should be selected to minimize 
Tr, in order to reduce re:.~tive and absolute radiator weights as 
much as possible. A i'urther step can be considered, namely that 
of increasing the fluid jn~et and outlet temperatures to and 
from the radiator (See Fig. 73 for effects of this process). 
However, as has been poi~ted cut prev~ously, such a step in
volving as it dccs a~ incr~ase in the sink temperature of the 
reliquefier (liquefisr) system results in an increase in the 
power requiremente. ~See Fig. 46 for some results en this). 
Such an increase in the power requirements increases the total 
weight of the combined co~pressor-motor and liquefier (relique
fier) .J.nd of the p'Jwer gPn?-ratton subsystem, as .ts evident from 
Tabl0s 38 t!1rough 51. ?or any given system therefore a com
promise ffiU2t be rcachee between these opposing factors. 

It must be repeated that a~.l the evaluations of the 
total overall power requi re:ns:-·ts made and used here and else
whore t n this report have taken .l nto a.ccount ·-the 1 so thermal 
compresscr efficiency and th8 motor and combined motor and 
motor drive efficlen~y. In nearly all cases fSee Section V) 
these efficlCPC i es haFe been taken to be a.pproxim.:.t tely 67% and 
8~'6 to s;.% r's~;r.:.ctiv21V Both of these sources of inefficiency 
ther~fore whe~ combined tog~ther result ln increasing the basic 
power rcquiremc~t or the refrigerator or liquefier by about a ·· · 
factoc of tvw (2). This noteworthy increase in the power re-· 
quirements approximately doubJes the size and weight of the 
required radiator and the VJe.i.ght of the power generation subsy~1tem, 
although it probably makes ~ relatively s~aller difference to the 
~'Ieight or volume of tb.e coMbined compressor-·motor and liquefier 
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(reliquefier) system. Since radiator weight and area and power 
generation subsystem weight are very serious factors in the over- 
all system (c.f. Tables 38 through 51 and Table 58), there is a 
clear need for future improvement of these sources of ineffi- 
ciency. 

Moreover, improved compressor design for space liquefiers 
and reliquefiers is to be sought, not only for the reason cited 
immediately above, but also because, by the use of good design, 
lightweight materials and oil-free operation, considerable weight 
and volume savings may be expected and the adaptability to space 
environment enhanced. 

4.4 FURTHER OBSERVATIONS ON RELIABILITY 

Some observations on the reliability factors in reliquefiers 
and liquefiers have already been made in subsection VIII 1.2 and 
some of the parameters affecting reliability and ease of mainten- 
ance have been set out comparatively for various cycles in Tables 
36 and 37- Three factors should be re-emphasized here, namely: 
(a) minimization of the number of components and especially the 
number of moving parts; (b) avoidance of constrictions to passage 
of the working fluid at low temperatures in order to obviate 
blockage by contaminants and (c) avoidance where possible of 
moving valves, especially rapidly ;ioving valves, such as are en- 
countered in reciprocating compressors and In some of the "cold 
boxes" of the reliquefiers (liquefiers) discussed in this report. 

With regard to the first Item consideration should be 
given not only to the avoidance where possible of systems which 
inherently have many components, e.g. compound systems with multi- 
ple expanders, elaborate precooling systems, etc., but also to 
minimization Cx  extra components such as filters, controls, etc. 
Of the five better cycles enumerated above in section VIII 4.2 
for operation down to 77°K, Stirling cycles and systems using 
one turbo-expander (with centrifugal compressor) not only ful- 
fill this desirable ot ' ctive but also item (c) above. For 
larger scale systems (1000 lbs/day) down to 77 K, these two 
systems also fulfill the desired objective (b) above, whereas 
systems with J-T valves do not.  On the other hand for smaller 
scale systems (100 lbs/day) and miniature systems, turbo expan- 
ders, as pointed out above, may be a seat of blockage difficul- 
ties and Stirling cycles are at present more desirable.  In this 
connection, again as has been pointed out above, all compressors 
must be oil-free and extreme precautions must be taken to assure 
maximum purity of the working fluids in order to permit long 
periods of continuous reliable operation. 
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With regard to the systems for H2 and He reliquefaction 
and liquefactjon, except for systems using one (turbo) expander 
only (with centrifugal compressor) and two-stage Stirling cycles 
for H2 production, all systems cited in Tables 50 through 52 
violate one or more of the desirable items (a), (b) and (c) above. 
For He production, without some significant breakthrough in 
techniques, the question of reliability remains more serious than 
for the other gases. 

A further observation concerning reliability is that high 
pressure systems are undesirable in that they give rise to higher 
stresses and require the use of reciprocating compressors using 
valves.  J-T systems for all the gases considered in this report 
except helium require high pressures. 

4.5 FURTHER OBSERVATIONS ON ADAPTABILITY TO SPACE ENVIRONMENT 

Some observations on the desirable features of relique- 
fiers and liquefiers for space operation have been made in sub- 
section VIII.1.4 and some of the parameters, especially the de- 
sirable feature of single phase working fluid, have been set 
out comparatively for various cycles in Tables 36 and 37. Further 
desirable features are:  (a) The system must be unaffected by 
erosion due to solar wind, stationary gas in space, solar flares, 
cosmic radiation and by meteoroid damage. All of the better 
systems considered can be made to meet this objective except, 
as discussed in Section VII, the question of satisfactory de- 
sign is a critical problem area,  (b) The system must be unaffected 
by radiation, damage.  This question has been thoroughly dis- 
cussed in section VII and it Is considered that, with right 
choice of materials, all the gas rellquefying and liquefying 
cycJes considered herewith can be made to meet this objective, 
(c) rne system must operate under conditions of zero-g.  This 
requirement makes systems not employing a two-phase working 
fluid the more desirable, such as systems (2), (3) and (4) 
enumerated in subsection VIII 4.2 (d) The system must operate 
in or withstand high-g accelerations and vibration and must 
be high-vacuum sealed to avoid loss of working fluid even in 
zero external pressure environments. To meet these requirements 
systems which are compact, having a minimum number of components 
and moving parts and a minimum number of piping joints should 
be favored. Here Stirling cycle systems and systems with one 
expander are clearly desirable. 

4.6 ON SOME AREAS OF IGNORANCE IN RELIQUEFIER (LIQUEFIKR) 
BlSIGN SPECIFICATIONS 

Although, as is evident from the content of this report, 
there are many areas of ignorance in the subject of reliquefaction 
and liquefaction of N;>, Fo> O2, H2, and He, a few seem worth set- 
ting out explicity in~the hope that this may stimulate the gen- 
eration of further knowledge. Those selected are: 
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(a) Exact compressor-motor weights and volumes, par- 
ticularly for those with minimum weights and volumes 
and for those which operate oil free, whether re- 
ciprocating or centrifugal. 

(b) Exact data on volumes and weights of actual relique- 
fying or liquefying systems in the ranges of produc- 
tion covered by this report, particularly those with 
minimum weights and volumes. 

(c) Optimistic figures for radiator weights and effec- 
tiveness, suitable to withstand the meteoroid flux 
obtaining in space, and radiator reliability for the 
period 1965-1970. 

(d) Firm data on average periods for continuous opera- 
tion between maintenance for actual reliquefier or 
liquefler systems in the production range covered 
by this report. 

4.7  ON SOME CRITICAL PROBLEM AREAS AND POSSIBLE FUTURE BREAK- 
THROUGHS ' 

Many critical problem areas have been uncovered and dis- 
cussed in the body of this report and it is unnecessary to dis- 
cuss them  further at this stage.  However it may be of value to 
enumerate some of those critical problem areas which, in the 
opinion of the authors, will be important in the future develop- 
ment of space liquefiers and reliquefi-ers.  They are: 

(a) The need for increase in the isothermal efficiency 
of compressors. 

(b) The need for increase in the efficiency of motors 
and motor drives, particularly for small scale units. 

(c) The need for a wider selection of reliable lightweight 
oil-free compressors. 

(d) The need for a reduction in space radiator weights 
(lbs/sq. ft. of radiator area) and for simultaneous 
improvement of their anti-meteoroid protection. 

(e) The need for a reduction in power generation subsystem 
weight per kW output. 

(f) The need for high efficiency regenerators for very low 
temperature operation ( £2Q°K). 

(g) The need for simplification o^ He liquefaction, pre- 
ferably without the u^e  of J-T circuits. 
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In general by definition a breakthrough in technique is 
one which is unexpected and hence no trustworthy predictions are 
really possible in this area. However as mentioned earlier In 
this report, significant improvemants may be expected in the near 
future in regenerator efficiencies at very low temperatures 
( g20°K which may lead to a breakthrough in Stirling based cycles 
for refrigeration at the lowest temperatures. 
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IX.  RECOMMENDATIONS 

After the detailed comparison of cycles for reliquefaction 
and liquefaction of Og, F2, N2> H2 and He in space environments 
given in Section VIII and after the discussion and conclusions 
arrived at also in Section VIII, it seems desirable to implement 
these conclusions with specific rtcommendations for the attain- 
ment of the desired goal. 

In view of the general findings of this study, we recommend: 

(1) That the Stirling c^cle be adopted for reliquefaction 
and/or liquefaction of N2> O2 and F2 for all production 
rates from miniature to systems requiring approximately 
50 kW input power. 

(2) That steps be taken to construct prototype oil-free 
Stirling cycle systems for the reliquefaction and/or 
liquefaction of N2> O2 or ?2>  in various sizes in the 
production range mentioned in (l) above, with minimum 
weight and volume, adaptable to space environment and 
that reliability and environmental tests be carried out 
with these prototypes. 

(3) That construction be initiated of test-model oil-free 
compound systems for the reliquefaction and/or liquefac- 
tion of H2 and of He at various rates In the range speci- 
fied in (1) above, which use the Stirling cycle as the 
primary refrigerating agent therein, with minimum 
weight and volume, adaptable to space environment and 
that reliability and environmental tests be carried out 
with these tests models. 

(4) That compact oil-free systems with one expander only, 
In which the expander' and the compressor are of rotary 
type, be adopted for the reliquefaction and/or lique- 
faction of N2, 02, F2 and H2 for the larger production 
rates involving input powers In excess of approximately 
2lj  kW. 

(')) That steps be taken to construct prototype compact oil- 
free systems with one  turbo-expander (and centrifugal 
compressor) for the relIquefactlon of N2* O2, P2 or 
H2 in the size range between 25 kW and 250 kW input 
power, with minimum weight and volume, adaptable to 
space environment and that reliability and environmental 
tests be carried out with such prototypes. 
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(6) That construction be initiated of test-model compact 
oil-free compound systems for tuo reliquefaction and 
liquefaction of He at the highest rate considered in 
this report which use one turbo-expander only as the 
primary refrigerating agent and which use centrifugal 
compressors only, with minimum weight and volume, adapt- 
able to space environment and that reliability and en- 
vironmental tests be carried out with such test models. 

(7) That efforts be made to stimulate the development of re- 
liable compressors, particularly centrifugal compressors, 
in the power range covered in this report which shall 
be oil-free, of minimum weight, and volume and which 
development shall put major emphasis on attaining highest 
isothermal efficiency and highest combined motor and 
motor-drive efficiency. 

(8) That improvements be made in space radiator design to 
minimize weight per watt radiated, and to maximize 
resistance to meteoroid damage and to be compatible 
with space rellquefier (liquefier) requirements. 

(9) That development be encouraged in the design and con- 
struction of helium reliquefiers (liquefiers) which 
shall be the simplest character obviating the require- 
ment for a J-T circuit. 
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