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FOREWORD

This repcrt was prepared by Malaker Laboratories. Inc.,
under USAF Contrract No. AF 33(657)-10,133. This coniract was
initiated under Project No. 8169, Task No. 816¢C3, "An Analy-
tical Investigation of Gas Liqueflers for Space Operations.'
The work was administered under the dircction of the AF Aero
Propulsion Laboratory, Aeronautical Systems Division, with
Mr, Charles W. Elrod acting as Project Engilneer.

This report covers wecrk conducted from October 1962 to
May 1963.
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\ AESTRACT

A detalled description and comparison ig glven of thermo..
dynamic cyzles suitable for ugse in space for the licuefaction
and reliquefaction of He, Hp, No, F5 and O, at rates from 1 1b,/
day to 1000 1lbs/day. A survey is pfesenteg of the mcde of oper-
ation, perforrance and efficliency of the following cycles:
cascaded compressed vapor cycles, systems using Joule-Thomson
{&=1) cooling, only, systems using expansion ergines, 3tirling
cycle systems, Taconls cycle systems and mlscellaneovs systems.
Tables ard graphc are included presenting the significant datca
on perfcrmaace of each sultable cycle based on conservatlive
estimarzes «f the current state-of-the-art and on optimistic
estinates of the probable future state for the period 1965-1970.

A survey is given of space environment and detailed dis-
cussions are presented on the question of component compatibility
and design for space cperatlion, particularly covering such mat-
ters as component weights, volumes and rellability.-

Definitive conclusions are arrived at wiil~h serve to per-
mit syecific recommendations for future action and a summary Is
made =»f svme current areas ol ignorange and of the more signiri-
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 sulted for use in space for the
liquefaction and reliquefaction of helium, hydrogen, nitrogen,
fluorine and oxygein at rates from 1 1b/day to 1000 1lbs/day.

The report 1s subdivided into nine sections. 1In 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
glves a theoretical survey of the relative efficiencies of lique-
faction and reliquefaction for ideal 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 irclude: cascaded compressed vapor cycles, systems
using Joule-Thomson cooling only, systems using expansion engiries,
Stirling cycle systems, Taconis cycle systems and miscellaneous
systems. The treatment is tull and charts and graphs are in-
cluded presenting the significant data on performance of each
suitable cycle based on conservitive estimates of the current
state of the art and on optimistic estimates c¢f the probable
future state for the period 1905-1970. Although none of the mis-
cellaneous systems described in this report appear likely to be
suitable for the subject task in the period 1965-1970, descrip-
tions (in some cases qulte detalled descriptions) of these have
been included for the sake of completeness and future reference.

1
1

Section VI presents some data on compressors, motors and
expanders, including estimates of welghts and volumes. Sectlon
VII surveys the spice environment, including space temperatures,
and discusse. component conpatibillity and design. 1In thic Jdis-
cussion data are presented for estimating radiator welghts and
areas. Section VITT slves 1 detalled qualltative and quantita-
tive comparison of nil promising cycles, Including duata on per-
formance, welghts, volumes, rellability, compatibllites with
space environment, etc. This comparison is for all sizes of
cycles from miniature to those for production up to 1000 1bs/day
of the subJect vacses and 15 supported by numerous charts, tables
and graphs. Definitlive conclusions are arrived at which serve
3 to permlt speclific reccmmendations for future action to be made
In Section IX. Tn addittion Section VITIT contains summaries of
some of the arean of Ignorance and of the more significant pro-
blem areas and possible future breakthroughs which have been
discusted In the maln bedy of the report.

Manuscript releasea by the authors July 1963 for publication as
an ASD Technical Documentory Report.




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 tablies for neon.
Although neon 1s not one of the subject gases of the investiga-
tion, data concerning it are included since 1t may be suitable
Tfor use for the refrigeration and/or reliquefaction of the subject
gases.

For detalled 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 Thermodyrnamic Data."
Since these references are readily available, the charts contained
thereln are not duplicated in this report.

TABLE 1
PROPERTIES OF LIQUEFIED GASES

Normal Critical

Bolling Critical Press. Inversion

Point Temp. Atm. Temp.

Fluid °R °K °R °K °R °K

Hydrogen 35.7] 20.41 59.7 | 33.2 | 12.98 368 204.6
Hel 7.6 u.2| 9.33] s.19| 2.26 ~90.9| ~50.5
Nitrogen 139 77.3| 226 12¢.0 | 33.5 1120 621
Oxygen 162 90.1 | 278 154.3 | 49.7 1609 893
[Flucrine 153 85.0 1 259 144.1 | 55 = -
INeon 4hg.0| 27.2| TY.T | 44.4 | 25.9 ~396 [|~220

jab]
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TABLE 2

SPECIFIC GRAVITY AND LATENT HEAT OF CRYOGENIC
LTQUIDS AT NORMAL BOTLING POINT

Substance d L (Joules/g)
Ho 0.071 am/cm3 452
He™* 0.122 20.4
No 0.808 199
05 1.14 213
Fs 1.50 172
Ne 1.205 89.4

BIBLIOGRAPHY FOR THERMODYNAMIC DATA

General Data:

1.

"

Johnson, V. J. (editor): A Compendium of the Properties
of Materials at Low Temperature (Phase I); WADD Technical
Report bO-Hb, Pert T; July IG00. Thls report contains
charts and tables of“Mthe following properties: Density,
Expansivity, Thermal Conductivity, Specific Heat and
Enthalpy, Transition Heats, Phase Equilivbria, Adsorption,
Surface Tension and Viscosity on the following flulds:
Helium, Hydrogen, Neon, Nitrogen, Oxygen, A'r, Carbon
Monoxide, Fluorine, Argon, and Methane.

Chelton, D. B. and Mann, D. B.: (Cryogenic Data Book;

WADC Tech. Report 59-8; March 1950, nIs report con-
tains a compllation of the physical properties of the
following liquefied . ses: helium, hydrogen (para and
ortho), hydrogen deute: de, deuterium, nitrogen, oxygen,
and air.




Nitrogen Data:

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

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

3. Claitor, L. C. and Crawford, D. B.: Trans. Amer. Soc.
Mech. Engrs. 71, 885 (1949).

4, Lunbeck, Michels and Wolkers: Appl. Sci. Res. A3, 197
* (1951/53).
_ 5. Keesom, W. H.,Bijl, A. and Monte, L. A. J.: Leiden Comm.
- Suppl. 108a (1954).

6. Bloomer, O. T. and Rao, K.: Inst. Gas Technol.,
October 1952, p. ¢8.

Oxygen Data:

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

2. (Claiter, L. €. and Crawford, D. B.: Trans. Amer. Soc.
Mech. Engrs. 71, 885 (1949).

3. Keesom, W. H, Bljl, A. and van Ierland, J. F.: Leiden
Comm. Suppl. 112¢ (1955) (NBS #GPO 852010). -

Hydrogen Data:

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

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

Heu Data:
1. Zelmanov, J. L.: J. Phys. USSR 8, 125 (1944).

2. Keesom, W. H. and Houthoff, D. J.: Leiden Comm.
Suppl. 65e (1928).
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He* nata (Cont'd):

3.

Fluorine

Keesom, W. H..Bigl, A. and Monte, L. A. J.: Appl. Sci.
Res. 4, 25 (1954) and Leiden Comm. Suppl. 108 (195%4).

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

Data:

1.

1.

General Chemical Division, Allied Chemical Co.: Technical
Bulletin TA-85411 (1961). -

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

Neon Data:

Nationai Bureau of Standards, Cryogenic Engineering
Laboratory (1961) (Gas-Phase only,.

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

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

TABLE 3
REFRIGERATION REQUIRED FOR RELIQUEFACTION

o

Bolling Point watts
at Refrigeration
1 Atmosphere For
Substance K °R 1lbs/day | liter/hr. |Reliquefaction
Helt 4.2 7.6 |1-1000 |0.155-155 0.107-107
Ho 20.4 36.8 [ 1-1000 | 0.266-266 2.37-2,370
No 7.3 139 1-1000 | 0.023-23.4 1.05-1,050
0, 90.1 |162 1-1000 [0.0166-16.6 1.12-1,120
Fp 86.1 195 1-1000 | 0.0126-12.6 0.90-900
6
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IV. RELATIVE EFFICIENCIES OF LIQUEFACTION AND RELIQUEFACTION.

In this report consideration will be given fto both lique-
faction and reliquefaction of the subject gases. 1In reliquefac-
tion it is assumed that by sultable placement of a refrigerating
device the boil-off gas can be reliquefied ideally at the tempera-
ture and pressure at which it is stored. 1In the reliquefaction
process, therefore, 1t is ncot necessary to expend energy in cool-
ing the gas down from ambient temperature to the temperature of
the boiling 1iquid and in consequence the refrigerating device is
not loaded by the sensible heat of the gas to be reliquefied.

One would expect, therefore, that the energy required for re-
liquefaction would be smaller than for liquefaction and the
following section presents a theoretical assessment of these dif-
ferences for ideal liquefiers 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 efficliencies of both processes.

First consider an idealized refrigerator in which the work-
ing gas is first 1sothermally compressed from an initial state 1
at pressure p;, temperature T, and entropy S1 per mole to a

pressure pp, and entropy Sp per mole. The pressure po is so

chosen that a subsequent reversible isentropic expansion of the
gas to the pressure p; will result in its belng completely lique-

fled. Let this final completely liquid state, 3, be at a temper-
ature T3 and entropy S, per mole.
vy

The work of compression, W., per mole then is given by:
We = Tp 781-S3) (1)
but since Sp -~ S3 by deflnition of an isentroplc expansion we have
We = Ty {S1-S3) (2)
To complete the refrigerative cycle, let the liquid evaporate

completely at pressure p; and temperature Tz and then subsequently
warm as a vapor from Tx %o the Inttiai temperature T, alsc at

pressure p), the heat required for this coming from the surround-
ings. It can readlly be shown® that the net work dorne on one
mcle of gas In the cycle is:

W - Tl fSl-SJ,' - '\Hl‘H3) (3)
where the H is the enthalpy per mole at the po!nts 1 and 2.

*Daunt, J. G. Hdb d. Physik, '4.1. [1956)
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By using such a refrigerator to liquefy the working fluid
it is found that the minimum work of liquefaction, Wpi,, is also

given by equatlcn (3). Table 4 lists some values of Wpip 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 englne operating
between the amblent or sink temperature, Ty and the boiling point,

T3, of the gas to be reliquefied. Under this assumption the
minimum work is

1
¥min - L|{— - 1 (4)

&

where L 1s the latent heat of evaporation of the subject 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 winimum work for liquefaction and Table 6
glives the ratio of the minimum work for liquefaction to the mini-
mum work for reliquefaction.

In practice, for a varliety of reasons the work of liquefac-
tion and reliquefaction greatly exceeds these minimum figures.
The ideal processes cannot he realized in practice, because of
the irreversibilities inherent in practical processes.

TABLE 4
MINIMUM WORK REQUIRED FOR LIQUEFACTION
P Tcomp Wanin
] Substance (atm.) | (°K) | (Kw-hr/liter 1liquid)
Oxyren 1 293 0.205
Nitrogen 1 292 0.169
Hydrogen (Normal) 1 293 0.224
Hellum (He') 1 2932 0.235

YIf the refrigerative load is not isothermal then, as shown by
Jacobs, R. B. fAdv. in Cryogenic Eng. 7, 567, 1962), the low
temperature In the expresslcn far the efficlency of 32 Carnot re-
frigerator must be replaced by the log-mean temperature.




TABLE 5

MINIMUM WORK REQUIRED ¥CR RELIQUEFACTION

P e Wmin
Substance (atm.} | () | (KW-hr/liter liquid)
Oxygen 1 293 0.159
Nitrogen A AR 0.127
Hydrogen (Normal) 1 293 0.119
Helium (Heu) 1 293 0.049

*Pressure of eviago

ratirg 1iguld
**Temperaturs of refri

gurzicr heat s:ink

TABLE ©

v TC MINIMLM

RATIO, r, CF MINTMIM Wr K P R LIQUEFAGTIC
FLlugllLe 1
)

WORK FOR RELIQUEFA .7 0% (FRE\\1~E 0

ATM; “ENPn‘uT'Fh LYOHFEAT SINE - 3°K)
Substance r
Oxygen JERRS]
Nitrog:n 1,33
Hydrogen: (i rmal 1.68
Heiium (F.© G TE
Irreversibilitic. =ve alwiys Lrntreduac.d i heat 0 g -
cesses, for example, i ail Re 3t X " hangors, CUHLOTATCY g
condensers in whi-h h-a:t flow ¢ .7 70 3lwe o ande s o terpergl re
gradlent. It 1s tre purpcsw <f *ho o =al . vedy ¢l (his repdrt c
assess the Irreverzitiilti>: ths* -re L rodie-d Yo the vasloas
liquefaction and religucfs . ~lor sv, or- 1. onsldecaticr




V. SYSTEMS FOR LIQUEFACTION AND RELIQUEFACTION
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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 1limit to the temperature to which they can be
operated. Because of these disadvantages it 1s 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, have been used qulte extensively
as precoolers in other refrigeration and liquefaction systems 1n
order to increase the efficiency of the over-all systems. More-
over, their high efficlency renders them of some interest for
possible 02 and Fo liquefaction. Because of these facts it seems
appropriate to glve a brief review of past and current caprablli-
tles of cascaded compressed vapor systems.

1.2 DESCRIPTION OF A SINGLE-STAGE CYCLE

Flg. 2 shows a flow dlagram of a typical single ctage
compressed vapor refrigerator. It comprises a compressor which
1s used to liquefy the working fluid in the condenser, a con-
denser used to permit the tluid 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 refrilgera-
tors the following requirements must be met: (a) the condenser
temperature, Tp, must not be far above the critical temperature,
Tes of the fluid, {b) the pressure, P, of compression should not
be too high, (c) the compression ratlo, P»/P1, should be small,
since the work of compression increases rapldly with increasing
compression ratio, and (d) the low temperature, Tj, should be
close to the bolling point, Tgs o the fluid in order that the
égéeg pressure to the compressor shall be approximately one atmos-

¥Ramerllngh-Onnes, H. Leiden Comm. 14 (1894); Leiden Comm.
Suppl. 35 1913). -

**Huguenin, A. Festschrift zum 70. Gerburtstaz von Prof.
A, Stodola. p. 272, Zurich 1823.

b
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Pig. 2 - Flow diagram of sinyle-stage compressed
vapor refrigerator.
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The conditions indicated above, togather with prac-
tical consideratlons concerning, for example. the ccrrosiveness
and/or toxicity of the working fluld, are suffizlent to allow
the choice of fluid required tc operate tetween any twdo desired
temperatures. Table 7 glves the necessary data on the prcrertles
of many low temperature working fi.lds for comprsssed vapor
refrigerators.

SOME, [ATA ON ., W TZVE S
SOVERESSED Var = BS
Soting | Jritieal | Jritizal | Triple
oint Temg fress .r< EoiInt
« 4 e “

Dichlorodifluorometrane Zh 4.t L.z 3.6 1.8.5
{Freon 12)

Armonia ThALA LZE .= 12i.9 125,56

Monochlorodiflucromethana R 58500 al 7 MBI
(Freon 22)

Propane 2.5 9,7 L 0 8+.0

Propylene 226. " el L9 £7.9

Carbon Dioxlde N 7:.< c16.€

Monchlorotrifluoromethane PRI G2 34 42 2
(Freon 153)

TrifluorcmethaneX (Freon 23, G el ? Le . i

Ethane TRa » o ,E L7 2 10,2

Nitrous Oxlde TG LLF 7 17¢.8

Ethylene e, SRy 8 EnL G 1o R

Tetrafluoromethane{Fvecr o] wbt 2T .7 ke
Methine 100.7 30,6 57 LR SN

*Data from Daurt, 7. o, Hibt. 4. brestu T80,
Kupsianoff J., Flank F. an”T Slelrjer B0 wdb. 4.
technik Vol. 1v. (16%6;.
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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 1s theoretically possible to go below liquid oxygen
temperatures by using l1iquid 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 systems in practice have
gone below the 1iquid oxygen-nitrogen range of temperatures.

In a cascaded system the evaporator of one refriger-
ator 1s 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. 1In a
fourfold cascad~d system devised by Keesom* and subsequently put
into practice by Huguenin**, ammonla, ethylene, methane and
nitrogen were used as the working f{luids, giving a practical
efficiency of about 0.245 KW-hr per 1lb of Npo liquefied.

Some analysis of the losses in Keesom's system has
3 been given by Ruhemann ("The Separation of Gases," Oxford Univer-
sity Press, Second Edition, 1949, p. 139).

Mcdern commercial staged compressed vapor refriger-
ators are made by a varlety of companies, and in general use the
freon's as the working flulds. Two stage cascaded systems can
easily reach to 165°K. Reference is made to work by Soumeral*#*#
and Missimer**** for analyses of typical low temperﬁture systems.

*Keesom, W. H. Lelden Comm. Suppl. Tba. 1933
*#Huguenin, A., Festschrilt zum 70. Geburtstag von Prof. A. Stodola,
p. 272, Zurich (TU2TJ.

*##3oumeral, H. P., "“ijpllficd Analyslis of Two Stage Low Tempera-
ture Refrigeration SyStems,” Hefrlg. Eng. (July Ig‘%) p. T50D.

¥F M ssTmer, D. J., "Cascade Rnfﬂigcration Schems for Ultra-Low
Temperatures, Rofrib “Eng. (February TO507,

"
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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 coollng system uslng Joule-
Thomson expansion conslsts of a compressor, after-cooler, heat

exchanger, and expansion valve. A system of this-type 1s shown
schematlically in Fig. 3. '

The fluld enters the heat exchanger after compression to
pressure p; and after cooling in the after-cooler (radiator) to

the sink temperature, Tg, at the point a. It passes through the

heat exchanger (path a-b), where 1t 1is cooled by gas from the
evaporator. The fluid i1s then expanded isenthalpically at the
valve (path b-c) to a pressure pp and liquid is produced. The
pressure po, 1s the vapor pressure of the liquid at the evapor-
ator temperature, T. This 11iquid i1s evaporated {path c-d) by the
heat load, L, which is thermally connected to the evaporator and
the cool gas, 1deally at temperature T, is exhausted through the
heat exchanger (path d-e). The gas at pressure py emerging from
the top of the heat exchanger at e 1s fed to the compressor, where
it)is compressed and returned to 1ts orlginal state at a, {pl,
Tg ).

For an ideal system in which 1%t may be assumed that
there are no heat exchanger inefficiencies, no pressure drops 1in
fluid flow, no heat leaks, etc., the thermodynamic cycle would
be represented by the heavy curve in the T-S diagram of Fig. 4
in which the lettered polnts correspond tc those of Fig. 3. For
an ideally efficient cycle one would have:

TS = Te = Ta; TC = Td; pl = pa ) pb; p2 E] pc = pd = pe (5)

If h is the enthalpy in joulgs/g of the working fluid, then at
the Joule-Thomson expansion at the valve hp = he and the heat
exchanger heat balance 1is:

it

hg - he = he - hy (6)
But (hg - hg) = [he - hy) 1s the refrigerative capacity of the
refrigerator at the low temperature per gram of working fluid
passing through the cycle.

If n 1s the mass fiow rate of the fiuid*in g/sec, then
the refrigerative load, L, 1s n(heg - hy) watts.
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If 1t 15 assumed that the compression 1s isothermal at
the oink temperature, Ty, (Tg = Te = Ty, 1deally), then the iso-
thermal power of compression is

Piso = N1 Ty (Se - Sa) watts (7)

where S 1s the entropy of the working fluld per gram. If the fluid
on compressicn 1s treated as a perfect gas, then

Piso = (nRTg/M) 1n (p1/p5) watts (8)

where M 1s the molecular weight of the working fluid and R the
gas constant in Joules/°K. The i1deal coefficient of performance,
C.P. {ideal), therefore 1is:

h, - hy)
C.P. (ideal) = —L_ = (he a

Pigo Ts{Se - S3) (9)

To allow for non-isothermal compression, for motor and motor drive
inefficiencies and for the non-ideality of the cycle, let g€ be

the isothermal compression efficliency, n the relative efficiency
of the actual cycle and & the motor efficlency; then the actual
coetficient of performance, C.P. (actual) is:

M(he - hy)

L
C.P. actual = . A . 10
( ) P Y RTL nley/on) ule (10)

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

2.12 COEFFICIENTS OF PERFORMANCE, POWER REQUIREMENTS FOR SINGLE
STAGE J-T SYSTEMS FOR REFRTGERATTCN (RELTQUEFACTION) AT
TEMPERATURES OF 77 K AND ABOVE.

The formula for the actual coefficient of performance,
C.P. (actual), for single shtage J-T cycle refrigerators operating
down to 77°K has been 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.

t 1s considered therefore that for operation of this kind of cycle,
» should be the preferred working gas, and the refrigerator would
eiriquely No, Fo and Op by condensation at the boiling points of
hese gases. Tt is possible, of course, that argon would be suit-
able as a working gas. However, since 1ts bolllng point is
87.4°K, it could only be used in a refrigerator for reliquefying
O» unless the compressor inlet pressures were reduced below 1
atmosphere. This would result in great loss in the compressor
volumetric efficlency and 1s in practice undesirable. Moreover,

N
r
.

w
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bolng o monatomle gas the locthermal Torpressor efflolency would
be less than that ¢ Nao  For these reaszns, thersfore. we shall
restrlct our con°1deratlons to No as the working: fluld. (Clearly
» and Fp would be undeslrabie for reascns of hazard and corro-
ton.) We shall he concerned therefcrefwlfh-th& coefficients of

.
1
performance of an Ny system at 777K, &85°F, and 90°K.
To allow subsequent exact comparienr to' be made with
other cyveles we shall adopt 200K as the =ink temperature, Ty
A digcussion of Lhe probablc'Vd1u 3 of T, it glves 'n Section
VIN.2.21 and the effects of varying Te'are dlscussed in Sectlons

VIL. 2,55 and V.4 b ;

The compressor 'J‘fmu’r pressuré will be taken to be 2400
psla {approx. 103 3tros. ', sinse previcus work® has shown this
to be 2 sat’ h( mﬁ-'\rv oparatli-og nresasgrs, 1 the pressgre:ias ré-
ducad velaw fris valus. the crz{fle'ant ~° r»rff*"1nfo decreases

)
markedly**, with corzequent {noreass ir poasr reguirements,

volume and weipht of 3 svetem destignad . Tor .5 giver vpfﬁ‘gﬁrative-w'

lead., TP one oparites

-t

highesr pressures, serious practical
ris2 in comprassor design, compr=sscr and system
~ 4 . ‘

tor th- ceos=ffizlent of perfor-

gzarie the Jata
Fives SUF O g rratt for 3n. tdenl o Carnotk refrigerator,

TLF. iavroti e 10Ty - T , SRR

stoge 1T cycle with No as
1oand «0CTK. T+ 3iso gives
V20 ibs/day reliquefied) and
ba/iday relfquefied . These evalua-
'~ Tasthermzi compresscr effi.-
frat m, the retative efficliency

P Figher power lavels and 80%
Por the low ST tevels, omed thar (O thes motor and motor drive
erfficiercy, 1a BN Tor the hizher powsr lavels and 80% for the
Tow power leueln Theea Srpures for n are taken from the known
pcrforw?nce of current systams arpiaving Bhis cycle* ¥ and

count for rezscrablsa hest exchinger losses, heat leaks and

other Irreversihi it ey, o

2

*Daunt, J. ¢. Hdt. 3. Fhysik 14, 1
¥¥3ee far ﬁvvmh1p~"'- 7oAt
Cec. 1960, AST A Docunm=nt No. 22204, ‘
¥¥¥Gee for TRIMpI&.  [2onf. T. 7. Fab 4. Physilk ]U 53 (1956).

-y . N
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TABLE 8

COEFFICIENTS OF PERFORMANCE FOR SINGLE-STAGE J-T
CYCLE REFRIGERATORS USING No AS WORKING FLUID

(RET,TQUEFIERS)

~

[

>

~o~ |T3%

~ > > o 3]

3383 303

?) PN (SR 37}

- [S IR TIN)] < 0 Q0

- —~~ < O Q ~— P~

B [N ] L ~~ ~— 2~

38 L el | @ B s

Y 3° 8 S e 128
E —~ N E O d [S2e] =i O H
)] Q QP (] = U Q~ o~
77°K No 1.0 0.347 0.061 | 0.026 0.029
85°K Fy 2.4 0.396 0.071 0.031 0.035
90°K 0o 3.6 0.423 0.077 0.033 0.037

The power requirements, P, in kilowatts for a given re-
frigerative 10ad, L (in kW) is then given by:
L

C.P. (actual) = E (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 lonads.

All the above data are conservative ratings ot 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. Tt 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.

18
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7ig. 5 - Power requirements (kW) versus refrigera-
tive loads for single-stage J-T cycle

refrigerators using Np as working fluid,
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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, 1n the after-cooler, the fluld passes through
the heat exchanger (path a-b) where 1t 1is cooled by the gas ex-
hausted from the reservolr. The fluid is then expanded isen-
thalpically through the .-T valve (path b-c) and liquid is pro-
duced. This product liquid is removed through drain valve, and
the cool gas at pressure pp and reservoir temperature, T, 1s 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, €, (the frac-
tion liquefied) it is convenient first to assume ideally revers-
ible conditions of operation, in which heat exchanger ineffi-
ciencles, heat losses, pressure drops in fluid flow, etc., are
neglected. 1In this case we assume:

Tg = Ta = Te; T =Tg = Td; P] = Pg = Pps P2 = D¢ = Pg = Pe- (13)

The fraction liquefied, €, for such a system, in which
the gas liquefied 1s the same as the working gas, 1is obtained
from the enthalpy balance equation:

hy = (1 - €)hg + €ehp (14)
or N
h, -
e a
E = —— (15)
he - hr

where he i1s the enthalpy in joules/g of the liquid at pp and T.
It can be shown* that for nitrogen liquefaction the work of com-
pression reprecents very closely the work done in liquefaction.
Again, 1f 1t 1s assumed that the compression is isothermal at the
sink temperature, Tg, then the isothermal power of compression
for a mass flow rate through the compressor of n g/sec is:

Pigo = nTs (se - s5) =~ (nRTg/M) 1n (py/P2) watts, (16)

where s 1s the entropy of the working fluid per g, M the mcle-
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 ls:

he - he\ RTg
P (ideal) = . 1n watts/(g. liquefied/sec).

*Daunt, J. G., Handbuch der Physik 14, 1 (1956).
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_ _y (he - hr\ RIs P\ kw-nr/1b 1
= 2.90 x 10 (he e ) — 10810 o r/ (17)

where R 1s the gas constant in joules/mole-°K.

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 €n{ where £ is the iso-
thermal compressor efficiency, n is the relative efficiency of
the actual cycle and ¢ the motor efficiency.

For liquefaction of Op and Fp 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 2400 psia) which are required for this
cycle. In practice, as discussed above for single-stage J-T
refrigerators, one would use Np» as the working fluid, circulating
in a closed loop in the system and use the refrigerative effect
to condense the Oz and F2 at approximately atmospheric pressure.
In addition, one would allow heat exchange between the returning
low pressure Np gas in the cycle with the ingoing warm Op or Fo

gas. This scheme 1s shown diagrammatically in Fig. 7.
To calculate the fraction liquefied, e, again it wiil

first be assumed, as before, that ideally reversible processes
occur such that:

TsnTa:Te;T;:TC_Td; pl—_pa—pb; pefpcrpd=p3
and p = pg = Pk- (18)
Furthermore, we suppose that for every g of No gas cir-

culated in the closed loop, an amount ¢ in grams of Op or Fp

is condensed.

Then the enthalpy balance equation gives:

ha + €hg = hgy + ehy (19)
or
(he - hy)
s (20
(hg - hk) (20)

where he and hy are the enthalples In joules per g. of the nitro-
gen at e and a and where hg and hy are the enthalpies 1in Joules/g

of the Op or F2 at g (Tg, p) and k {liquid at T and p).




COMPRESSOR

R AFTERCOOLER

MAKE - UP.
GAS

e a(R,Tg)

HEAT EXCHANGER

b

J-T EXPANSION VALVE
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LIQUID AT — —f— —| RESERVOIR
P,,T.

DRAIN VALVE

Fig. 6 - Flow diagram of single-stage J-T lique-
fier in which working gas is identical
with gas liquefied.
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COMPRESSOR

0, OR F, SUPPLY
AT APPROX. | ATM.

HEAT EXCHANGER

— J-T EXPANSION VALVE
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Fig. 7 - Flow diagra~ of a singleée-ctage J-T ligue-
Sier in which working gas ig difeérent
Srow o gas liquefied.
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Agaln, assuming Isotherms&l compression and compressor
conditlons as for a perfect gas, we get for the isothermal power
of compression for a nitrogen fluid Tlow of n g/sec:

- Piso %r(hRTs/M) 1n ﬂpl/pg) Watt§>. (21)

where M is the molecular weight of nitrogen. - The ideal power
required for a rate of liquefaction of one g/s is:

| b |
P dldeal) = = /;l joules/p; - B Co
cM \P2, ;
I'l{r - Yl RTC‘ ’p’ "\
= & kY. 2 1n —i) watts/(g. liquefiled/sec)
e = hy/ M Dn/
: 2y ‘

—)-l‘- _ hk . RT.. D ‘ . . . ;
~ 2,00 % 10 Cg > ® logyg <—i> kW-hr/lb.  (22)
be - ha MN2 p2

2.14 POWER REQUIREMENTS FOR SINGLE-STAGE J-T SYSTEMS FOR
LIQUEFACTION OF Np, Op and Fo,. ) .

As discussed in section V.2.12, for No as the working
fiv’ in the single-stage J-T llquefier, the compressor output
chonld be tnkven os 2400 psia.  As before, Tg will be taken to be
300°K. “The pressure Po» will be.a function .of the temperaturé-T
in the ewvaperator, being determined by the vapor pressure of‘Ng.
The duta required to calculate P (ideal) and the results are
shown In Table 9.

P {actual) is obtalned Ly putting €, the isothermal com-
precoor efficiency for a diatomic gas (N = 1.4) = 67%, the motor
efliciency, § , for higher level operatlon (~ 1000 lbs/day) at
80% and at 80% for low level operation (~100 1bs/day) and by
patting the rejative efficiency of the actual cycle, 1, (see
seetbion V.2.12) at 85% and 8C% for the higher level and low level
operations respectively. The data for C.P. (actual) under these
conditions are presented in Table 10.

21
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TABLE 9

DATA FOR CALCULATION OF POWER REQUIREMENTS FOR IDEAL
SINGLE-STAGE J-T CYCLE LIQUEFIERS FOR Ny, 02 AND F,

Gas| B.P.| p» (he-h, )N, (hg-hk)o2 or F,| e P(ideal)
or (he‘hr)N2
°K. |atmos. Jjoules/g joules/g % kW-hr/1b.
Ny | 77 | 3 27.6 435 6.35 0.90
Fy 85 | 2.4 26.8 345 7.75 0.61
0, 90 | 3.6 26.1 405 6.36 0.67
TABLE 10

ACTUAL POWER REQUIREMENTS FOR SINGLE-STAGE J-T CYCLE
LIQUEFIERS OF No, O, AND Fp

Gas | B.P.| P (ideal) P (actual)
Low Level Higher Level
7100 lbs/day) {1000 Tbs/day)
°K | kW-hr/1b. kW-hr/1b, kW-ar/1b.
N, 7 0.90 2.1 1.87
F, 85 0.61 1.42 1.26
O, | 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 Ny, Fp and Op. Also shown

on the graph are the study limits.

All 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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Pig. 8 - Power requirements (kW) for liquefaction
of N», Fp, and 0p, using singlez-stage
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 OPERATLON
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 slngle-stage J-T re-
frigerating system is shown in Flg. 9. The fluid enters the first
heat exchanger at the point, m, after compression to pressure Py
and after cooling in the after-cooler (radiator) to the sink temper-
ature, Tg. It passes through the refrigerator-evaporator which
is maintained at an intermediate temperature, Ty, by a secondary
refrigerator (generally a two-stage freon compressed vapor re-
frigerator) and the fluid reaches the point "a" at the temperature,
Ty{. 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 1s identical with the process 1llustrated in
Fig. 3. The return fluid at e passes back through the first
heat exchanger to r, where i1t enters the compressor for recom-
pression. The 1iquid evaporating in the final evaporator serves
to counterbalance heat load, L, at temperature T.

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

[

Ty=Tp=Tp Ty=Tqg=T T=T="Tq (23)

Py = Py =P, = Py = Pyi P2 =P¢ = Pq = Pe =pr (24)

Then, as shown in Sectlon V.2.11, the ldeal coeffliclent of per-
formance 1is:

L (h, - h,)
C.P. (ideal) = . € a

pi:'»u (RT:;/M) 1n (Pl/p?) + Py (2‘))

where the symbols have thelir previously deslignated signitficance

and where Py 1s the power required to operate the secondary re-
frigerator at Ty. Slnce the actual coef”lelent of perforn ce of
such secondary refrigerators can be ulite high, approaching the
Carnot values {or cascaded compressed vapor refrigerators, there

is 4 net galn In the process over the J-T cystem without precool-
Ing. To understund this, some typleal values of (h - hd) for N,

are listed In Table 11 lelow for varlous values of the Intermedlate
temperature Tl. These data are for Py 2400 psia and Py = 1 atmos.




TABLE 11

SOME ENTHALPY VALUES FOR Np

T (hg - ha)

°K Joules/g
300 27.6
290 29.9
280 32.2
270 35.2
260 36.7
250 40.4
240 44 .1
230 47.9

If one neglected py therefore, the C.P. (ideal) of the
System with Np as the working gas would be enhanced by a factor
(47.9/27.6) = 1.73 by reducing Ty from 300°K (as for a system
without precooling) to 230°K, which latter temperature can readlly
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 detalled knowledge
of the heat exchanger efficiencles 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 l.quefiers, using s!~gle-stage J-T
cycles with and without precooling in the same refrigerative load
range as that covered in this report. These data* indicate that
by precooling to approximately 250°K the overall actual coeffi-
clent of performance, C.P. (actual), can be 1increased by a factor
of approximately 1.5 over the values given in Section Vv.2.12 for

*Data taken from: Greenwood, H. C., Industrial Gases. Van Nostrand
(1919); Linde, R. 2., VDI 65, 1357 (19217); Lenz, H., Hdb. der Exp.
Phys. 9/1, 127 (1929); TDavies, M., Gas Liquefaction and Rectillca-
tion, léxfovd Press, 1940); Hansen, H., Hdb. d. Kaltetech. 8, 1
(1357); Daunt, J. G., Hdb. der Physik 14,71 (13507.
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Fig. 9 - Schematic diagram of ¢ precooled single-
alage J-T refrigerating system.
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the single-stage J-T cycle wilthout precooling. In the final com-
varison of cycles, therefore (see Section VIII). this factor will
be taken into account. It must be noted, however, that by the
introduction of precooling refrigeration, the overall system 1is
made more complex, leading to reduced relilablility. Since, how-
ever, vapor compression machines, for the precooling temperatures
considered, are highly reliable in operation, this factor may not
be too serious, provided they are sultable for space operation.
Moreover, since the major weight and volume of the overall system
will reside in the Np compressor f)r the main working cycle, &
major reductlion 1in the magnitude of these parameters would re-
sult from precooling.

2.22 LIQUEFACTION OF No, Fo AND 0o TJSING PRE-COOLED SINGLF -
STAGE J-T CYCLES.

The flow diagram for an Npo llquefier 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 Fig. 9) and for the provision of make-up gas
to the input of the compressor. A pre-cooled single-stage J-T
cycle for Op or Np liquefaction would have a flow diagram simi-
lar to that for the single-stage J-T cycle without precooling
glven in Fig. 7 fo~ the flow pattern below the intermediate
temperature. Above the intermedliate temperature the flow dlagram
would include the condensor-evaporator at temperature T4 ar? a

first interchanger which would exchange heat between the ingoing
high-pressure nitrogen working gas, trhe ingoing low pressure 0o
or Fo gas operating in a separate condensing circult, and the
outgoing cold return nitrogen working gas.

To galn Insight Into the increased yields avallable by
precocoling, the overall reductlion in the power requirement, P
(actua]), for an actual llquefler llquefying, say, Np, Fo or Op
in the liquefaction range of interest to this study would be Ly
a factor of approximately 1/1.5 = 0.67, 1if precoollng is carried
out at a readily approachible temperature of 250°K.* This fac-
tor will be used In the comparison of cycles in Sectlon VIII.
The comments mide above In Section V.2.21 with regard to welight
and volume of precooled refrigerating systems apply also to pre-
cooled iiquefiers for Op, Fo and No.

*Daunt, J.G. Hdb. d. Physik. 14. 1 (1y56)




2.3 TWO-STAGE JOULE-THOMSON PROCESS FOR LIQUEFACTION AND RE-
IQUEFACTION DOWN to 77°K

There 1is no reference 1n the literature to a closed-cycle
refrigerator utilizing a two-stage Joule-Thomson process, and 1n
consequence it 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.

Flg. 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 p,, can feed into the compressor between stages.
After passing through the three circuit heat interchanger, the
high pressure gas at pressure p, expands In the first Joule-
Thomson valve, V,, to an 1nterm§d13te pressure p,. A fraction
¥ of this expandeéd gas is further expanded through the valve,

Vo, into the reservoir at low pressure (p,) and temperature T.

The remalning fraction {1-x) returns via the three circuit heat
interchanger to the compresscr at the intermediate pressure Po-
That fluid which expands at Vo partially liquefies. The liquild
collects in the reservolr at temperature T and can be dralned off
through the drain valve. For a refrigerator the drain valve

would be omitted and the lower reservoir would then act as an
evaporator, 1liquid evaporating therefrom providing the refrigera-
tion. Tt would be possible theoretically for such a refrigerating
system to provide refrigeration at two temperature levels, that is,
both in the intermediate reservoir at Ty and in the evzporator.
The system described would be suitable for reliquefaction of oxy-
gen, fluorine and nitrogen using preferably nitrogen as the work-
Ing fluid refrigerant.

Fig. 11 shows the cycle on a T-5 diagram when employed for
liquefaction of the same gas as the working fluid. 1In 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 py = 200
atm., p, = 50 atm. 3and x = 0.2, ylelds a practical minimim coef-
ficient”of performance of about 1.15 kW-hr/kg 1iquefied, which
1s approximately twice as efficient as a single-stage J-T cycle
without precooling operating at the same high pressure, pz =
200 a;m. (x 1s the fraction of fluid passing to the second J-T
vaiue).

*Lenz, H., Hdb. der Exp. Phys. 9/1, 127 (1929).

26




/ INTERCOOLER

b /| OMPRESSOR
COMPRESSOR AN
4
B p
D
/ L3 < MAKE-UP GAS
AFTERCOOLER ctb }"

3 CIRCUIT HEAT EXCHANGER

V| FIRST J-T VALVE

TTT—INTERMEDIATE RESERVOIR

V, SECOND J-T VALVE

RESERVOIR (P, T)

DRAN VALVE

Fig. 10 - Schematic diagram of two-stage J-T cycle
for liquefaction of gases such as air or
nitrogen.
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Fig. 11 - T-S diagram of liquefaction by two-stage
Joule-Thomson Process.
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For a two-stage alr *jquefying precoolsd syst

e
to Lenz,* the power requirement for x = 0.4, P32 “‘200

pé = 40 atmos. and a crecooling temperature af 22‘°K e pproxt-
mately .05 kW-hr/kg of air liquefied, and under similar comdl-
tions at a preccoling temperature of ER”VK, the min!mur power

requirement 1s approximateiy 06.92 kW-h r/kg .

The reduction in the power requirement for thils air ligue-
lng system wifhout precooling, obtained by going from z single-
age J-T cycle to an ophtimized double-stage J7-T cyele, is apcroxi
elj by 2 facter of C.525 and the correspordingz fac for for the
ccooled systems with a precocling temparature of 250°K is
broximately 0.62. Althcugh the actual values of thase reduce
ns depend on the characteristics of the gas usad as ‘he work-

fluid, 1%£ has been estimated that they will te approximztziy
gama or uss of Nz a¢ the working fluid. In the ccwparison
cl gilven 1in Qﬂht*oh VIII, therefore, these ratios wi.l be

J(*“* ¢r.wlth th2 data given in Sscticns V.2.12 and
for estimating the actual coefficlent of performance of
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<.t RELIQUEFACTION OF H2 AND He USING FRESOOLELD J-T SYSTEMS

A schematic arrangement shown in Filg. 12 is of a tvplce:
closed-cycle hvdrognn refrxgerator,** in which a liquid ntt
bath 1s used for preccoling. The compressed hydrogsn 's pz
th“ough the three w?y H“—Hz -N2 heat exchanger, where it is
agulnst evaporated Np and exhaust low prassure Ho. It 1
cooled further in liquid nitregen and in the final heat exc
against the hydrogen vapcr from the evaporatlion. Tiquid iz
formed in the T-7 axpansion valve. The 11quid 's sviperata:
the evaporator agatnat tha refrigerated load. The exbhauct
1s used to cool ths Ircoming high pressure hydrogen and is
recompressed, oo cormplening the cycle.
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Operatlng data for a system such as that of Filg. 12 b
by the Cryogenlc Enginesring Taborator y, NBS**¥, are sush v
total refrigeration of 329 watts at 27°K is avatlsble ror .
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*Lenz, H., Hdb. der Exp. Fhys. 9/1, 127 (1929).

*¥See McIntosh, Mann, Macinko and van der Arend. Adv. Cryo. Eng.
1.62.1960. See also Birmlingham, Chelton, Mann snd FErrinass.
ASTM Bulletin WNo. zuﬂ n, 3l 1959; Chelton, D. B. 3nd Tean, 7.W.

NGBS Tech. Nofe N, 33,1060 and Fhano et al.NRR Teck. Note
No. 29. Jan. 10660, ,
TF¥See Chaltor, Dean and Blrmingham. Rev. Sel. Instr. 3i. 7i2.
1060 - -
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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
No consumption was 8.3 liters/hr.

Figs. 13 and 14 [taken from Chelton et al*) give the Ho
compresscr power requirements and the liquid nitrogen consumption
for hydrogen refrigerators of the type shown in Pig. 12. For
Fig. 13 the 1isothermal compressor effliclency 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 moter and motor-drive efficlency. Making these modifica-
tions and assuming the Hp 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 15°K 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 1limit of the liquld nitrogen consumption in the
precooler is determined by the AT at the warm end of the three-
way Hp-Hp-Np heat exchanger between the outgoing No stream and
the ingoing high pressure Hp. This AT is the ATy of Fig. 14.

It 1s to be noted that the 1iquid Np consumption, as shown 1n
Fig. 14, 1s independent of the hydrogen evaporator temperature.

If one assumes that ATy is 10°K and ATz 1s zero (AT; 1s the
temperature difference between the ingding and outgéing Ho streams
at the warm end of the final J-T heat exchanger) then from Fig.
14 the liquld Npo consumption is 20.6 liters/hr per kW of H2 re-
frigeration. Taking a value of 0.69 kW-hr/1b for Np liquefaction
for a relatively small scale system (see subsection 3.14), one
obtains for the power of liquld Np liquefaction 25.4 kW per KW of
refrigeration at hydrogen temperatures. The total minimum power
for refrigeration at 21°K, using this system, 1s therefore 05.4
kW per kW load and 82.4 kW per kW load at 15°K. The correspond-
lrg maximum coefficlents of pegrformance, therefore, are: 0.015
at 21°K and 0.012 at 157K 4nd, by interpolation, 0.0145 at 20°K.
However the power requirec for pumping the 1iquid N, to the pre-
cooling temperature of 65“K is not included here.

Filg. 15 shows 2 schematic diagram of the precocoled J-T
hydrogen refrigerator described above used as a precooling
medium for bringing hellum below 1ts inversion temperature.*#*
As shown, the compresced helium {s cooled aganinst evaporated
nitrogen and exhiust low pressure helium. Tt 1s further cooled

*Chelton, D.B., et al. NBS Tech. Note No. 39. 1960.
¥*See Chelton, Dean, Strobridge, Birmingham and Mann. NBS Tech
Note No. 39. 1660. -
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Pig. 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 1liquid helium temperature by evaporating. The
exhaust gas 1s used to cool high pressure helium and 1s 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. 16. 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 Hpo precooling temperatures. 1In 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 1t will be seen that the minimum work

of compression occurs for a helium inlet pressure of about 30
atm. This pressure, with a H, precooling temperature of 21°K,
willl be ascumed in the subsequent calculations. These assump-
tions result in a power for compression of 384 kW per kW of re-
frigeration at helium temperature (normalized to €7% lsothermal
compressor effictency and 90% motor and motor-drive efficiency).

Fipg. 18 gives the results obtained by Chelton et al.* for
the liquid Np consumption in the hellum circuit of the J-T re-
frigerator as a function of the temperature difference, ATy, 2t
the warm end of heat exchanger Nu. 1 for various values of ATq
(see Flg. 15 for the location of these AT's in the flow diagram).
The liquid N2 consumption is expressed in liter/hr per hellum
flow rate expresced in scfm. rig. 19 gives thls evaluatlon of
the required helium flow rate In scfm per watt of refrigeration
at helium temperatures as a function of AT, for two different
temperatures of Hy precooling. Assuming AT, to be zero and a
precooling temperature of 21°K, the flow rate 1s 1.3 scfm per
watt helium temperature refrigeration and this requires a liquld
nitrogen consumption in the helium circuit of 73 liters/hr per
kW helium temperature refrigeration, if AT 1s zero and ATq is
10°K. Using, as befcre, a value of 0.69 kW-hr/lb for N, llque-
factlion we get the Np llquefactlon power requirement for the hel-
lum circult to be 89.95 kW per kW refrigeration at helium temper-
ature.

Fig. 20 also taken from the same work by Chelton et al.,*
glves the ratio of the heljum temperature refrigerative load, Qp,

to the hydrogen temperature (21°K) refrigeration requirements Q

*See Chelton, Dean, Strobridge, Birmingham and Mann. NBS Tech
Note No. 39. 19¢€0.
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as a function of AT5 and ATl. Assuming as before that AT, 18 zero
and ATy 1s 1°K, thls graph indicates that Qp/Q; 1s 0.525; or that
per kW refrigeration at 4.2°K, the hydrogen evaporator must supply
1.98 kW of refrigeratlon at 21°K. Uslng the data deduced above for
the precocled hydrogen J-T refrigerator, one obtains a power re-
quirement in the H, clrcuit of 132 kW minimum per kW of refriger-
atlion at 4.2°K. Adding 2ll the contributions to the total pover,
therefore, for the helium refrigerator, due to the helium compres-
sor power, Np consumption in the hellum circult and to the Hp
circult power requlrements, one obtalns an overall maximum coef-
flclent of performance cf 0.00165 for a precooling temperature of :
21°K. As indicated 1In Fig. 17, considerable Ilmprovement 1s to be :
expected by golng to lower precooling temperatures.

2.5 PRECOOLED J-T SYSTEMS FOR Ho AND He LIQUEFACTION

Flow sheets for hydrogen and hellium llquefactlon with
lJiquid nltrogen precooling are 1dentical to those for hydrogen
and hellum refrigerators as shown in Figs. 12 and 15. The only
difference is that the 11quid formed in the J-T expansion valve
is drawn off as a2 product rather than evaporated to provide re-
frigeration.

Figs. 21 and 22, taken from the work of Chelton et al.
previously cited, show the work of H, cOmpression as a function
of the Inlet pressure and preccolant temperature and the total
work of Hpo liquefaction Including precoolant. As 15 noted 1n
section 3.42 below, in evaluatlng the total work of liquefaction

t was assumed by Chelton et al. that the N, liguefaction used
0.284 kW-hr/lb. This figure 1s applicable to very large systems,
whereas Tor systems of the size considered 1n thils report it 1s
considered that one should assume 0.69 kW-hr/l1b for liquefaction
of No (see section 2.14). 1In order to allow for this, the follow-
Ing calculations have been made: from Fig. 21 the work of H»o
compression at an inrlet pressure of 120 atm. 1s 2.67 kW-hr/gal
for normal Hp liquefaction and 3.45 kW-hr/gal for liquefaction
and conversion to 95% para-Ho when AT 1s 1°K and the precooling
temperature 65°K. Normalizing these values to 67% i1sothermal
compressor efficiency and Q0% combined motor and motor-drive
effictency, one gets respectively 4.9 kW-hr/1b and 6.3 kW-hr/lb
and the power for liquid Np production is respectively (assuming
0.69 kW-hr/1b for N5 liquefaction) 4.2 kW-hr and 4.75 kW-hr per
1t of Hy llquefled. Added together thls gives 9.1 kW-hr/1b of
normal Hp liquefied and 11.05 kW-hr/1lb for liquefaction and con-
version to 95% para-Hs. :
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Fig. 17 - Work of helium compression in precooled
J-T helium refrigerator, according to
D. B, Chelton, et al, (NBS Tech. Note
No. 39, 1960).
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A hydrogen liquefiler using a precooled J-T neon cycle has
been bullt and described by Hood and Grilly*. 1In this system,
hydropgen was condensed at 6.6 atm. by means of liquid neon pro-
duced 1n a precooled J-T liquefiler. The compound liquefier pro-
duced and consumed 17 11ters/hr of liquld neon and produced 27.5
litevrs/hr of liquid hydrogen. Operating data indicate that the
same apparatus produced 6 to 20 percent more liquid hydrogen than
when hydrogen was used directly as the working fluid in the low
temperature J-T clrcult. It is also pointed out that there are
no hazards associated with compressing neon. ‘

The J-T hellum liquefiler may use a closed-cycle hydrogen
refrigerator as a precooling device. For such a system, as shown
by Chelton et al.** the work of helium compression is shown in
Fig. 23 as a function of the pressure upstream of the J-T valve
for precooling temperatures of 21°K and 15°K. At an assumed in-
let pressure of 30 atm., and precooling temperature of 21°K, the
work of compression (normalized to 67% 1sothermal compresscr
efficlency and 90% combined motor and motor-drive efficiency)
is 5.0 kW-hr/lb of helium liquefied. This result assumes that
ATn 18 zero. (See Tig. 15 for location of the AT's 1n the flow
Fidgram).

The liquid N, cOnsumption in the helium circuit of this
system can be obtalined from Filgs. 24 and 25, also from_Chelton
et al.,* assuming as before that AT, it zero, ATy 1s 1°K and ATg
v 10°K. The result is 0.69 liters N, per liter He liquefied,
and assumlng 2 work of 0.69 kW-hr/lb for No liquefactlon, this
gives an additional 0.475 kW-hr/1b of He 1lquefled.

Finally to get the power requlirement in the 21°K precoollng
bath, we assume this 15 obtained by a precooled J-T Ho refriger-
ating system, os descrlbed above, with a coefficient of perfor-
nanee of 0.015. The ratlo of the rate of hellum liquefied (ln
Liters/hr) to the 21°K refrigerator requirement in watts 1s glven
In Fig. 26 (taken from Chelton et 21.%). For ATy equal to 1K
and AT, equal to zero, one obtalns 0.0665 1/hr per watt, which
yields a work of 3 70 kW-hr/1b of He llquefled.

Adding 211 the contrlbutions, one obtains a value of
G977 wW-hr/1b He liquefied for a precooling temperature of 21 °K.

“Hood, C.B. and Griily, E. R. Rev. Scl. .'nstr. 23.357. 1952.
**Chelton, Deun, Strobridge, BTrmingham and Mann. NBS Tech.
Note MNo. 39. 14900,
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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 (/K

3.11 REFRIGERATORS FOR RELIQUEFACTION

The cycle shown in Fig. 27 is sultable 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 1s 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 1s 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

r system and the Brayton cycle. The thermodynamic 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)

i expansion is carried out quasi-isothermally, while in the dense-
] gas cycle the expansion 1is carried out ~diabatically. From a
standpoint of power consumption, as will be seen in Section VIII,
& the Stirling cycle is the more erficient.

3.12 PRACTICAL MACHINES FOR RELIQUEFACTION OF O, Fp AND Np,

THEIR COEFFICIENTS OF PERFORMANCE AND POWER REQUIRE-
MENTS .

A. D. Little Inc., for example, has built refrigerators
based on this cycle for the rzliguefaction 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-T5 psig. The expansion 1s carried out by a single re-
ciprocating engine. Some mcdels of these systems, according to
A. D. Little, Inc., (A. D. L. Brochure "ADL Helium Refrigerator")
have capacities of 500, 1200 and 2400 1bs Op condensed per day
with power consumptions of 7.5, 17.5 and 33kW respectively. Ac-
cording to the above rererence, their welghts and dimensions are
as follows: the 500 1b. unit, 2000 1bs. and 60" x 60" x 40"; the
1200 1b. unit, 4000 1bs. and 64" x 65" x 65" and the 2400 1b.
unit, 6000 1lbs. and 65" x 108" x 96".

*ADL Helium Refrigerator, Paper from Arthur D. Little, Inuc.
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The actual coefficlents of performance, C.P. (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 T77°K (oxygen reliquefaction), 85°K (fluorine
reliquefaction) and 90°K (oxygen reliquefaction). The sink
temperature, Tg, 1s 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 T, =
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)

C.P. (Actual)| C.P. (Actual)
T C.P. (7 kW input | (15 kW input
°K (Carnot) | power level) | power level)

77 0.347 0.062 0.065
85 0.396 0.069 0.073
' 90 0.428 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 26% are possible.

3.13 LIQUEFACTION OF 05, F» AND N, 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, wculd involve forming liquid in the ex-
pansion engine or turbine. While i1t 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 1is
the means employed. The use of the dense gas cycle for liquefaction

*Bulletin No. HRF-1645, A. D. Little, Inc.
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ol On, F¥p and No would therefore be confined to liquefaction of

Ve deslred gas 1in a secondary circuft in which the gas, at ap-
wimately atmospheric pressure, was permitted to condense in a
el in thermad contact with the refrigerator evaporator.

For a single expander dense gas refrigerating machine
-ving the same coefflcients of performancz as set out in Table 12
nie pewer requirements for liquefaction are set out in Table 13,
Foroa osink temperature, Ty, of 300°K. :

-~ ¢t 07

TABLE 13

POWER REQUIREMENTS FOR LIQUEFACTION OF Op, Np AND Fp
USING MACHINES WITH ONE EXPANDER

(For sources, see text)

Power Requirements
- — — &
0 o)
> 0 > =
o = )
= o . - Q.
. —~ Q, o o
“~ b $¢><1 5??21
0 n 2y 5 2.8 5 8%
O oo o Ao g
! PO o R =
S —i [ole] & N L= AN
% S le] e o= 0N
0} o Q kR aNe N o
Q O o s o BN
= O — i N  —
¢p] o ~— ~—— o ~—
Ny 236 199 0.88 0.84
v, 173 172 0.63 0.59
0., 192 213 0.69 0.66

And the power requirements, based on the above data in Table 13,
as a function of the rate liquefaction 1in liters/hr for Op, Fo
and N, are shewn in Flg. 30, along with the study limits. Again
it shBuldIxzcrﬁhasized1ﬂwﬁ;these figures are very conservative
and marked improvements can be expected in the period 1965-70.

For nitrogen liquefaction, where it would be possible
to use the same gas as the working fluld without hazards or
other practical difficulties, 1t would be also possible to employ
the Claude cycle or the Kapitza cycle, both of which come under

the category of itiquefiers using a single expander. Considera-
tion of these cycles follows.

h BEST AVAILABLE CGH 1



‘P(KW)

20
l | l | |
(]
77 K(N2)
15 — =
85°K(R)
°K(0,)
IO . ——
S p—
STUDY LIMITS
Fa 02 N2
o 1 | 1 bl o)
0 0.2 0.4 0.6 0.8 1.0 1.2
Performance of closed-cycle refrigerator
with one expander using He. (From data
given by A. D. Little, Inc., brochure
"ADL Helium Refrigerator,” see text for
references.) Tg approx. 300°K. The
power requirements (kW) are plotted
against refrigerative load, L(kW).
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P (KW)

40
30—
20 .
10 —
STIOY LIMITS
’12 1’2 'Iz
0 I J I l * LITERS
5 10 15 20 25 PER.HR
Pig. 30 - Pouer requirements (kW) for liquefaction
of N, Fo and Op, using closed-cycle re-
frigerators with one expander (He gas),
using data from ADL Helium Refrigerator
Brochure (see text for references) versus
the rate of liquefaction, (liters/ar.).
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3.14 CLAUDE CYCLE

One of the earliest uses of expanslon engines in gas
liquefaction was in the Claude cycle, shown schematically in
Fig. 31. Baslcally, the expansion engine serves the same pur-
pose in this cycle as precooling in the precooled Linde lique-
faction cycle. A prime source of 1lnefficlency in the basic
Linde cycle 1s the 1rnabllity of the low pressure stream, because
of its low heat capacity, completely to cool the high pressure
stream. In thls case, extra cooling 1s applied to the high
pressure stream by the expansion engline. This cycle is shown
on a T-S diagram in Fig. 32, in which the lettered points cor-
respond to those in Flg. 31. It should be noted that the dotted
line c-p represents perfectly isentropic expander operation,
while the solid line c-f represents antlcipated 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 liquefactlion, except that the liquefaction temperature
would be T7°K.

High pres:.re, p; = 40 atm. Initial temperature, T,
300°K. Low pressure, pp = 1 atm. Liquefaction temperature,
T = 82°K. Temperature, Tg, of expansion engine intake = 200°K.

Temperature, Tfr, of expansion engine exhaust = 110°K. Temperature
Ta, at exlt of first heat exchanger, E;, = 288°K. Temperature of

low pressure gas entering first heat exchanger, E;, = 170°K, and
x = 0.30.

It can be shown* *that the llquefactlon coeffliclient,
€, 1s given by:

(hy - hy) + (1 - x) (he = hy:

h& - hl (2())

and under the conditlions stated above this leads to a liquefac-
tion ceefficlent for air of 0.14 and the coefficlent of perfor-
mance, assuming an iscthermal compression efficiency of 67%,
would be approximately 0.5H kW-hr/lb.

*Davies, M. "The Physical Principles of Gas o iquetactlon and Low
Temperature Rectiflcation,” Publ. Longm&na{”br%un'anﬁ'Co., 1979
*#Daunt, J.G. Hdb. d. Physik 14, 1 (1950).
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TABLE 14

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

(from M. Davies, "The Physical Principles of Gas
Liquefaction and Low Temperature Rectification,"
Publ. Longmans, Green and Company, 1949)

ﬁigh pressure, p; (atm.) 6.5%.] 20 30 |40 60

Fraction of gas passing through 0.88 | 0.84(0.80 | 0.75
expander

Temperature of gas entering ex- 115 115 173 (191 215
pander (°K)

Power required (practical) 0.73]10.6 !0.55]0.51 | 0.47
(kW-hr/1b. )

*Kapltza Machine

Table 14 shcws conditions for operation of the Claude-
type air liquefiers at maximum efficlency. This table also gives
the coefficients of performance fo.. air liquefaction in kW-hr/1b.
for machines operating at about 25 liters/hour. We have calcu-
lated the actual practical corresponding coefficients of perfor-
mance for No liquefaction at a rate of approximately 1000 1lbs/day

on the basis cutlined above and the results are shown in Table
15 helow.

TABLE 15
No LIQUEFACTION USING CLAUDE CYCLE. ACTUAL POWER REQUIREMENTS
Method KW-hr/lb.
Claude Cycle (pl = 40 atmos.) 0.69
Kapltza Cycle (p; = 6.5 atmos.) 0.95

The Kapitza machine referred to iIn Table 15 operates on
a somewhat different cycle, as shown in Fig. 33. Basically, the
difference amounts to the omission of heat interchanger, E3, from
the basic Claude cycle shown in Fig. 31.
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Fig. 31 - Schematic flow diagram for Cleude cycle
ligque/ier.

36A




Fig. 32 - T-S diagran for Clc..le cycle liquefier.
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PPLY P2= 65 At.
Su
Tpo= 293° K
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EXCHANGER
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Fig. 33 ~ Flow diagram for Kapitza's air liquefier,

using one expander.

36C




3.2 SYSTEMS WITH ONE EXPANDER FOR REFRIGERATION DOWN TO 20°K

Thcce systems are ldentical with those described in sec-
tion V.3.1 which were for higher temperature operation. The flow
diagram 1s 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 1600 Helium Refrigerator described
in ADL Bulletin HRF 1645 for az 1.6 kW refrigerative load at 20°K)
and by Cryovac Inc. (BE 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 16.

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)

A. D. Little Inc. CryovVac Inc.

Property Model 1600 Model HE
aerrigerative
load at 20°K 1.6 kW 1.0 kW
Inlet pressure 300 psia 290 psla
Output pressure H0 pstia H58.8 psia
Gas flow C00 ke /by 0 lbs/nr
Power requlirement® 141 kW 73.% kW
Coeff. of performance’ 0.011 0.013

tas computed by the authors.

In calculating the power requlrements from the manufac-
turer's data, the authors, In order to be consistent with previous
computations in thls report, have assumed the isothermal compres-
sor efficiency to be 67% and the combined motor and motor-drive
efficlency to be U0%. Taking the sink temperature to be 300°K,
one obtaint the total power requlrements and the coefflclents of
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performance, CP, given in Table 16. 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 1?00 lbs/day would be 198 kW. (or 0.98 hp per liter/hr religque-
fied).

The above figures are conservative ratings. It i1s antici-
pated that by the use of centrifugal expanders and compresscrs
considerable reductions in the power requirements could be made
withO;uch single expander systems, reduciions 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:

j dL = T,.dS (27)

} wnere dL 1s the energy loss, T, the ambient temperature and dS
i the entropy change.

; Assuming an 1deal gas and assuming utilitization of mechan-

] ical work, the multistage expansion loss (equal ratio per stage)
E compared with the single stage expansion loss is given by:

1
i.; sz_ng]_e - lnlﬂ + (1 -n) (Pl/P2)(Y i 1)/1|

| T OV

(28)

where n is the adiabatic efficiency of each expander, P, and p,

the inlet and exhaust pressures, Y the ratio of the specific heats
and n the number of stages in the multistage system.

el

A second beneflt of multiple expansion is to decrease the
] irreversibillty in the main heat exchanger of a refrigerative
Y system. In this heat exchanger there 1is an interchange between
; the high and low pressure gas. Since the specific neat 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. 7.251.1962.

38




stream, 1t 1s desirable to provide additional cooling for the
high pressure stream by removing it from the heat exchanger at
an intermedlate point, reduclng its pressure and temperature in
an adiabatic expander, and returning it to the exchanger to be
further cocoled. There 1s thus a smaller mean AT in the heat ex-
changer and, consequently, a smaller energy loss in it. This is
illustrated graphically in Fig. 34. Fig. 35 shows a flow sheet
for a dense gas cycle modified by adding intermedlate expansion
of the high pressure stream.

To the author's best knowledge, no refrigeration systems
have been bullt in which multistage expansion 1s 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 exlst or have been proposed in which
cooling 1s provided both by expansion engines and by other
means, such as Joule-Thomson expansion or precooling by an ex-
ternal source, which 1s elther 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 wilth conseguent saving of
power in any of the systems previously discussed 1n this report.
However, 1t is not common to use englines for expansion into the
liquid region. Furthermore, in the reglion 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* descrilbes 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 thls study, delivering
10 kW of refrigeration at 23°K with a coefficient of performince
of 0.019. However, for smaller machines the coefficient of per-
formance should be about the same as that measured for this
larger system.

*See reference previouslv clted.
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3.42 HYDROGEN LIQUEFACTION USING THE CLAUDE CYCLE

The Claude cycle can be used for liquefaction of hydro-
gen. Although i1t would not seem absoclutely essentlal to employ
precocling, one scheme cited in the literature does use nitrogen
precooling of the high pressure hydrogen stream. The flow dia-
gram for this scheme is shown ' T 'g. 36. Chelton, Macinko and
Dean* have calculated the worn :0r lliquefaction performed on the
hydrogen as a function of expansion inlet temperature and pressure.
The results are shown 1in Fig. 37. Calculations were based on an
engine efficliency of 80%. Compressor efficlency 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 nitiogen. Fig. 38
shows the total work of liquefaction, assuming 65°K precooling,

Ts equal to 300°K and 0.284 kW-hr/1b to liquefy nitrogen at 1 atm.
For an inlet pressure of 40 atm. therefore, Fig. 38 shows that

the work required is 5.30 kW-hr/1b for ligquefaction of normal
hydrogen and 6.50 kW-hr/1b for liquefaction ard conversion to

95% para-hydrogen. (Note these values, as pointed cut in the foot-
note, have been computed assuming an lsothermal compressor effil-
clency of 67% and a combined motor and motor-drive efficiency of

90%

The evaluations above for the number of kW-hr/lb, are,
4 as noted, based on a very low figure of 0.284 kW-hr/lb for N2

; liguefaction, which can only be obtained in very large scale

4 (tonage) plants. For operatlion in a space vehicle, any stream
using Np precooling, such as the one described 1n thls subsec-
tion or in subsection 3.43, for liquefaction up to 1000 lbs/day
of Hp, would be much less efflicient in the production of the re-
quired relatlively small quantities of liquid nitrogen. For such
systems, therefore, it 1s consldered appropriate to assume a
value of 0.09 kW-hr/lb for Nz liquefaction, as for example has
been shown 1n subsection 3.14. tc be appropriate for small scale
production using a Claude cycle> Using this value, then the
revised figure for the total work of liquefaction of Hp, using
the Claude cycle, vecomes 8.75 kW-hr/lb for liquefaction under

3 the same conditions as previously assumed.

*Chelton, D. B. Macinko, J. and Dean, J. W. "Methods of hydrogen
ligquefaction" NBS Report No. 5520. 1Y57.

*¥70 make the data presented In Flgs. 37 and 38 comparable with
those presented earlier, the recults should be modifled to correc-
pond to an lsothermal compressor efficlency of 67% and then fur-
ther allowance made for the combined motor and motor-drive eflfi-
clency.
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HIGH PRESSURE
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N2 BOIL- OFF
H, GAS IN

LIQUID N,

LOW PRESSURE 4
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s > ENGINE
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RESERVOIR \

' Fig. 36 - Flow diagram for hudrogen liquefier using
E one expander.
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Fig. 37 - Work for Hp liquifaction cs a function of
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sure (excluding work required for lique-
Jaction of precoclant No), according to
Cheltan, Macinko and Dean, (NBS Report
No. 5520, 1957).
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Pig. 38 - Total work of liquefaction for Hy liquefier
using one expander and liquid N, preccolant,
according to Cheltcn, Nacinko and Dean, (NBS
Report 5520, 1957).
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3.43 DUAL PRESSURE CYCLE WITH EXPANSION ENGINE FOR HYDROGEN
LIQUEFACTION

Chelton, Macinko and Dean* have considered thls cycle
for liquefaction of hydrogen. It 1s 1dentical to a two-stage
J-T cycle with the exceptlon of the substitution of an expansilon
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 intermedlate temperatures
and pressures, as calculated by Chelton et al., is summarized
in Figs. 40 and 41. It may be noted that the Claude cycle is
inherently somewhat more efficient thermodynamlcally than the
dual-pressure cycle with expander. However, an advantage of
the dual-pressiire system is that, in the event of expansion
engine failure, the defunct englne could be by-passed with an
expansion valve, with liquefaction continuing at about 70%
capacity. In use of the graphs of Fig. 41, note again 7.st
be tzken, as discussed above in subsection 3.42, of the small
value in kW-hr/lb for the liquefaction of the Np precoolant
assumed by Chelton. et al. If, as assumed previously, the N
liquefaction on a small scale takes 0.69 kW-hr/lb, then this
system requires total work of 9.81 kW-hr/1b for Hp liquefac-
tion with 80 atm. Hp inlet pressure.

3.44 MULTISTAGE EXPANSION WITH LIQUEFACTION IN JOULE-THOMSON
VALVE FOR HELIUM L, IQUEFACTION

This type of process 1s common in the liquefaction of
helium, as exemplified in the Collins crvostat, marketed by
A. D. Little, Inc. One of the Collins-type h9lium liqueflers
uses three stages of isentrcplc expansion tollowed by expansion
through a valve. Such a machine has been bullt by S. C. Colllns
at the Massachusetts Institute of Technology. The temperature
drops 1in the three expanders are roughly as follows: 80°K to
45°K; 45°K to 25°K; 15°K to Q°K. For a rate of liquefaction of
25 to 32 1/hr with 11quid Np precooling, the power required (N2
plant excluded) 1s 45 kW and the actual work expended, including
that on Np plant, Is 11.5 kW-hr/lb.*% It 1s anticipated that for
Iarger scale operations, as for the upper 1imit conslidered 1ipn
this ctudy of 155 1/hr, centrifugal compressors and expanders
could be used wlith very marked Improvement in performance.

An alternative derivation of the power requlrement
would be to combine the data for the coefficlent of performince
for a multi-engine hydrcgen »2frigerator with J-T cooling (cee

*NBS Report No. 5520. 19497

*¥See, ror example, Scott, R. B., "Cryogenic Engineering," Publ.
Van Nostrand Co., 1999.

k1

i A A SN B RO

P—




e

subsection 3.41) with the data given in Section 2.5 for the per-
formance of a J-T helium liquefier precooled to 21°K. Referring
tn section 2.5, the hellum compressor power for the helium circuit
is 5.6 kW-hr/1b of helium liquefied, to which must be added 0.48
kW-hr/1b for the Np precooling in the helium circuit. 1In addi-
tion, the 21°K refrigeration, assuming a coefficient of perfor-
mance of about 0.02, (see subsection 3.41), would require 2.78
kW-hr/lb. The total therefore is 9.86 kW-hr/lb.
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Fig. 39 - Flow diagram and T-S diagram for dual pres-
sure cycle with expander engine for liquefac-
tion of Hp, according to Chelton, Macinko and
Dean, (NBS Repert No. 5520, 1957).
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V.4. STIRLING CYCLE SYSTEMS
4.1 GENERAL DZSCRIPTION OF CYCLE

Refrigerators, based on the Stirling cycle, have been
sucessfully and efficlently developed for liquefaction down to
No temperatures.* Englnes operating to lower temperatures, e.g.,
Hpo temperatures, are currently being developed.** Although this

technique 1s not new, having been adopted for example by Kirk for
ice-making machines in 1862, its method of operation i1s not gen-
erally famillar. A brief description of an idealized Stirling
cycle refrigerating engine therefore follows. Tne fundamental
requirements for such an englne are to have a compressor volume,
V., at the higher temperature, T;, and ar expansion volume, Vg,
at the lower temperature, Tg, and to allow a fixed quantity of
gas to pass alternately from cne volume to other via a regen-
erator, no valves being used (see Fig. 4Z2). 1In order to obtain
a refrigerating effect, the movements of the two plstons in the
two volumes must be out of vhase, such that the expansion volume
leads with respect to the compressor volume by about 90°.

The necessary steps in the functloning of a refrigerating
englne operating on an idealized Stirling cycle are set out in
Flg. 42 and are as follows:

l. Isothermal compression of the gas in V, with Vg zero. The
heat of compresslion Is ejected at the head of the compi »s-
sor at temperature, Ty, and 1deally the process can be
considered isothermal. On the indicator diagram of Fig. 42
this step follows the isother.al curve at temperature T,
from point A to B.

2. Constant volume gas transfer from V. to Vg. This step,
Tilustrated by the path B to C along the 1sochoric path
on the indicator diagram of Fig. 42 involves no work and
is achieved by simultaneous and equal increase in Vg and
decrease in V;. Duriﬁg this process the gas in passing
through the regeneratcr gives up heat so as to emerge
into Vg at temperature Tg.

*Kohler, J. W. L. and Jonkers, C. O. Philips Tech. Rev. 16.69 ¢ d
105 (1954). See also Malaker Lats., Inc., brochure "The Cryomlte."
*®*Malaker, F. Rossi, R. and Daunt, J. G. Paper prescnted at tenth
Natlonai Infrared Information Symposium, Fort Monmouth, N. J.,
Octcber 1963
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3. Isothermal expansion of the gas in VE with V. zero. The
refrigeration produced by the expanslon results 1in heat
absorbed at the expander at temperature Ty, 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 Vg to V.. This step,
illustrated by the path D to A along the isochorlc path
on the indicator diagram of Fig. 42 1is achieved by simul-
taneous and equal decrease in Vg and increase in V,. Dur-
ing thils process the gas in passing through the regenerator
picks up the heat stored there during process 2, and 1t
emerges in Vg at temperature Tg:

The cycle being one between two operational temperatures
is, 1deally, as efficient as a Carnot cycle.

In practice the most convenientiy arrangea pilston movements
for the compressor and expander are harmonic or approximately har-
monic. Such a harmonically operated system mcdifles 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 of mechanical simpli-
clty and reliability. It also lends itself to cascaded operation.
A further noteworthy advantage 1s that it requires no external
compressors.

4.2 PRACTICAL SINGLE-STAGE MACHINES

The Philips Company and Malaker Laboratories, Inc., produce
modified Stirling cycle refrigerators. The former company (under
Cryogenerators, Inc.) produce two reliquefiers or refrigerators
capable of operating down to about T75°K with refrigerative cap-
aclties of 0.9 kW at 78°K for arm input power of 11 to 11.%H k¥
and of 3.6 kW at 78°K for an lnput power of 41 to 42 kW. It alsc
produces a miniature urit with capacity of 1 watt at 30°K for an
Input power of abvout 290 watts and of 10 watts at 80 K. Tne
latter company producesd miniature unit, the Cryomlte, with a
capacity of about 8 watts at 77°K with an input power of approxi-
mately 220 watts, and are developing unlits for refrigeration at
20°K with capaclty ap to about 1 kW. In all caszes the heat re-
Jection 15 to ami tent temperature (300°K).
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Compressor piston moves up.
Expander piston stationary at top.
Heat given out by compressed gas.

(Path A to F on indicator diagram)

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)

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

(Path C to D on indicator diagram)

Compressor piston moves down.
Kxpander piston mowed up 3¢ that
gas is transferred from expander to
compressor at constant volume.

(Path D to A on indicator diagram)

Fig. 42

Steps in the operation of an idealizad
refrigerator basad on the Stirling cprcle.
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.3 COEFFICIENTS OF PERFORMANCE, POWER REQUIREMENTS FOR REFRIG-
ERATION AND "'“LTQ“UE‘ TACTION AT TEMPERATURES OF 77°K AND ABOVE

The ldeal coefflclents of performance, C.P., of Stirling

cy. .2 englines, even when operating wlith harmonlcal plston move-
ments, are the same as those of a Carnot engine, namely:
C.P. = T/(Tg - T) (29)

where T 1s the temperature of the refrigerative load and Tg the
tevoerature of the heat sink.

Actual coefficlents of performance are 1n practice smaller
than the Carnot values due to several causes, the most important
being: (1) non-isothermal conditions in expansion and compres-
sion, (2) regenerator and heat exchanger inefficiencies, (3)
heat losses due to Imperfect thermal 1solation of the cold'parts
of the engine, (4) drive motor inefficiency. It 1s convenlent
to assess the actual practical C.P. values for-machines operat-
ing down to 77°K by conslderation of observed values of the co-
effliclents of performance of exlsting Stirling cycle engilnes
wilth refrigeratlive load capaclty similar to those for the maximum
loads of interest in this report (see Section III). The practical

evaluations of C.P. (actual) for actual machlnes have been taken ...

from data by Kohler and Jonkers,* who gave data for the shaft
rover requlred for varilous refrigerative loads at different
temperatures. The values glven by Kohler and Jonkers have teen
dim:nished by a factor {100/85), in order to account for drive
mot . Inefficlency. The motor efficlency has been taken tc be
85% for the higher level of operation considered (1000 lbs/day).
Tno Jdata, so adjusted for motor inefflclency, is shown in Fig. U3,
whl 1 plots C.P, (actual) as a function of the refrigerative
load temperature, T, under the condition that the sink temper-
ature Tg 1s 3007K. The data are appllcable for operation with
a refrigerative load of abcut 1L kW.

£
c

Q’ D00 O

stimates of the power requlrement, P, for refrigeration
e t“vec meperatureq of interest, namely (1) 77°K %nitrogen
gae faction), (2) 85°K (fluorine reliquefaction), and (3) 90°K
men religuefactlion) were made 1n the following manner. At
Slgher power levels (approx. 1 kW, ths C. P. values were

»o from the curve given 1ln Fig. 43. At the lower power levels
aprrox. 0-0.73 kW) more conservative C.P. values were adopted.¥*¥
summary of thils data 1s glven In Table 17. The power require-
ent, p, in kilowatts for a glven refrigerative load, L, (in kW)
S then glven 1n the followlng equation: .

f

[RI !~4
[

=
-

b 53 e~ ot b b

*Keoller J. W. L. and Jonkers, C. O., Philips Tech. Rev. 16, 105
(19: ).

%fT: an from data given in Cryogenerator's Bulletin, CP1000-5M-862
cnd rom unpubllished data by Malaker [aboratorles, Inc.
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i)
C.P. = &= (30)

TABLE 17

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

(For sources, see text)

Low Power Levell Higher Power Level
T C.P. (Carnot)l C.P. (actual) C.P. (actual)
77°K 0.347 0.075 0.084
85°K 0.396 0.088 0.114
92°K 0.428 0.093 0.133

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

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

Tc estimate the power requirements for liquefaction by the
Stirling cycle metnod, it is to be noted that the sensible heat
of the gas at approximately atmospheric pressure from Tg 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 englnes (minlature engines), the
curves of Fig. 45 were drawn, wnich show the power p required for
liquefaction as a function of the liquefaction rate in liters per
hour for Np, Fp and Op.

Flnally, 1t 1s advantageous to express the liquefaction

figure of merit in terms of kW-hr per 1b of substance liquefied.
Thls data 1is presented in Table 19 for the two power levels.
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Fig. 45 - Power requirements (kW) for liguefaction
of Ny, Fp and 0p, using a single-stage
Stir‘fing cycle refrigerator system. Tg
is taken to be 300‘K. (For source of data,
see text.)
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TARLE 18

POWER REQUIREMENTS FOR LIQUEFACTION OF Np, O2 AND Fp
BY STIRLING CYCLE MACHINES

4 Low Power Level Higher Power Level

£ AH L

£ | 300°K to | (Latent P for 100 P for 1000
a B.P. heat) C.P. lbs/day | C.P. 1bs/day
3 | Joules/g | joules/g | (actual) KW (a:tual) KW

No 236 199 0.075 3.04 0.084 27.1

Fo 173 172 0.088 2.07 0.114 15.8

0o 192 213 0.093 2.27 0.133 16.0

TABLE 19

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

Liquefaction Figure of Merit
Low power level|High power level

Substance | Boiling Point [ 100 1lb/day) (1000 1b/day)
No T7°K 0.73 kW-hr/1b 0.65 kW-hr/1b

Fo 85 °K 0.50 kW-hr/1b 0.38 kW-hr/1b

05 90°K 0.55 kW-hr/1b 0.38 kW-hr/1b

All the above data are conservatlve ratings of the power
requirements based on current practice. It 1s anticipated that
for the period 19065-70 some Improvement can be made, mainly by
improvement of drive motor and drive mechanism efficiency, by
upgrading regenerator and hcat exchanger efficlency and by atten-
tion toheat lossec. Optimistic flgures for all the power require-
ments for Stirling cy-le liqueflers and reliqueliers should be
based on at least a 19% improvement on the data glven above.

4.4 EFFECT OF SINK TEMPERATURE, Tg, VARIATION ON THE COEFFI-

CTENT OF PERFORMANCE OF STIRLING CYCLE REFRIGERATORS
WORKING DOWN TO 77°K.

As 1s discussed In Section VII.2, the sink temperature of
space *liqueflers and reliqueflers 1s determined by the temperature

Wl



of the radlator. Moreover, as will be seen in Section vVII.2.5,
Lt 1s deslrable If posslble to use hlgh radiator temperatures in
order to save radlator weight. However, higher values of Tg re-
sult In reduced values of the coefficient of performance, C.P.,
of refrigerators.

Based on the data for Stlrling cycle refrigerators opera-
Ling, at about the 1 kW load level, 1t has been possible to esti-
mate the cflfect of varlation of Tg.

In the calculation, 1t has been assumed that for refriger-
ation at a piven temperature level the flgure of merlt, npel,
remaing constant. By varylng Ty, the Carnot coefficlent of per-
formance, C.P. (Carnot) can_be readily calculated for any given
values ol Ty and the refrigeration temperature T. If npel remalns
the same, then C.P. (actual) is immediately obtained and the re-
sults should be correct in first order. The results of such com-
putations are shown in Fig. 16 which shows C.P. {actual) for the
Stirling cngines described in Section 4.3, as a function of the
sink temperature Ty when refrigerating at 77°K, 85°K and 90°K.

It will be seen that, by golng to lower Ty values, marked gailns

in cfficiency can be made.

. CASCADED STIRLING CYCLE ENGINES FOR RELIQUEFACTION AND
LIQUEFACTLON OIF Hn AND Ty

ne sipnd flcant advantage of the Stirling cycle system 1is
that 1t can Le readily cascaded to provide temperatures down to
about 1H°K.  In practice such cascaded systems have been made by
Malaker Loboratorles Ince. and these englines invoive the use of
nul biple expansion volumes which are provided by a single stepped
picton device.  Such cavscaded systems can be two or three stage
oprocan be made into compound systems in which a cascaded Stirling
cyele enpine sorves ag a precoolant for a subsidiary Joule-Thomson
cycle for Hp or He rellquefaction or liquefaction.

e following werangements, amonpst others, are under de-
velopment by Malaker Inbovatories Ine.: (1) Small scale single
clape Stivling cyele providing precooling at 65°K for a J-T Ho
cireuwitt Lo provide vetripgevation at 207K or to liquefly Ho. For
Lhis the maxbhnum decipgn coelflcient ot performance is 0.015 for
perfeigorntion at 207K and the minlmum work for Ho liquefaction 11
kiw-hr/ib. {2) Small scale two stope cascaded Stirling cycle
system Lo provide 30K precooling for o J-T Hp cycle. For thils
Lho eabinge or thoe coctl'licient -of perfomance 1s > 0.009 for re-
Crrigmeration alt 207K and the work of liquefaction of Hp <19.5
FW-te/Lbe o (3) Smeell oseale three stapge cascaded Stirling cycle
sycbem Lo provide 157K precooling forr o J-T He cycle for refriger-
alion ot helio temperatires with coefficient of performance, of
OL00LY and with o desipn work of liquefaction of 13 kW-hr/1b He.
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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. Fig. 47 |
Shows "a diagramatic sketch of the steps followed in an idealized
arrangement. The main feature of the engine 1s a displacement
expander, D, consisting of a piston closed at both ends moving up
and down 1n 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
1s connected to the high pressure and low pressure sides of a
compressor through the lnlet and exhaust valves. The cycle of
operations, which is a closed cycle, 1s as follows:

1. 1Isothermal compression. With the displacer piston at
the bottom, the Inlet valve 1s opened and the top space
compressed from p; to pp. The heat of compression in the
top space 1s ejected at the head of the cylinder and
ideally the process can be conslidered to be 1sothermal
at temperature Ty

2. Constant pressure gas transfer. 1In thls step the piston
1s moved from the bottom to the top of the cylinder with
the inlet valve remalning open. The gas 1is transferred
via the regeneratcr 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, Tp

3. Isothermal expanslon. With the displacer plston remaining
at the top of the cylinder, the exhaust valve is opened
and the gas expands from p, to pyj. Durlng thls process
heat 1s absorbed at the lower end of the cylinder and
1deally thls process can be consldered lsothermal. 1In
passing back through the regenerator, the gas recelves
heat from it so as to.emperge at the 'r-~or end of T

‘v« Constant pressure gauo trancfer. Fln:lly when the gas
pressure is reduced to p;, the dlisplacer pliton is
allowed to fall to the bottom of the cyllalder, gas
passing back along the regenerator. Thils process 1s
at constant pressdre and returns the cycle Lo 1ts start-
ing point.

*Taconis, K. W. "Tethniques of Ve:y Low Tempeiatures," [alden, !
June (1950); also British Patent 635,948 (1yH0).
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In practice the so-called isothermal processes are not truly
isothermal and irreversibilities 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.

s

5.2 PRACTICAL MACHINES ‘

Operational refrigeratcrs 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 REFRIGERATION OR LIQUEFACTION AT
TEMPERATURES OF 7( 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 i1s the high pressurez at
which gas leaves the cold end of the regenerator and enters the
lower %cold) expansion volume, and if p, is the low pressure at
which the gas exits finaily from this volume, then since the pils-

ton movement does not work (being a dicplacer only), the heat
l 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 1s given by:

AH = (py - p2) V (31)
where V 1s the total maximum volume at the cold end.
It 15 found moreover (see references clted) that the exit
gas at the top end 1s at a temperature, Tg, somewhat above the

amblent or sink temperature, Ty, due to the 1senthalplc nature of
the cycle. Bearing this in mind, the quantity of gas per cycle

*See Gifford, W. E. and Hoffman, T. E. Adv. in Cryogenic Englneer-
ing 6, 82 (1961); Gifrford, W. E. ard McMahon, H. 0. Proc. 10th
Intarn. oz, of Refrig. (Copenhagen) 1, 100 (1959) and I, 105
{13507 McMakon, K. 0. and Gifford, W. E. Adv. in Cryogenic Eng.
5, 354 and 308 (1999) and McMahon, H. 0. Cryogenics I, ©5 (1300).
¥eyrycak, P. Cryogenics 3, 23 (March 19637,
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entering (or leaving) the cold end is:

_ bV _ poV
RT RTg

M

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, Tg, and assumes that on compression the
gas can be assumed to be perfect, then the ideal coefficient of
performance, C.P., 1is:

C.P. (ideal) =X = T Pp - P

P pyTg - ppT 1n (Pl/Pg) Ty (33)

Lﬁ

where I is the refrlgerated loid and P the input power. The viluc
of Ty can be determined from knowledge of the other parameters
citeg and the nature of the working gas.

Evaluations of the C.P. (ideal) have been made for various
values of T, uassuming helium to be the workling gas and assuming,
as has been successfully adopted in practice*, that p, = 300 psig,
pp = 7Y psig and Tg == 300“K. The data are presented }n Table 20.

TABLE 20

VALUES OF C.P. AND n ., FOR GIFFORD-MCMAHON SYSTEM
OPERATINC DOWN TO 77 K

(For sources, sece text)

(32)

cC.bP. c.p. Low Fower Loevel Higher Power level

T (Carnot) (Tdead )/ {C . (sctual) N0 C-P- (actual} n,.j
80K 0.363 0.164 0.05Yy 0.16 0.072 0.198
100°K 0.4 0. 200 0.07hH 0.19 0.091 0.182
14,0°K 1.0 0. 300 0.122 0.12 0.148 0.148
DO0%K 2.0 C0.h60 G167 0.084 0. 00 0. 104

'l
71denl values tor Ciftord-McMihon system wlith parameters as
slated 1n text.

*lce for cxample, MeMihon, H.O. Cryopentces 1, 04 (1y00).
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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
falr 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.1l) that for helium gas the isothermal com-
pressor efficlency 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
=t al (loc. cit.). We then have evalurted C.P. (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, mpe1l (Npe1 = C.P.

(actual)/c.P. (Carnot) ).

Estimates of the power requirement, P, for refrigeration

at the three temperatures of interest, namely: (lg T77°K Enitrogen
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 refrigera-

tive load, L at temperatures of 77°K, 85°K and 90°K, assuming the

sink temperature, Tg, 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.

Tt 1s to be noted that the Gifford-McMzhon system, even 1if
operated in an ideal manner with no losses or inefficiencles,
cdoes not have an ideal coefficient of performance, C. P. (ideal),
equal tc the Carnot C.P. (see Table 20). Only in the extreme
limit of Py 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 (pl -
P2)V per cycle) also tends to zero. As was pointed out by Hrycak
(loc. cit.), the McMahon-Cifford cycle 1s able to increase its
thermodynamic efficiency only by decreasing its 'volumetric effi-
clency', which 1s the refrigerating effect per unit volume of
the system. Tnis is common handicap of nearly all gas refriger-
ating systems. The notable exception to this rule is the Stirling
cycle, which in reversible operaticn has a Carnot efficliency and
this fact renders it particularly suitable therefore for minimum
power requirements.

In empluying 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.

He
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in addition to the latent heat load.
tion are given in Table 21 below.

To estimate the power requirements for liquefaction by the
Gifford-McMahon system of Np, Fp2 and 0o, it must be observed that
the sensible heat of the gas from Tg to its bolling point at

about 1 atmos. pressure acts as a full load on the refrigerator

TABLE 21

The data for the computa-

POWER REQUIREMENTS FOR LIQUEFACTION OF Ny, Op AND Fp
USING GIFFORD-MCMAHON SYSTEMS

(For sources, see text)

§ Low Power Level Higher Power Level
Q OH 4

w | 300°K to | (Latent P for 100 P for 1000
= B.P. heat) C.P. 1bs/day C.P. 1b/day
@ | joules/g | joules/f | (actual) kW (actual) kW

N, 236 199 0.056 4.08 0.068 33.5

Fy 173 172 0.063 | 2.87 0.076 23.8

0, 192 213 0.067 3.18 0.081 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
liquefactlon rate 1n liters per hour for Np, Fp and 0O2.

The liquefaction figures of merit in terms of kW-hr per
1b of substance liquefiled are given in Table 22.

TABLE 22

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

(For sources, see text)

Liquefaction Flgure of Merit
Substance | Bolling Point|(lower power levels){(Higher power levels)
No 77°K 0.98 kW-hr/1b G.805 kW-hr/1b
Fp 85°K 0.69 kW-hr/1b 0.57 kW-hr/1b
0, 90°K 0.765 kW-hr/1b 0.63 kW-hr/1b
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All the above data are conservative ratings of the power
reguirements based on current practice. It 1s consideced that in
the period 1965-70, by reducing inefficiencles 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 1is best 1llustrated 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. 1960) 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 clrcult which has inlet aud exhaust
pressures of 280 and 15 psia and a flow of 2 scfm for the 4 watt
refrigerator. The closed-loop J-T circult has heat exchangers
between the ingoing and outgolng He streams between all tempera-
ture levels.

Considerable detall 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
4.2°K, the full 10 hp of the compressor motor is required, then
the minimum coefficient of performance is 2.0054. This clearly
is a conservative figure. Other sizes of helium temperature re-
frigerators based on tire same compound cycle are marketed by
A. D. Little.

*See, for example: C(CGlfford, W. E. and H.ffman, T. E. Adv. Cryo.
Eng. 6.82. 19¢1. McMahon, H. 0. Cryogen.cs. 1. 65. 1966“"‘1‘
¥¥Hrycak. P. Cryogeaics, 3. 23. 1963.
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Fig. 50 - Powsr requirements (kW) for liquefaction of
No, Fp and Op, using single-stage Gifford-
McMahon engine versus rate of liquefaction
(liters/hr.). Tg is taken to be 300°K.
(For source of data, see text.)
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It 1s clecrly possible to design other arrangements of
compound cycles using Gifford-McMahon engines to provide, for
example, refrigeration at Hp temperatures, liquefaction of H and/
or He. They would follow the same general scheme as that ouf-
lined above for the helium temperature refrigerator. There is
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 engires, as outlined
above.




V.6  MISCELLANEOUS SYSTEMS

6.1 ROEBUCK DEVICE

In 1945 J. R. Roebuck* proposed a new type of refrigerator,
which 1s described briefly by Scott.** A diagram illustrating the
principle of this device 1s shown ian 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 1is lnsulated. 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*** 1is a device seemingly quite unrelated
to other schemes of refrigeration. A simple illustration of the
device is shown in Fig. 52. A ges at a pressure of the order of
magnitude of 5 or 6 atmospheres enters the tube tangentially
through a nozzle as shown by the arrows and expands, rotating and
attaining a high velocity. The gas may escape to the lelfti, through
the unobstructed full diameter, or through the mall centrally
dispoced 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 lirne. 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 tne
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
of -50°C and 200°C, respectively.##*#

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

*Roebuck, J. R. J. Appl. Phys. 16, 285 (1945).

*#Scott, R. B. Cryogenlc Englneering, publ. Van Nostrand Co.
(1959), p. 38.
#*#Rangue, G. J. U. S. Patent No. 1952281, December 6, 1952.
s#xw#ii1sch, R. Rev. 5ci. Instr. 18, I8 (1947). English Trans-

lation by Estermann, I.
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The performance of such a refrigerating machine operating
on this cycle has been calculated,* using date from Hilsch. Fur-
ther, the performance for cooling to about -50°C has been compared
to an analcgous machine uslng an adlabatic expanslon engine and
it was found that the Vortex Tube performance suffers by the com-
parison, beilng at least 13 times less efficlent. It may be con-
cluded that the Vortex Tube, while having the advantage of sim-
plicity, 1s not efficient enough to be of potential wide-spread
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 hellum 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 1s dependent on the use of materials such as
charcoal, silica gel, "molccular sieve" materials, etc., which
are well known to absorb large guantitles of gas per g. of
materlal at low temperatures,*¥*¥¥

A brief description of the method used by Mendelssohn for
the liquefaction of helium follows: Activated charcoal was
placed in a contalner, surrounded by a vacuum Jacket, which con-
talner had a pipe leading from 1t vertically upwaris so that 1t
could be connected either to i1 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 contaliner and the liquid hydrogen. In this condition, helium
gas vas introduced into the :ontalner where 1t was absorbed by the
charcoal up to a pressure of about one atmosphere. The heat of
absorption was taken up by the iiquld hydrogen. The vacuum Jjacket
was then evacuated of exchange gas, so adlabatically isola%ing the
charcoal container, and the charcoal containev was pumped by 23
fast vacuum pump. This pumpling desorbed the helium gas from the
charcoal and the process r«esulted in a coollng of the absorbent
to approximately 4°K. Tnis cold containor then served to permit
condensation of liquld hellum in a separate container thermallv
attached to the charcoal :container.

*Daunit, J. G. Handbuch der Physik, XIV, 1 (1956).
*#Simon, F. Puys. Zelt. 27, 7§C T\9207.
s###Mendelssohn, K. Zelt. . Phys. 73, 482 (1931).

#t##See for exampld, ltterbeek, F. V. and Dirgenen, W. V. J. Phys.

Radium 11, 25 (1940), for data for helium on charcoal.
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The adsorption method of cooling, as described above, 1s a
"one-shot" procnss, which places 1t in a poorly competitive posi-
tion for mos:u reirigerative applications with a continuous cooling *
method. To date, no continuous closed cycle desorption refriger-

: ation process has been prcposed or developed and 1t 1s considered |
: that this adsorption technique 1s unlilkely to become of immediate

g practical significance for continuous liquefaction or reliquefac-
4 tion of gases.

6.4 SOLID STATE DEVICES

6.41 THERMOELECTRIC CCOLING

McCormick* has studied the potentialities of thermcelec- 1
tric cooling in the range below T7°K. It is clear that existing
knowledge does not permlt the construction of practical thermo-
electric coolers in the temperature region of liquefied gases.
However, 1t 1s concelvable that some future materials break-
through could lead to thermoelectric devices belng used for gas
liquefacticn.

The baslc phenomenon on which thermoelectric coolers are
based 1s the following: Whenever a circuit composed of two dis-
similar conductors is so situated that the junctions are at
GQlfferent temperatures, an electromotive force can be observed 1n
the circuit. This, of course, is the familiar effect upon which
thermocouples are based. It has as 1ts corollary the fact that
; an emf applied across the Jjunctions, if they are thermally iso-
lated, will cause them to be at different temperatures, the cur-
rent through the circult causing heat to be evolved at one Jjunc-
tion and absorbed at the other. Thus, a schematic diagram for a
thermoelectiric refrigerator would be as shown in Fig. 53.

T

The effectiveness of a thermoelectric device is a func-
ticen 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, 1is given by:

T ap
4 Rpy Kpy

*McCormick, J.E., "Cryogenic Thermoeiectris Cooling," ASTIA Docu-
ment #AD259770, May 1961. -
¥¥Tor a Tuller account, see, for example:

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

Goldsmid, H. J. "ApplicatIons of Thermoelectricity,"”" Publ.
Methuen and Co., 1960. -

1 lqgacbonald, D. K. C. "Thermoelectricity," Publ. Wiley and Sons,
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Fig. 53 - Schematic diagram for a thermoelectric
refrigerator.
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where T = temperature, absolute,

apy = Seebeck voltage for couple,

Electrical resistance of circult,

os
e
=,

]

= Thermal conductance of circuit.

al
o
=z
!

In terms of the properties of individual thermoelements
(assuming joint resistances to t2 negligible),

R - PP'p PN Yy
PN T TAp LY (35)
where p = electrical resistivity of each element,
L = length of element,
A = cross-sectional area of element,
and .
Kphp Ky
Kew = 4 * T (36)
where K = thermal con?uctivity of each element.

If the two elements are arranged in the optimum
configuration, then 1t can be shown that

2 2
apN - (GR = C‘N) (37)

It 1s convenlent to relate this expression to Ioffe's definition
of his figure of merit, Z, defined such that

. hm (op - °N)° (38)
L = o= =
y \ 7
T (/opKp + /opRy)?

It has been demonstrated that, for any couple, the
maximum temperature diflerence between the heat sink and the
object being cooled 1s given by the expression:

ATpax ™ My Tsink (39)
where My 1s the effective .Igure of merit and 1is Jdefined by
2 °Taink - &9
My _—— (40)
] 2
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For materials tested at 77°K the best values of Z are 1n the range
0.5 x 1073 to 5 x 1073 (l.e., M, from 0.0l to 0.10). Recently
Smith and Wolfe* have shown that Bi-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. 54 shows the maximum %for optimized configuration)
drop in temperature, ATpgx, for a single Junction produced by a
single stage thermoelectric refrigerator plotted against the mean
temperature, Ty. The lower curve in the figure is for Z = 1.5 x

F 10'3, as found for many commercial product.,. The middle curve 1is
for Z = 5 x 16-3 and the upper curve represents wnat might be
expected in possible future development. If one assumes &an My
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 practlcal.

At ambient conditions, a value of My = 0.3 (i.e., 2 =4
X 10‘3) is failrly common. If we assume that we can achieve this
figure of merlt at lower temperatures, then 1t would be possible
to go from 77°K to 20°K in four stages. It has been derived that
the coefficlent of performance for each stage 1s given by the
expresslion:

T S T TR R T ST T IR e

AT
T+ oMy - 1 -5
max /1 + BNy o+ 1 (41)

<
oo}

f
I
1

Using thls expresslon tror CP and the formula AT = 2M1T51nk, it
m2y be calculated that it requlres ten thousand watts of power
to deliver one watt of refrigeration at 20°K with a heat sink at
TT°K.

It may be concluded that at the present state of knowl-
edge of the propertles of thermocelements, thermoelectric coollng
15 not corpetltlive wlith exlisting gas systems for supplyling re-
{rlgeration In tnetemperature reglon of liquefled gases from the
puolnts of view of efticlency cr practicallty.

*>mlth, G. E. and Wolfe, R. Bull. Amer. Phys. Soc. 2, 137 (1o0l).
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Pig. 54 - Noximum temperature drope for single-stage
tharmoelectric coolere.
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0.492 GALVANO-THERMOMAGNETIC REFRIGERATORS

The theory of galvano-thermomagnetic refrigerators has
been dlscussed by many authors, notably O'Brlen and Wallace, by
Harman and Honlg, by El-Sacen, by Norwood and by Delves.* The
theories cover many possible arrangements of systems and the
three of the simpler arrangements wlll be discugsed here. TFollow-
ing Harman and Honlg, conslider the two element device for longi-
tudinal modz of operation 1llustrated in Fig. .55 —7T%t consists
of two rectangular paralelloplped bars designeced as 4 and r re-
spectlvely. The rlght hand bar is a p-type semiconductor and
the left hand an n-type. The ends of the bars are thermally
at@ ched to two reservolrs. The upper reservoir at the temper-
ature T) constitutes the "cold-he2d"; that is to say, the re-
frigerated load. The lower reservolr, at the temperature T2:

s the heat sink., such that T > T7. The ends of the semicon-
ducting bars at the lower temperatire end (Tl) are connected
electrically for operatlon i1n the longltudinal mode discussed
in thils sub-sectlon. A magnetic fileld. of Intensity H, 1is
externally applled at right angles to the current flow, along
the z axis of Flg. 55. An electric current is fed into and out
of the lower ends of the bhars, which are both malntalned at
temperature Tp btut which are electrically insulated from each

other.
Tne theory of such w' refrigerator as resented b Harmen
J Y

nd Honilg** results in a calculated cptimal coefficlent of per-
rmance, CPr,, gilven by:

T1 (M y = To/Ta)

o
e e e W-~”'GI%:_JLM(ﬁié_tj”ﬁi{)-- . (imik ﬂLI) \
where A Ig glven by the 2xpression:
AE =Ll (T e ) (R - P ) /RIK (43)

*C'Brien. B. J. and Wallace, C. S. J. Appl. Phys. 29, 1010 (1958}.
Harman, T. C. and Honig, -J7. M. J. Appl. Phys. 33, 3188, 3178
(1962). and 1bid. 2h, 189 (1963). See aiso Harman, T. C. J. Appl.
Phys. 34, 239 (1963) and Appl. Phys. Lett. 2, 13 (1963). ~———
El-Saden, M. R. J. Appl. Phys. 33, 1800 (I%62).
Norwood, M. H. .J. Appl. Phys. 34, 594 (1963).
Delves, R. T. Brit. J. Appl:- Phys. 13, 440 (1962)+
**Harmon, T. C. and Honlg, J. M. J. Appl. Phys. 33, 3188 {1962).
See also iame authors, J. Appl. Fhys.. 33, 3I7% (1962) and 3k,
187 (1903). =
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where P, and Pp are the Ettinghausen-Nernst coefficients* for the
left hand and right hand bars, Rp 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 3T/Jdy = O. For each mode of operation the appropriate
adiabatic or isothermal Ettinghausen-Nernst coefficlents 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, zOPt, for this longitudinal

mode of operation: L
2
0Pt _ (P, - Pp)
- T 1 2

where k; and Kk, are the average thermal conductivities of the left
and right hand bars and P4 and Pr are the average electrical re-
sistivities of the left and right hand bars.

(i)

It is to be noted that in equation (42) for the coeffi -
cient of performance the first term, Tl/{Tg - T1), on the right
hand side is the ideal Carnot refrigeratcr coeffic¢ient 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;
at,

constitutes the '"cocld-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 thc end ai temperature Tp. The center points of both bvars

closest to each other are electrically connected by a shorting
bar, and electric current is fed into the centecr point on the
outside of bar ¢ 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 definiticns of the various galvano-magnetic coerfécients
see: Mazur, P. and Prigogine, I. J. Phys. Radium 12, 01 (19515.
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As found by Harman and Honlg, the optimum coefficient of
performance, CPp, in this transverse mode of operation 1is given
by:

T 1 - A1y /T
Py = 1 (1 - Ap1y/Tp) (45)
(T, =~ T1) (I + Ag)
where A 1s given by:
1 2.2
fp=1 - 7 TN /ReK (46)

where N 1s the average transverse Nernst coefficlent, Rp the

total electrical resistance of both bars 1n series in the y
direction and K is as defined earller.

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

Zopt = H2N2/K o
i\ (47)

where the symbols have thelr previously deflned significances.

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

Longitudinal: AT = =— o
g e 2KR; . z 2007 (48)
2,2
H°N'T
Transverse:  ATp.y = _____?_ = %? ZTT22 (49)
2KRr

Where Z; and Zp are the longltudinal and transverse figures of
merit.

Thecse are to be compared with the expresslons given
earlier for the maximum temperature difference attainable by
thermoelectric cooling, which for small temperature differences
yleld the approximate expression:

2 —_—
- Q
Thermo-electric: AT (ap N =L g7° (50)

max = Rpk)Pl/e i (pk)%/?]e 1%
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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 1s a single element of
an intrinsic semiconductor opérating in the transverse mode, as
schematically illustrated in Fig. 57. In this the electric cur-
rent 1s 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
requlirement for one working material only. The maximum tempera-
ture difference obtainable is as fgr the two-element transverse
systems given by ATpayx = (1/2) 2pT< where Zp = HSN/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 lcngitudinal case equal to 7.3 x 10‘3/°K 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 cbtained therewith temperature drops of about 5°K,
starting at 77°K. For other data, see previous references cited.
Kool 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 Zq = 10/T to achleve a coefficient of performance of one
tenth that of a Carnot refrigerator, which values of Zp are far

beyond any reasonable extrapolation of current developments 1n
galvano-thermomagnetic materials. These results seem to indicate
that galvano-thermomagnetic refrigerating devices, although theo-
retically they should have flgures of merit of about ten times
better? than thermoelectrlc cooling devices, are still not competi-
tlve with gas cooling systems and the comments made earllier con-
cerning such thermoelectric devices are applicable to galvano-
thermomagnetlic refrigerators operating in longltudinal and trans-
verse modes. Whereas by the development of better semiconductor
materials with higher flgures of merlit, it may be possible in the
future to uce galvano-thermomignetic devices for cryogenlc re-
frigeration, at present they clearly requlre multiple cascading
(3? shaping##) to achieve anv signiflicant temperature drops,

and thls results in inefficlent devices. Moreover tnese galvano-
thermomagnetic devices all requlre thelr accompanying magnetic
filelds which may use further power 1f permanent magnets are not
used. (the use of superconducting magnets in perslistent modes of

*See references glven earlier.

**Wolfe, R. and Smith, G. E. Bull. Amer. Phys. Soc. 7. 173. (1962).
**%xcuff, K. F. Horst, R. B. Weuver, J. L. Hawklns, S. R. Kool, C. F.
and Enslow, G. M. Appl. Phys. Letters. 2.145. (1963).

#Kool, C. F. et al. Lockheed Missiles and Space Co. Tech. Report

No. ASD-TDR-62-110C. Mar. 1G03.

#FFFor discusslion on "shaping" see O'Brian and Wallace. (loc. cit.)
and Kool, C. F. et al. in above reference.
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operation would obviate additional electrical power requirements,
but they in turn need low temperatures for their operation, the
maintenance of whicn 1s power consuming.)

6.5 MAGNETIC COOLING

This process of the cooling of paramagnetic salts by adia-
batic demagnetization* 1s used for obtaining temperatures well
below 1°K, starting from temperatures obtailnable with liquid hel-
ium (1°K to 4°K). Although it i1s not applicable for refrigeration¥*#*
or liquefaction of the subject gases 1n this report, a brief re-
view of the technique 1s 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 1s located in a space
(vacuum Jacket) which can elther be highly evacuated or contain
"exchange" gas and which is cooled to as low a temperature, Ty,
as possible by a bath of liquid helium (T4 ~1°K). The steps in
the process can be followed by use of the entropy-temperature
diagram cf Fig. 58. Initially the vacuum Jacket contalns some
exchange gas so that the working paramagnetic salt 1s 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 polint the vacuum jacket is
pumped to high vacuum, thus isolating thermally the working salt
from 1ts surroundings. The external magnetic field, H, is then
reduced tc zero and the salt follows the isentroplic path bsc, so
reducing its temperature to Tp.

Typlcal values of Ty obtainable with chromium potassium
alum for varlous initial conditlons of T4y and Hyp are shown in

Table 23.

The success of the methud 1s dependent on the {fact that
the entropy change on magnetlzation, Asmag: ls large compared
wlth the total entropy, Si, the system at Ty and H 0. For
example, for Ti = 1°K and Hy - 20KG, ASp,.,/Sy 1s 83% for iron
ammonium alum and 78% for chromium potassTum zlum and In

*For general Jdescriptlions see, for example: de Klerk, D. Hand-
buch der Physlk, Vol. XV, p. 238 (1956); Casimir, H. B. G. "Mag-
netlsm and Very Low Temperatures," Cambridge Phys. Tra-ts (1940);
Garrett, C. G. B. "Magnetic Cooling," Harvard Unilv. Press (1954
#**For continuous magnetlc refrigeration below 1°K see: Daunt, J. G.
Prcc. Phys. Soc. (London) B 70, 641 (1957) and Heer, C. V.

Barnes, C. B. and Daunt, J. G. Rev. Sci. Instr. 25, 1088 (1954).
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.1sequence very low temperatures, corresponding to the low en-
tropies or. magnetization, can be achlieved. This result that

ASmag/Sy 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 1s negligible com-
pared to the magnetic contributions when Ty is of the order of
1°K. At higher temperatures the (T > 10°K) lattice entropy and
hence the total entropy, Sj, becomes much larger and additionally
ASpge Decomes much smaller. (Asmag = F(Hb/Ti§ ). These two
effects result in very small values of ASp,,/Si and hence yleld
very small temperatures changes on adiabatic demagnetization.

TABLE 23

FINAL TEMPERATURES OBTAINABLE BY MAGNETIC COOLING
OF CHROMIUM POT.\SSIUM ALUM

T4 ( °K) Hy, (KG) Te(°K)
1.12 10 0.08
1.13 15 0.06
1.11 20 0.033

66

e e




Fig. 58 - Schematic of steps taken in magnetic cooling
system plotted on an S-T diagran.
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VI. SOME DATA ON COMPRESSORS, MOTOR” AND EXPANDERS
VI.1 COMPRESSORS

In evaluation of compressors, we are concerned with size
and weight, efficiency, rellabllity and adaptability to space
environment. Reliabllity and adaptability to space environment
are functions of the type of compressor employed, while for each
type of compressor size and welght and efficlency are functions
of throughput and comgression ratio.

There are two major classifications of compressors: re-
ciprocating and centrifugal. 1In addition, other designs such as
the bellows compressor have been proposed to meet specilal 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 1list 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 avallable for the compressor
separately, but only for the unlt as a whole.

A common assumption in the literature, when making studies
of comparative cycles or other studies in which compressor effi-
clency 1s a factor, is to assume that the isothermal efficiency
of compression 1s same constant amount, such as typically 70%.
The isothermai efficlency is defined as the ratio of the work
required in isothermal compression from the input condition to
the work actually required.

An 1nteresting and useful format for expressing compressor
performance 1s shown for example in Fig. 59 (Taken from data
supplied by Ingersoll-Rand Co., sheet 9500.10-2. 1960). Here the
power per unit rate of volume flow 1s plotted versus the compres-
sion ratlo with the specific heat ratio, as a parameter. Inlet
pressure 1s assumed to be 14.4 psia.

For a perfect gas, the work of isothermal compression is
glven by the equation:
Py
W= -PV In — (51)
|
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If we assume that we are compressing a perfect gas, we may then
take points on Filg. 59 and test the assumption of constant iso-
thermal efficlency over the range of operation. Thils test leads
to the result that the isothermal efficlency 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 Isothermal Efficlency
Specific Heats Compr. Ratlo =2 Compr. Ratlio =5
1.10 T4 78
1.2 72 T4
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 efficlency 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 flulds of interest in this study,
relatively lower isothermal efficiencies may be anticipated with
helium, and monatomlic gases in general, than with the other
fluids. It 1s seen in the section on expanders also that re-
ciprocating expanders are less efficlent when used with mon-
atomic than with diatoe:ic gases.

The minimum size of the machines covered by Fig. 59 1is
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
efficlency must be taken into account also. Motor efficiency is
defined as the percsntage of power supplied to the motor which

68
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actually reaches the shaft. Estimates of thils can be made for
three phase, 60 cycle motors from Table 25 collated from data
provided by Rellance Motors.

Welghts of recliprocating compressors are a function of
both horsepower and pressure ratio. Data on sizesand weights
of two and three-stage compressors including motor, in the size
range of 20 to 150 horsepower, are presented in Tebles 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 welghts of potentlally space-borne reciprocating units are
the weights of lighter, air-cooled units which are currently
marketed as belng sultable 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. Dimenslons and weights of these machines are tabu- P
lated in Table 30 including driver.

TABLE 25

MOTOR EFFICIENCIES

yData provided by Reliance Motors) |
3 Phase, 60 Cycle, 40°C Rise ]
(Protected - Design B)

|
Sync Efficiency '
HP Speed RPM[4/4 of full load | 3/4 of full load
1800 84.5% 81.5%
1 1200 7.5 78
900 70 76
3600 81 80.5
2 1800 81 81.9
1200 i 80
400 T 7
3000 60 Ty
10 1800 8% 85
1200 8.5 88
300 88 8Y
SOV 87 87.5 b
29 1800 :f\).f) \)l.‘) ;
1200 8u.5H 91 3
100 80.¢ 87

Ly
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TABLE 25 (Cont'd)
MOTOR EFFICIENCIES
| (Dat r.covided by Reliance Motors)

3 raase, 60 Cycle, 40°C Rise
(Protected - Design B)

Sync. Efficiency
HP  [Speed RPM [4/4 of full load |3/4 of full load
| 30 3600 87.5 88
1800 92 91.5
40 3600 88.5 90
3600 90 92
50 1800 90.5 92
1200 30 91.5
900 88.5 90
3600 - -
75 1800 92.5 93
1200 90.5 92
3600 - -
100 1800 91 92
3600 = -
125 1800 92.5 92.5
150 3600 - -
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TABLE 26

SOME DATA ON TWO-STAGE INGERSOLL-RAND COMPRESSORS i

{Source: Ingersoll-Rand Co., Form 3250-C)

Dimensions Including

Piston Max. V-Belted Motor Approx.
Displ. Pres. Motor feet-inches Weight*

cfm psig HP. L W H 1bs.
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 2310
177.5 500 40 g-4 3-0 4-3 3710
289 500 75 15-8 3-7 4-11 7280
421 500 125 17-4 3-10 5=7 9900

TABLE 27

SOME DATA ON THREE-STAGE INGERSOLL-RAND COMPRESSORS
(Source: Ingersoll-Rand Co., Form 3250-C)

Dimensions Including

Piston Max. V-Bel ted Motor Approx.
Displ. | Pres. Motor feet-inches Welght*

cfm psig HP L W H lbs

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 4.3 4-11 8322

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

64.8 2500 20 11-3 2-10 3-6 2075

124 2500 50 13-1 3-4 4-3 4460 i
200 2500 75 17-7 4-1 411 8490 |
312 2500 125 20-1 | 46 5-6 11,100 |

*Boxed for domestic shipping;
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TABLE 28

SOME DATA ON GARDNER-DENVER WATER-COOLED COMPRESSORS

(Data from Gardner-Denver Corp.)

Displacement Size (Inches)**| Weight***
cfm Pressure | HP* | L W H lbs
32 100 5 48 20 33 925
64 10 [71 |20 | 35 1540
131 25 T4 24 41 2455
184 30 | 75 30 43 3090

/LIS § T S 8 ¥ 4

**TIncludes compressor, base, coupling and motor.
¥*%*Includes compressor, base, coupling, motor and skids for

shippiag.

TABLE 29

SOME DATA ON INGERSOLL-RAND HIGH PRESSURE COMPRESSORS

300 TO 1000 PSIG

Piston 300 500 1000

Displacement psig psig psig

Symbol Cu. ft. per min. BHP# BHP BHP
231 7.4 1.9 2.3 -
6.75 - - 2.7

223 8.6 = 3.1

9.55 = - 3.9

u1 12.7 3.3 3.6 4.1
15.2 3.9 4.4 =
(T2 36.0 9.0 10.2 -

31.4 9.35 10.5 12.6

1572 41.2 - - 16.4
49.5 14.6 16.4 -

72

#BHP = Horsepower to compressor shaft from motor.




TABLE 29 (Cont'd)

SOME DATA ON INGERSOLL-RAND HIGH PRESSURE COMPRESSORS
1500 TO 5000 PSIG

Piston 1500 2000 2500 3000

Displacement psig psig psig psig
Symbol | Cu. ft. per min. BHP* BHP BHP BHP
6.75 2.8 2.9 3.1 3.2

223 7.6 3.25 3.4 3.55 3.7
9.55 4.1 4.3 4.5 4.7

25.0 10.7 11.3 11.9 12.3

1573 23.2 9.55 10.15 10.55 11.0
17.4 7.15 7.6 7.95 8.2

4R15 23.55 - 10.7 11.2 11.6

*BHP = Horsepower to compressor shaft from motor.

TABLE 30

SOME DATA ON INGERSOLL-RAND HIGH PRESSURE COMPRESSORS

DIMENSIONS AND WEIGHTS, INCLUDING MOTOR

Dimensions, 1in,

Symbol ) W H Welght#, 1lbs.
231 36 20 19 290
41 Ly 22 25 500
7T2 52 24 31 690
1572 59 28 34 1150
1573 58 28 33 1070
4R15 42 30 35 850

#Boxed for domestic shipment.

73

ek ki BERT I .




From the data tabulated above, the welghts of reciprocating
compressors complete with motors and drives have been estimated
as a function of power input (kw) and the results are shown in
Fig. 60 in which the shaded area indicates the range in weight.
Also in the figure are shown the welghts 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. 61 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
dat§ supplied by the Generazl Electric Co. [Bulletin -62(15-M)
200).

All the data presented here, both 1n tabular and graphical
form, are conservative ratings based on currently available com-
pressors and motors. Considerable reductions in welghts and vol-
umes, particularly in the volumes, could be anticipated by speclal-
ized custom design =2nd by the use of lightweight materials, al-
though 1t 1s 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 o1l lubrication. As
1s discussed elsewhere in this report, it 1s desirable that com-
pressors for space systems be oll-free to permit their operation
in any attitude, to obviate the weights and volumes assoclated
with filters, etc., which otherwise would be necessary to remove
the oill entrained in the working gas and to ensure reliable block-
free operation of the cryogenic systems. It 1s known that de-
velopments are in progress on oil-free compressors,* particularly
for small sizes, and it is anticipated that this musi 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 alr 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 welghts
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. Refrig. (Mar.-Apr. 1959),
p. 37 and references to be found In the "Bibliographic Guide to

Refrigeration,” 1953-1960 of the Internat. Inst. of Refrig. and
Manufacturers brochures.
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from data quoted in Table 31. The data presented are for cur-
rently available items and consequently reflect conservative l
practice. For space-borne operation conslderable savings in
weight and volume can ve anticipated from future development, due
to the use of light-welght materlials, etc. It 1Is to be noted .
that the data presented here are for rather large size compres- |
sors, for input shaft powers larger than about 100kW. (Compare
Figs. 60 and 61 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 t:cause of the ultimate possibility of much
I higher isothermal efficiency than that obtained with reciprocat-
ing compressors. Further, since centrifugal compresscrs run at
higher speeds, motor efficlency will be higher at sma'i.ler sizes.
A further advantageous feature assoclated with centr'fugal ma-
chines i. the fact that they can readily be constructed to run
with gas bearings, so increasing the rellability 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
E 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-2088-R, September 27, 1962.
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VI.2 EXPANDERS

A preliminary investigation reveals three baslic 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 sulted. The radial flow lnward expander is
good for high volume flow expansion entirely in the gas phase.

If i1t 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 1is capable of expansion into the liquid
region. For low flow rates and/or high pressure ratios the re-
clprocating expansion engine is the cholce. Hansen** cites a
brcak point of 10:1 pressure ratio and 15,000 SCFH flow rate, in-
dicating that below thils. 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 facllity they present for use of gas bearings
have attracted the attention of designers cf small systems.
Kunimoto*** mentions an axial turbine for use 1n a system designed
to give 50 watts of refr'geration at liquid nitrogen temperature.

The radial expander is primarily sultable for high flow gas
expansion. The lower practical 1limit of flow 1s set by structural
limitations. In particular, manufacturing limitations set a
lower 1imit on wheel width and an upper 1limit on turbins 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 ai 40,00C RPM

"Turbine Expanders for Low Temperature Application," Bulletin
G-2933, Worthington Advanced Products Division). Trepp ("Refrig-
eration Systems for Temperavures below 25°K with Turbo-expanders,"
Advances in Cryogeni: Engineering, Volume 7) claims operating
speeds of 92,000 RPM for turbo-expanders in an existing system.
Fig. 65 shows minimum throughput versus isentropic enthalpy drop
for a radial expander at various speeds. Similar data on exist-
ing radial Worthington machines are shown in Fig. 066. At design
point, according to Worthiigton, radial expansion turbines may be
expected to have 85% adiabatic efficiency. Hansen Indlcates a
similar number (Fig. 67). The welghts and dimensions of the

*See, for example: Collins, S. C. and Cannaday, R. L. "Erpan-
slon Machines for Low Temperature Processes, Oxford Univ. Press,
Edmister, W. Chem. Eng. Prog. April 1951, p. 191; Brown, E. H.
J. Res. NBS 6lCI—W‘*§“7~S“Mac, 0. 1, Jan-Mar. 1960, p. 25.

¥¥Hansen, 0. A. "Extremely Low Temperatures," Chem. E?%. Peb.22,'%9.

*#%Kunimoto, W. Y. "Closed-cycle Cryogenic Re n Systems,
The Garrett Corp., Report No. AE-2088-R.
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Worthington expanders of Fig. 66 are shown in Table 32, (Worth-
ington Paper G-2933).

TABLE 32
WEIGHTS AND DIMENSIONS OF SOME WORTHINGTON .TURBINE,K EXPANDERS

(Taken from Worthington Paper G-2933-2)

Igth. |[Wdth. [Hgt. |Wght.
(in.) | (in.) [ (in.) | (1bs)

MR-600 - Monobloc design, compressor
brake, R-600 turbine 56 47 70 3,500

MR-1200 - Monobloc design, compressor
brake, R-1200 turbine 80 91 104 (11,000

MA-5600 - Monobloc design, compressor
brake, A-600 turbine 48 47 64 3,000

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

For expansion into the liquid region, an axial impulse tur-
bine 1s required. As a rule of thumb, the lower flow limit for
efficlent operation of axial expanders seems to be 1/5 to 1/1C of
the minimum for radial expancers. 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 1is reduced by
one-half of the percentage of liguefaction. For example, if the
exhaust contains 6% liquid and if dry efficiency is 75%, then the
efficiency would be as follows:

, 06 ,
{1.00 - —-é—' ) (.75) = .97 (.75) = 73%.

In addition, the axial impulse turbine may be turned down
to a lower percentage cf its capacity flow than the radial re-
acrtion turblne. Thils 1s because the radial turbine demands a

cull circle of nozzles. To cut down flow, the flow to each
nozzle 1s throttled, thus causing inefficient expansion in the
nozzles. The axial turbine, on the other hand, may be adapted to
4 wide range of flows by changing the number Qf 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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axlial and radial turblnes are shown in Fig. 68 (from Jekat, "An
Impulse Type Expander 7Turbine," Advances 1n Cryogenlc Engineering,
Volume 2). o : S o o

L

For flow rates tco low for expanslon turbines; the flexible

‘ rod reclprocating expanslon engine is recommended. This type of
' machine 1s described by Collins ("Expansion Machines for Low
J Temperature Processes," Collins and Canaday, Oxford University

Press) and in "Infrared Detector Cooling in Ultrahigh Altitude
Vehicles," by the Garrett Corp. (ASTIA Report No. 222204). A~
similar expansion engine 1s used by Air Products in a small re-
frigerator ("A Closed-Cycle Helium Refrigerator for 2.5°K", Zeltz
and Woolfenden, Cryogenlc Engineering Conference, 1962). Accord-
ing to the above references, the efficlenciés to be expected are
as shown in Filg. 69. Efficiency falls off at low throughputs
when ‘the point 1s reached where further size reduction is imprac-
tical and the machlne must be run slower to achleve reduced flow.
This causes very efficlent heat transfer between the ‘gas and the
cylinder wails. The lower curves in Fig. 69 are for maximum
heat transfTer effectlveness. They are approximately the lower
limlss of efficiency to be anticipated with these machilnes.

andpoint of efficiency, the followihé-mécﬁiﬁe selec-

0 °
e indicated for expanders:

; For large, single phase flow the radial reaction should
pe used. AL present, the lowest level of throughput is an
exhaust volume of abcut 10 CFS. This type of machine proba-
bvly has the potential to be scaled down to 1 CFS. A design

oint effilclency of 85% may be expected, with turndown
characteristics as in Fig. 68.

ine snould ve used. A deslgn point efficlency of 75%
! ¢ expected, minus the correction for llquefaction
mentioned above. Turndown characteristics are glven in

T.  Tor expansion into the liquid region, the axial impulse

Fig. 68. The minimum exhaust volume 1is about 2 CFS and this

type of machine can probably be scaled down by a factor of ]

10 alsc. i
t

C. TPFor gas ecxpanslon at low flow rates, the flexible rod
reclprocnting engine 1s used, with efficlencles as.given
in Flg. 69. In this case, further increase in RPM and
consequently efficiency is blocked by the ability of gas -
to flow rapidly through very small valve ports, and it
seems., therefore, that major improvemetrits in the per-.
formance of this tvpe of machine in‘the smaller sizZes are
not readily foreseeable. N

T
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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 ligquefiers or peliquefilers shall be assumed to operate 1is
as follows.

1.1 Altitudes

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

1.2 Ambilent 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 1s lonized hydrogen gas with a density 10%/cmd at
1 A.U. for quiet sun to 1C3/cm3 at 1-A.U. for an active sun.

1.32 Statlionary gas

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

1.33 Solar flares

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

*See: "Space envircnment for aerospace vehicles." USAF specifi-
cation bulletin No. 523, November 1960.

"Natural environment of interplanetary space." Shaw, J. W.
Ohlo State University Research Foundation, WADD Technical Note,
January 1960, ASTIA Document No. 250230.
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1.34 Cosmic radiation

This consists of 90% protons, 7% alpha particles and
the remainder heavier nuclei and electrons. Thelr energy ranges
up to 1017 e.v. with an average of approximately 3.6 x 109 eyVv.
and their intensity ranges between 1.38 and 2.1 pariticies/cm=-sec.

1.35 Van Allen belts

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

1.36 Nuclear radiation

S h radiation may be present due to possible use of
nuclear power in the space vehilcle.

1.37 Solar radiation

The solar radlation at a distance 1 ‘A.U. from the sun

1s about 0.137 watts/cm®, It is distributed in wavelength as
given 1n Table 33.

TABLE 33
WAVELENGTH DISTRIBUTION OF SOLAR RADIATION

Wavelength % of radiant
Energy Angstrom Units energy

X-ray and ultra-

violet l - 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 oficometary origin and itue romtin-
der mostly of asteroidal origiln.

1.42 Density

Estimates og the density of the cometary meteoroids vary
from 0.05 to 3.5 g/cm2, whereas for gsteroidal meteoroids the
estimates range from 3.5 to 8.0 g/cmo.

1.43 vVelocities

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 "Meteorold Protection for Space
Radiators," I. J. Loeffler, S. Lieblein and N. Clough, ARS Power
Systems Conf., September 1962, 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.” IGY Bull. No. ©l (July 1902).

*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 1960).
Behavior of Materials in Space Environment," Jaffe, L. D.
: Rittenhouse, J. B. Tech. Rep. 32-150, Jet Propulsion Lab.
] (November 1961). ’
1 "Space Debris Hazard Evaluation," Davison, E. H. and Winslow, P.C.
\ ASA TN D-1105 (1961).
Meteoroid Protection for Space Radiatnrs," 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.

82




cecaiado o booote

MINIMUM METEOROID MASS, GRAMS

8
10
i [ I |
0 |— —
SELECTED |
o~ MAXIMUM |
l — —
;
i > WATSON
| s -4
I N
E J 10  |— —
E o~
& Mc CRACKEN,
| ~ et. al.
e 10— —
I
| WHIPPLE i
| -12
| 5 | | |
| 0% 100 078 1072 102
i

FOWPIEL R R FrRC—

Fig. 70 - Meteoroid mass versus frequency distribution.
(Data from Loeffler, Lieblein and Clough,
ARS Power Sustems Conf., September 1962,
Paper No. 2543-62.)
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"Particulate Contents of Space." Whipple, F. L. Publ. in
"Medical and Blological Aspects of the Energies of Space."
Edited by P. KA. Campbell, Columblz Univ. Press, New York (1961).

"Relation Between Asteroids, Fireballs and Meteorites."
Hawkins, G. 3. Astron..g, o4, 450 (19597.

”Density and Mass Dlstribution of Meteoritic Bodies in the
Neighborhood of the Earth's Orbit." Brown, H. J. Geophys. Res.
65, 1679 (1960) and 66, 1316 (1961).

"Direct Measurements of Interplanetary Dust Particles 1in the
Vicinlty 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
1ts 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
CLE REQUIREMENTS

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

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

Since very low or zero-g conditions will be obtained in
the space vehicles after launch and since they may operate 1in
various attitudes, the systems must be designed to obviate the
necessity for any process dependent on the existence of a finite
g value. 1In 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 oll, oil-sumps, etc., since this would
impose serious design difficulties for zero-g operation. The
objective must be to employ oll-free compressors, expanders and
other moving mechanisms. This 1s a problem area, since most
large size compressors in use today for 1iquefaction 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 1s 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 1s negligible for thicknesses
of materials such as i1s 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 1s concluded that erosion effects
due to these radiations and/or plasmas is negligible for all pneu-
matic components. Other components, for example control components
(especlally electronic and solid-state electronic controls), elec-
tric wiring, etc., should be sultably protected with covering
against erosion by this source.

*Silvern, D. H. "Study of Heat Rejection in Space." ABMA Report
No. 250-IR-1.
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Effects due to these causes other than eroslon 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 radiatlion 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 radlation damage
shielding, as may be specified in current engineering handbooks
on radiation damage.* 1In view of the fact that such protection
may in some instances involve a significant welght increase in
the system, 1t is desirable to avold altogether, 1f 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
soudy in radiation flelds before it could be consldered 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 reliquefylng
systems must be considered. In this case the radiation fleld
will be consideratly more intense than that due to the space
environment (neglecting passage through Van Allen belts) and
the recomme:ndations made in subsection 2.2 must be carefully
followed in the design of the system.

2.4 EFFECTS OF METEOROIDS ON COMPONENTS OTHER THAN RADIATORS

b The effects of meteoroids on radi. tcrs 1s discussed 1n

] some detall in subsection 2.% below. For thls consideration of
possible meteorold damage to the other components of liquefying
or reliquefying systems an approximate formulation of the pro-
blem is sufficlent.

.

*For example: Nuclear Eng. Handbook, McGraw-Hill (19%58)
RadIatlon Damage In Sollds, Billington, D. S. and
Ccrawford, Jr., J. H. Princeton Univ. Press (1961).
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3 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
meteorolids:

l1-P

s ol o i

| t (inches) = a(l_) 1/3 (52)

W where 7 1s the mission time in years, A the external exposed sur-

face area and P 1s the design probability of no critical damage, and 1
where a 1s dependent on the characteristics of the exposed material, {
and 1s 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
b 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 1s 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., 1in space liquefiers 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, Tp, is the same as the temperature to
which the radiator would come in equilibrium if it were not dis-
sipating any of 1ts Internal energy.

T | O, 1

*Whipple, F. L. "The Meteorite Rlsk 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. Alresearch Mfg. Co., Decemter 1960, ASTIA Document
No. 222204.
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Calculations have been made for Tp by J. Rousseau* who i
gives for a radiator in the vicinity of the earth:

o4 - asCFs o+ asCFg e “TTHEFE (53)
r cengaFg Jl + —Eig— cene [1 + _2532_ Ne
a YE a"FEg
where ag = radlator coating solar radiation absorptivity.
| ap = radiator coating absorptivity for earth's radiation.
I C = solar constant.

F = shape factor (subscript s for sun, E for earth).
a = earth's albedo.
Tg = earth's temperature.
ne = radiator fin effectiveness.

¢ —= radiator surface emissivity.

0 = Stefen-Boltzman constant

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

1. A flat rectarngular 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 cylirdrical 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: ag = 0.14; ap = 0.9;

€ = 0.9; 2 = 0.8; and nf - 1.0. The assumptions for ag and ap

are reasonable figures as may be seen from Table 34, which gives
the emissivity (ap) at 325°K and 675°K and the absorptivity (ag)

i for solar radiation for various coating materials. (Data taken

from J. Rousseau, loc. cit.)

¥Rousseau, J. "Infrared Detector Cooling in Ultrahigh Altitude
l Vehicles," Airesearch Mfg. Co., December 1960, ASTIA Document
No. 222204.
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TABLE 34

SOME DATA ON EMISSIVITIES AND ABSORPTIVITIES CF
VARIOUS SUBSTANCES

(For source, see text)

Substance ap at 325°K as
A1503 0.98 0.16
ca0 0.96 0.15
Zro, 0.95 0.14
MgO 0.97 0.14
PbCO3 0.89 0.12

From Flg. 72 1t 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 T, 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
Ty 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.

Radlative energy received an area %A normal to the incident
radlation from the sun's surface of radius R at a distance d is
given by (for d > R):

T R®
O€¢sun Tsun °A —5—=
4° + R° (54)

where €gyn and Tsyn are the emissivity and surface temperature
of the sun and 0 is the Stephan-Boltzmann constant.

Let ag and € be the absorption coefficient and emissivity
of the recelving surface; then the equilibrium temperature, T,
of the receiving surface (assuming it can radiate from both sides)

is:
4
T =T €sunds 1/4 R o (55)
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Tr then is the equivalent radlative sink temperature for a flat
radiator with plane normal to incident radiation. Putting in .
the values: e€gyy = 1; as = 0.14; € = 0.9; R (sun) = 6.96 x 10 10

em. = 4.66 x 103 A.U.; Tgy, = 6300°K, we get:
Tg ~225//d °K (56)
where d 1s in A.U.
Values of Ty for various values of d under the above con-

ditions of maximum inclident solar radiation and negligible
planetary reflected radiation are given in Tavle 35.

TABLE 35

EQUIVALENT RADIATIVE SINK TEMPERATURE FOR PLANE RADIATOR
(MAXIMUM) IN SOLAR RALDIATION FIELD ONLY,
ASSUMING ag = 0.14 and € = 0.9

d(A.U.) Equivalent Planetary Orbit T,.( °K)
0.723 Venus 264
1.0 Earth 225
1.52 Mars 183

For a cylindrical radiator the corresponding values of T)-

are approximately 60% less than the above figures. The exact
value of Tp will be a complex function of the radiator geometry
and altitude and reference ic made to previous work In this
field.* For the purposes of this study the significance of the
above data ard calculations 1s the provision of working limits
for the value of the equivalent radlative sink temperature for
the space vehlicle ligquefaction program covered in this report.
From Flg. 72 and the calculations above, T, can range from
about 120°K for a cylindrieal radiator distant from the sun at
approximately 1.9 A.U. (Mars orblt) to over 270K for a plane
radlator in the vicinity of Venus. The lower limlt here Is for
the case where no attempt 1s made to minimlze the incidence cr
solar radlation by attitude control; 1indeed the reverse sltu-
ation s assumed, namely maximum solar incident radiation. By

#"Infrared Detector Cooling Ultrahigh Altitude Vehlcles,"
Rousseau, J. Airesearch Mfg. Co., December 1360, ASTIA Documen-:
No. 222204
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sultable geometrical design of the radiator and/or attitude con-
trol, values of T, significantly lower than the above gquoted
could, if desirable, be obtalned.

The surface areas required in the radlator for a given
power radiated, P, are a function of the equlvalent sink temper-
ature, Tp, and of the inlet temperature, Tp, outlet temperature,
Tp, of the fluid passing through the radiator. The expression¥

for the radlator area 1s:

| >

) [%an'l Eg - tan"l T .
o)

P ecnfeT;J:(Tl - T Ts T,

1 g (T - Tr) (T2 + Tp))
2 (T, - T,) (T + Tp) (57)

where o 1s the Stephan-Boltzmann constant and the other symbols
are as already defilned.

Flg. 73 shows an evaluation of npA/P in square feet per

kilowatt as a function of T, for various values of Ty and Tp.
In these evaluations € was Eaken equal to 0.9, a figure compatible
with data of Table 34.

From the curves of Filg. 73 1t wlll be seen that for high
inlet temperatures T; of about 500°K, the required surface area
per kilowatt dissipated is almost independent of T, in the range
Tr = 0°K to 250°K and moreover 1s only slightly dependent on the
temperature difference (T; - Tp) between inlet and outlet streams.
From a point of view of radiator design, therefore, 1t 1s desirable
tc have T; as high as possible. This, however, 1s extremely unde-
sirable from a point of view of liquefier or reliquefier efficlency,
where 1t 1s advantageous to reduce the temperature of the liquefier
heat sink to as low a value as possible. A compromise, therefore,
1s necessary,as 1s discussed in Section VIII.

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

*"Infrared Detector Cooling in Ultrahigh Altitude Vehicles,"
Rousseau,uJ. Alresearch Mfg. Co., December 1960, ASTIA Document
No. 222204.
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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 uncertalnty in the design
requirements for protection of radiators agalnst 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 3and other per-
tinent work 1s enumerated below.** 1In Section VII.l 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
vulnerabllity of space radlators 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 cholce of
geometry of tTube and fln areas In the rcdiator a minimization of
the vulnerable tube area can be achleved.*** 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 obtalned. How-
ever, this is undesirable from the point of view of liquefler or
reliquefler efficlency and a compromise must be reached (see
Section VIII).

2.522 DEVELOPMENT OF NON-FLUID RADIATORS. Non-fluid radi-
ators using contlnuously movIng belt or rotating disk surfaces
have been proposed and promise significant weight savings. At
the present time, however, 1t 1s considered premature to base
deslgn studies for liquefier or reliquefler systems for the
period 1965-70 on these new concepts. In any subsequent updating

*"Meteorold Protection for Space Radiators," ARS Power Systems
Conf., September 1562, Paper 2542-63.
¥¥Tee, for example, references abtove and: Whipple, F. L, "The
Meteorite Risk to Space \chicles," ART Journal, October 1957.
Bjork, R. L. "Effects of Meteorold 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 1962.
" Rrebs, 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. 2545-62.
¥¥¥ZJee, for example, Loeffler, Lieblein and Clough, loc. cit.,
and Mackay, D. B. "Space Radiator Analysls 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 satils-
factory practical method of self-seallng 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 meteorold movement, choice of favorable orientation of
radiators may lead to significant reduction of damage probability
or allow welght savings to be effected. Since, however, to date
no detailed design information 1s available, this approach must
be the subject of further study.

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

2.526 THICK RADIATOR FLUID PASSAGES WITH OR WITHOUT SHIELDS
AND BUMPERS. Thls 1s 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, Llieblein and Clough the de-
sired "armor" thickness, t, for radiator tubing is given by:

t (inches) ~ _22 (ﬁ) 3 g -1/3 (6z.upp>1/9<1>2/3 (m >1/1o
2.54 \ by c -1nP

(58)

where a = thin plate and space (1.75).

Pp = meteoroid particle density (2.7 g/cm3).

pt = radlator material density (1bs/ft3).

<l
I

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

¢ = 12|Et8 where E, 1s Young's modulus in 1lbs/inZ,
Rt
@ = 2.54 x 1079,

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

P

design probabllity of no critical damage.
2.53 RADIATOR SIZE AND WEIGHT

For a radiator design using tubes, fins and armor as
proposed by Loeffler, Lleblein and Clough, these authors present
a welght versus surface area similar to that shown in Fig. T4.
It will be seen that the welght per square foot of the armored
radiator increases with increasing total area. For the radi-
ator size as a function of power disslpated, 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 (1) power
consumption, (2) welght 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 7O°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, thelr power
consumptions will be different because one cycle contains more
irreversibilities than the other. The thermodynamic quantity
which is a measure ¢f irreversibility 1s 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 ToIAS for the rest of the system, where

ambient temperature or temperature of heat rejection,

To

Ag entropy change of working fluid in any section of the

cycle outside the compressor.

It is roughly correct to assume the compressor irreversibility tc
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
ZAS will consume more power. For any cycle, no matter how com-
plicated, the irreversibilities are due to five fundamental pro-
cesses: (1) Heat transfer processes, (2) Pressure drops through
piping and heat exchangers, (3) Non-lsentropic expansion, (4)
Heat leak from the outside universe, and (5) Hecat conduction

from the warmer to the colder parts of the system.

It 1s valuable, moreover, to differentiate betwcen irre-
versibllities inherent in the cycle and irrcversibllities caused
by components which are less than 100 per cent efficlent. The
magnitude of the pressure drops 1s largely a matter of equipment
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design and not fundamentally inherent in the cycle. Temperature
differences 1in heat exchangers are, 1n general, parily due to heat
exchanger inefficlency and partly due to the cycle itself. Any
cycle in which heat 1s transferred between fluld streams of un-
equal heat capaclty has 1nherent in it a thermo-dynamic irrevers-
ibility. This is an important polnt, because 1t tells us, for
example, that there 1s a significant irreversibllity in the main
heat exchanger of a Linde-type nltrogen liquefler 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, 1n both of which extra refrigeration 1s appllied to the
high-pressure stream in the main exchanger. The most extremely
undesirable heat transfer, fran a power standpoint, 1s to ex-
change latent heat with sensible heat. It 1s thls which accounts
for the relative power disadvantage, for reliquefaction purposes,
of the dense-gas cycle as compared to the Stirling cycle or the
Taconls cycle.

A baslc irreversibllity 1s 1nherent in any cycle which
employs Joule-Thomson expansion. Expansion through an engine
or turbine, on the cther hand, approaches a constant-entropy
operation, falling short only by virtue of inefficlencies in
the expander. However, as may be seen on a T-S diagram, lsen-
thalplc expansion near the critical conditions 1s quite effi-
clent; in fact it has 1in this 1eglon a practical efficliency approx-
imately as good as an expansion engine. Therefore, a valve
would be chosen over an englne Ior expansion near critical con-
ditlions. A wvalve 1s also usually chosen for expansion into the
liquid region, although it is possible to expand into the liquild
reglon 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
reliablllity and low welght. In choosing a means of expansion a
compromise must 1n general be made between the reliablillty and
low welght of the valve and the power savings obtained by use of
an englne or turbilne.

It should be pointed out that 1lnefficiency in the compo-
nents does not necessarlly 1lmply faulty design. A perfect heat
exchanger would combine an infinite heat transfer surface with
infinlcesimal pressure drop. A perfect expander woc.:.ld operate
without frictlion. These ideals are unattainable, even with the
best possible englneering designs.

1.2 WEIGHT AND VOLUME

For space-borne appllication, 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 iu terins of welght, volume and power consump-
tion would be that which has the minimum total welight and volume
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of system and power supply. However, in fact, these parameters
are not 1 themselves 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. 1In terrestrial liquefaction processes, the gas
to be liquefied may contaln 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 1s 1lnitially charged
and there should be no source of contamination due to compressor
lubricants. It is desirable, therefore, to avold any compressor
contaminant. The major moving parts which would be rellability
factors are compressors, expanders, and swlitching valves. In
the case of compressors, reliabllity 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. Reclprocating 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 1s generally considered that turbines for
compression and expansion are more reliable than reciprocating
machinery. However, they are less capable of being minlaturized
than reciprocating machines. Cycles, such as the Stirling cycle,
which employ no valves can be made hlghly reliable even though
they employ reciprocating machinery. The third mentloned re-
liability factor 1s switching valves. It would seem desirable
to include manual by-pass valves 1in parallel with all switch
valves, s0 that in the event of failure of the latter, the cycle
can continue to be operable. The redundancy would add little
welght to the total system and would insure continued cperation.
However, where possible, cycles should be chosen which do not
rrequlire such valves.
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1.4 ADAPTABILITY TO SPACE ENVIRONMENT

The space environment will differ from the terrestrial in
three main ways: (1) There will probably be no gravity; (2)
There will be large acceleration and vibration forces, particul-
arly at take-off and landing; and (3) Effective ambient temper-
atures m"y range from abcut 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 1is
greatly increased by convection currents in the boiling liquid.

Since these will be absent in the absence of gravity, it will
protably be necessary to provide mechanlcal agitation or cir-
culation for'a bolling liquid in space.

Susceptibility to acceleration and vibration forces is
hard to predict with any accuracy. This 1is generally a subject
for experimental inve.flgation. 1In general, however, one might
expect that cycles contailned in one compact unit, as for example
the Stirling cycle, would be preferable to those which consist of
several ccmponents piped together.

The possibllity of amblent temperatures ranging from ter-
restrial amblent down to very low temperatures 1lmposes 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 vehlcle design will largely de-
termine and possibly restrict the range of amblent temperature of
the components and systems mounted thereln, consideration must
be given to the question of component operation over a wide range
of ambilent temperature. These considerations must 1nclule mech-
anical as well as thermodynamic design problems. The major mech-
anical problem that would be encountered would be iIn the design
of compressors. Clearly the development of such compressors in
the future is a majJor requirement.

If one assumes that compressors or combined compressors
and expanders, as In the Stirling cycle, can be developed which
operate satlsfactorily 1in space vehicles, the major mechanical
problems involved therein would involve the development ©f sult-
able bearings, gears, plston rings, etc., and their lubrication,
where necessary, and the possible binding or excessively loose
fits of moving parts occurring when changes of the amblent temper-
ature occurs. It Is satisfactory to note that in a few instances,
as for example miniature Stirling cycles,* these protlems have
already been solved.

*For example the Malaker Laboratories Inc. "Cryomite" refriger-
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,
welght, and volume. These tables present a compllation of (1)
the main causes cf 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, welghts, and volumes of the various cycles 1s made
below 1n subsection VIII.Z2.
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VIII.2 QUANTITATIVE COMPARISON OF CYCLES

Tables 38 through 51 present estimates based on the con-
siderations put forwaird in this report of many significant quanti-
tative factors which must be considered, in addition to those
discussed in subsection VIJI.1l above (and tabulated in Tables
3¢ 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 1lbs/day or 100 1lbs/
day, (3) compressor and motor weight {lbs), (4) compressor,
motor and liquefier weight {1lbs), (5) radiator weight (1lbs),

6) total weight of compressor, motor, liquefier and radlator
lbs), (7) power generation subsystem weight (1bsg, (8) Radiator
area (sq. ft.). (9) Compresscr volume. % and (9)
Compressor and liquefier volume. (cu. ft.)

cu. ft.

These factors are tabulated for various cycles for
operation down to 77°K, including- (1) Single stage J-T, (2)
Single stagze J-T with preccoling, (3) two stage J-T without pre-
cooling, (4) Twc stage J-T with precooling, {5) Systems witn
one expander (6) Stirling cycle (single stage), (7) Gifford-
McMahon engine, (8) Claude cycle (single expander). For opera-
tlor to lower temperatures, for hydrogen and hellum liquefaction
and reliquefaction, the following cycles have been gquantitatively
considered in these tables: (9) Single stage J-T with preccoling
(10) systems with one expander, (11) compound systems. (12)
Stirling cycles iIn conjunction with J-T clrcults.

The tables cover the following liquefaction and/or
reliquefaction systems:

Table Title
38 Rellquefaccion of Np at 1000 1lbs/day
39 Rellquefaction of F2 at 1000 lbs/day
40 Rellquefacticn ot Op at 1000 lbsyday
41 Rellquefactlon of No at 100 lus/day
42 Rellquefaction of Fp at 100 lbs/day
“+3 Relliquefaction of 0o at 100 1bs/day
G4 Ligqueractlion of Np at 1000 lbs/day
44 Liquefaction of Fp at 1000 lbs/day
“40 Liqueraction of 02 at 1000 lbs/day
a1l Llquefaction of Np at 100 lbs/day
48 Liquetraction ¢l Fp at 100 lbs/day
S Liquefuaction of O+ at 100 lbs/day
50 Rellquefactlicn of ii» at 1000(100)
lus/day
51 Reliquefaction of He at 10GG{1020)
11:‘/&}3_‘,'
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In addition Table 52 presents estimates on the kW-hr/1b
for liquefaction and the total input pcwer requirements for lique-
faction of Hp and He at 1000 lbs/day for varlous 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 LRAWN UP AND THE ESTLIMAT.O ACCURACY, RELIABILITY AND/OR

APPLICABILITY OF THE DATA.

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

The detalled quantitative methods whereby the coefficlent
of performance and/or the kW-hr/lb for liquefaction for each
cycle have been estimated are given 1in 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
inefficiercies but also for motor and motor-drive 1inefficienciles
and for non-isothermal condltions in compresslon. For the de-
talled evaluations of all these ltems, see Section V. It 1is
also important to ncte that all the data are obtalned assuming

that the exit temperature of the compressor aftercooler (radi-
ator) is 300°K.

Two evaluations are given for C.P. or kW-hr/lb, namely:
conservative (cons), which 1s based on current practice and
estimated optimistic value (opt° est.) which 1s based on a
reasonable prognostication of future capabilitles in the period
1965-1970. For estimates of practical performances of some
miniature systems, see subsection VIII.S.

2.2 COMPRESSOR AND MOTOR WEIGHT

The data given in the tables for combined compressor and
motor welghts 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 1s evident from Fig. 60, there is a consider-
atle range of welghts for any given input power. This 1s under-
standable since no detailed acccunt 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 compresscrs designed with no necessary considera-
tion veing made with regard to minimization of weight. More-
over centrifugal compressors have not been taken explicltly in
account for lack of data on relatively smuall scale units. Tt is
evident therefore that thnere ls a conslderable area of lgnorance
herec and this has been allowed for in the tables by specifyinﬁ
three different weights, as follows: (a) "conservative upper
(cons. up) which 1s taken as the highest welght given in Fig. 60
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for the "conservative" power requirement. (b) "conservative
lower" (cons. low) which 1is taken as the lowest welght gilven 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 lcwer" value. It should be noted that no
compressor welght 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 Hp and He reliqueflers. (Tables
50 and 51). With the exception of the cycle "Systems with one
expander" for Hp 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 1lnput 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 thils respect. Since, as
1s pointed out elsewhere, for space operation special oil-free
compressors must be employed or developed, it 1s likely that
the evaluations given here will have to be substantially re-
vised for weight subsequent to this compressor deveiopment.
The evaluatlions 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
liquefler system welght 1s largely determined by the weight
of thz compressor (with its coolers, filters, etc.) Adequate
data on the weights {or volumes) of practical reliquefiers
and liquefiers in the ranges consldered in this report are
not avallable. 1In consequence the followlng 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 preccoling the reliquefier »2r liquefier welight
was assessed at one third (1/3) of the '"conservative lower" weight
of the compressor ¢nd motor required for the single-stage J-T
system; (v) for single-stage precooled J-T systems and for
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two-stage precoolea J-T systems for the temperature range down to
T77°K, the reliquefier or liquefler 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 weilght was assessed at one third (1/3)

of the "conservative upper" welght of the compressor(s) and its
motor(s). Although this assessment may appear somewhat arbitrary,
it is intended to give a rough gulde only, since, as noted above,
there i1s considerable possible latitude also 1n the compressor
welght assessment. Three different possibilities are tabulated to
cover the range of the possible welghts of the compressor, motor
and reliquefier (liquefier), namely: (a) "conservative upper"
(cons. up) being given by adding the assessed reliquefier (lique-
fier) weilght to the co.servative 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 and welght-saving materials.

Tt 1s not possible to give an accurate assessment from
theoretical considerations of the weights and volumes of Stirling
cycle liquefile.s =nd reliquefiers for operation down to TT7°K at
this time. The avbproach taken has been to assess the welghts
and volumes of existing machines with thelr motors which operate
in the range of interest to this report. Current estimates of
thiese data made from deszign data of Malaker laboratorles 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) sultable for liquefaction of nitrogen, fluc-
rine and oxygen.

The conservatlive evaluations are based essentlally on
. estimated current practice and the optimlstic evaluations are
based on considerations of improved design and of the use of
lightweight and advanced metals In theilr construction. Again
it should be emphasized that these evaluations are intended to
serve as a rough gulde only. The data glven in the tables for
the Stirling cycles are based on the curves of Figs. 75 and 76.

2.4 RADIATOR AREAS AND WEIGHTS

The radlator areas were obtained from Fig. 73 assuming the
cooling fluid inlet temperature to the radiator to be 400°K, the
1 cooling fluid outlet temperature from the radiator 300°K, an
1 equlvalent radiative sink temperature, Tp, of 250°K, and a radi-
E ator fin effectiveness (f) equal to unity. (See section VII for

data). The value of T, chosen corresponds (see Sectior VII) to
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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 1s 22.5 sq. ft. per

kilowatt radiated, and this figure has ~cen 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 .2 for the radi-
ator has been assumed; but sufficient data 1s 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 n 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 "estlmated optimistic" power requirement. {opt).

The radiator weight is taken from Fig. 74 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. 2543-02). Agaln two welghts are given, based on the
"conservative" and "estimated optimistic" radiator areas.

2.5 POWER GENERATION SUBSYSTEM WEIGHT

The data for the power subsystem generation welghts 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 1s shown by the
broken lines. Fig. 77 shows a range of possible subsystem
welghts for any given output power. 1In the tables two evalu-
ations are glven for the power gencration subsystem weights,
a "conservative" value ‘cons) based on the "conservative" total
power requirement and on the highest curve of Flg. 77 and an
"optimistic" value (op-.) based on the "estimated optimistic"
total power requirement and on the lowest curve of Flg. 77.

2.6 COMPRESSCR AND MOTOR VOLUME

The data glven in the tables under compressor volumes
are taken from the curves of Flg. 61 (Sectlon VI) for recip-
rocating compressors. These curves are constructed from
manufacturer's data on currently available compressors with
their motors and, as ls evident from the figure, there 1s a
consliderable range of volumes for any glven input power. This
is understandable slnce no Jdetalled account has been taken of
compressor type, as for example output precsure delivered, cool-
Ing medium, etc. Morecver, it must be remembered that the com-
pressor data used was for compressors deslgned with no necessary
restrictions on volume. 1In additlion centrifugal compressor data
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are not included. There 1s here, as 1n compressor weights, a
considerable area of ignorance and this has been allowed for in
the tables by specifyinq three different volumes, as follows:

(a) "conservative upper" (con. up) which is taken as the largest
volume given in Fig. 61 for the "conservative" power requirement,
(v) "conservative lower" (con. low) which is taken as the smallest
volume given in Fig. 61 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 Hp and He reliquefiers. (Tables 50 and 51). With
the exception of the cycle "Systems with one expander" for H,
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. 61, 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 1s a wide range for compressor-motor volumss and
no great claim is made for accuracy in thils respect. Sirce,
as 1s pointed out elsewhere, for space operation special oil-
free compressors must be employed or developed, it 1s likely
that the evaluations given here will have to be substantially
revised subsequent to this compressor development. The evalu-
atlions given here, therefore, must be taken as a rough gulde
only.

2.7 COMPRESSOR, MOTOR AND LIQUEFIFR (RELIQUEFIER) VOLUMES

As indicated in the tables, there is 1little informa-
tion on this parameter, except, ac noted above, for tne Stirling
cycle. It can be assumed howeve: that for all systems the
compressor(s) with motor(sc) occupy the major fraction of tne
total system volume.
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TABLE 51
RELIQUEFACTION OF He AT 1000 (100) 1lbs/day

He J-T with Compound. Stirling
H2 J-T Pre- |Systems with cycle
cooling at Expanders WL

System 21°K and He J-T de J-7

Coeff. of per- cons. 0.0018 0.0017 0.0009
formance Opt. {Est) 0.00165 0.0020 0.0012

Required input |[Cons. 82 63 (12
power. kW for [Opt. {Est) 65 53 (8.9
1000 1b/day.

Compressor and |[Cons. {up) 5300 3750 (1450
motor weight. ICons. zlow) 3800 3000 (550
1b.

Compressor, motorjCons. (up) 7100 5000 (1930
and liquefiler cons. low) 5100 4000 7°O
welght 1lbs. Opt. (Est) 3400 2700 490

Radiator weight. |Cons. 5550 3950 510;
1bs. opt. 4100 3200 360

Total weight of |cons. gup) 12650 8950 2&40
compressor, Cons. (low) 9200 7200 1090
motor liquefier |Opt. (Est) 7500 5G00 (850
and radlator
1lbs.

1 Power generation [Cons. 3600 3000 {900
subsystem welght|Opt. 2100 1750 2550
1t..

Radiator area. cons. 1840 1420 270

; sq. ft. Opt. 1460 11580 200

Compressor cons. Sup) 360 270 (14
Volume cu. ft. |[Cons. (low) 220 170 (8

Compressor and  Cons. Eup)
liguefier Cons. (low)| NO DATA AVAILABLE
volume. cu. ft. |Opt. (Est)

120
i




TABLE 52
LIQUEFACTION OF Hz AND He.
The typical data below are taken

from text. For performances of
other cycles, see Section V.

Hydrogen liquefaction Total input Power
Cycles KW-hr/1b. (kW) for 1000 1lbs/day

Single J-T with liquid Np
precooling at 65°K 211.05 2 460

Single J-T system using
neon 210.0 2417

Dual pressure cycle with
one expander and liquid No
precooling at 65°K

ihY

9.8 2405

3 Claude cycle with one ex-
g pander and liquid Np pre-
4 cooling at 65°K

%
@

.75 2 366

) Helium liquefaction

Single J-T cycle with 21°K
precooling obtalned by Hp
J-T system with liquld N»o
precooling at 65°K

i

9.8 2410

Compound system with three
expanders and J-T He
liquefaction

v
@

.85 2370
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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 1b/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 compariscn of cycles in this region, we con-
sidered the most significant approach lies in enumeration of the
properties and cperation data of some existing miniature refrig-
erators. Table 53 gives a partial listing of known minilature
closed-cycle refrigerators for operation down to 77°K, giving,
where known, published da*a on their performances, {C.P.),
weight and volume. Table 54 gives a similar partial listing
for minlature closed-cycie refrigeraticn systems for cooling be-
low 77°K. It must be pointed out that these tabulations are not
intended to be exhaustive, bu% rather to serve as an indication
of the relative performarce cf some of the major closed cycles.

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

NOTES FOR TABLE ©3

*Hughes Alrcraft Co. Brochure 2784.20/40. 14 Jan. 1963

*¥Garret Corp. AlRea.carch DIv. Report No. AE-2088R. Sept. 27 1362
*#¥5anta Barbara Res. center. srochure dated 12/5/62.

#A1T Products and Chemlcalc Inc. Brochure "Advanced Products
Data Sheet™. ({undatedy). -

##Cryogenerators. [ivision North American Phillps Co. Inc.
Norelco Reporter Vol. 1X. No. 3 May-June 1962 and Brochure
CP1O0O4-10M-VL/03 and paper by [uFre, F. IRIS Detectos

Specialty Group Meeting. Svracuse. 17 June 1503. (Input
power based on Author's ussumptlon of 70% motor efficliency).

% ##FMalaker Laboratorles Inc  Brochure "The Cryomite and private
information.” [Motor efficlency 1)
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VIII.4 DISCUSSION OF THE QUALITATIVE AND QUANTITATIVE COMPARISON
OF CYCLES AND CONCLUSIONS

4.1 RELATIVE POWER REQUIREMENTS FOR LIQUEFACTION AND RELIQUE-
FACTION

The relative efficlencies of liquefaction and reliquefac-
tion have been discussed theoretlically 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 tc be produced at a pressure of 1 atm. and assuming a
sink temperature of 293°K.

By inspection of Tables 1 through 52 2an 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-
versibilities. The results of thils assessment are given in
Table 55, together with the previously presented data on r for
ideal reversible cycles.

TABLE £5

RATIO, r, CF THE MINIMUM WORK FOF LIQUEFACTION TO MINIMUM
“WORK FOR RELIQUEFACTION IN THEORY AND IN PRACTICE.

(Pressure of liquid 1 atm  Sink temperature 293°K)

Substance r (Theory; r(Practical)
Oxygen 1.29 approx. 2
Nitrogen 1.23 approx. 2
Hydrogen 1.88 approx. 2.5 to 3
Helium 4,75 approx. 6

4.2 GOOD CYCLES WHOM FOWER FEQU!HEMENT VIEWPOINT

It 1s convenlent to discucs the gquestlon of the overall
power requirements for practical cycles under two headings,
namely (a) cycles for operation down to 77°K and (b) cycles for
liquefaction or religuefaction of Hp and He.

a) PData for the coefficient of performancze for relique-

fiers ang for the number cf kW-hr/ib. for liquefaction for N,,
95 and Fp are glven In Tables <2 through 49 for 1liquid production
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rates of 1000 and 100 lbs/day. Moreover graphs and tabulations
have been presented in Section V glving 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 glves some data on minlature
systems. The four best cycles of those considered from the point
of view of minimum practical overall power requirements are:

1) Two-stage J-T with precooling, (2) systems with one expander,

3) Stirling cycle, (4) Gifford-McMahon englne and, for lique-
faction of No, (5) the Claude cycle wlth single expansion. Men-
tion should Ee made at this time also of the cascaded ccmpressed
vapor systems which, as has been pointed out in Section V.1, can
be made to have very high practical efficiency. However for
reasons which have been discussed in Section VIII.1l and tabulated
in Table 36, the cascaded compressed vapor system,due to the
large number of components involved, 1s not considered suiiable
for long period space operation and 1s not further considered.

In referring to the performance data tabulated 1In 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. Agaln it must be pointed out that the perfor-
mance data must not be interpreted as necessarily representing
the best that can be achleved by any particular cycle.

i It 1s clear from the data referred to above that the
J-T oystems, wlth the exception of the two-stage precooled J-T
system, have markedly lower coefficlents of performance as re-
liqueflers and requlre considerably higher kW-hr/lb liquefied
; than the cycles (2) through :5) enumerated above. Baslcally

3 this is due to the Inherent irreversibllities in all J-T
cycles, as discussed In Sectlon VIIIL1.1, and to the basic de-
pendence c¢f such cycles on the non-ideallity of the working
fluid. As will be noted in the subsectlons followlng, J-T
systems possess other undeslrable features for long perlod
space operation besldes thelr relatlively ineffilclent perfor-
mance noted herewith, and probvably therefore should not be
further considered in detuil. However an lmportant nolint of

a general nature should bte made at this juncture. As 1is
clearly evident from Tables 38 through 51 and as wlll be
further clarifled In the dlscusslon of Flgs. 78, 79, and 80,
any increaces In the overall power reqgulrements for relique-
flers or liqueflers are accompanled by approximately propor-
tional increases in the system welght and volume and 1n the
radlator area (and welght) requirements. The lssue of efficlency
of the cycle, therefore, 1s a paramount one and any compromise
In efflclency can only be Justified 1f there are overwhelming and
overriding disadvantages inhereat In an efficlent cycle with

regard to reliablility or adaptablility to space environment.
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In comparing the better cycles, (1) through (5) listed
above, 1t will be seen that they are ali roughly of the cnmparable
efficiency, at least for operation at 77°K. The Stirling cycle
appears to have an edge on the others and thils superiority is
more clearly evident at the higher temperatures for reliquefaction
or liquefaction of Fo and Op. This fact probably reflects the
intrinsic high theoretical efficiency of the Stirling cycle,
which 1is discussed 1n Section V, and which 1s evident in Table 37.
It 1s 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 thls tem-
perature range 1s also signit'icantly 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 thls 1s not so in the
case of heat exchangers.

In choosing a reliquefier or liquefiler for N,, Fp or Op
therefore the cholce should be made from the systems (1) through
(5), emmerated above and because of their comparable efficienciles,
the final choice must be determined only after consideration of
the other factors involved in their operation in space vehicles,
and after conslderation of the required rates of liquefaction (re-
liguefaction).

However before proceeding to these other considerations
it 1s 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 mailn reasons for thelr desir-
abllity, besides thelr small power requirements, welghts, and
volumes (and associatea small areas and weights of the radiator
to be used with them), lie in their absence of valves, which are
a source of reliablility problems, the fact that they are single
phase systems and thelr relatively small numbter of moving parts
and components, a factor which leads to 1nherent reliability.
At the high productlion rates, up to 1000 1lbs/day No, Fp, or 02,
both systems are highly recommended. For the lower production
rates, down to minlature systems of 1 watt rerrigeration capac!ty,
difficulties may arlise In turbine systems, due to the extremely
1 small slze of the turbines whilch must be used. Such miniature
turbines cculd be a source of blockage by contaminants carried in
the working gas and would impose very rigia requlrements on the
working fluid purlty and on tiie compressor design. Moreover,
even for turbines of the hlghest efficliency, the limiting problems
on overall efficlency would continue to lie in high efficiency
heat exchanger deslgn 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-
flers and for the number of kW-hr/1b for liquefaction for Hp 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 Secvion 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 polnt of view of weight and volume also, are
systems with oune expander and compound systems using expanders.
Agaln their superiority over systems using J-T expansions only
i1s mainly to thelr 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 1is given in
Sectlon V. On the other hand, because of the advantageous
positlon of Stirling cycies In the hipher temperature range
(77°K to 90°K), such cycles, elther as single stage or multiple
stage, should be thoroughly lnvestigated in practice for use
in Hp or He reliquefactlon or liquefaction, at least in slzes
up to about 50 kW total 1input power. For larger zizes, as
has been previously discussed, systems using turbine expanders
are to be preferred. For minlature slzes, as 1s evident from
Table 54, Stirling based =2ycles for very low temperature oper-
ation are most sultable.

It 1s sometimes polnted out that foyr the lower temper-
atures of operation, below about 20°K, regenerator efficiencles
fall off serlously and syctems utlng heat exchangers are there-
fore to be preferred for such very low temperature operation.
It appears likely, however, that & breakthrough may be expected
in the development of highly cfficlent regenerators for very
Low temperature uce, and thls may result in highly efficlent H2
and He systems !n the perlod 1%05-1970.

Whereas for liquefactlen or reliquefaction of Hy 1t 1s
possible to construct cycles which do net rely on use of a J-T
expansion cycle somewhere in the system (c.f. the tables cited
and Scction V), this 1s not possible at the present state of
the art for He liquefaction or reliquefaction. It would be of
value to corsider deveiopment of, say, turbine expanders and of
more efficient regenerators used in conjunction with Stirling

124




based cycles, 1in order tc obvlate the necessity of this J-T cilr-
cult 1n He temperature systems, thus greatly reduclng complexity
and the number of required components with resulting gain 1ln re-
liability and sultability for space operation. It 1s consldered
that thls i1s a feasible goal for the 1955-1970 period.

To summarlze brlefly some of tne data presented 1n this
report and discussed above on cycle efficlencies, plots have been
made of the total overall requlred input power in kW per kW of
refrigeration (1/CP) as a functicn of refrigeration temperature
for the average "better" cycles operating with a sink temperature
of 300°K. The plots are reprcduced in Fig. 78 ancd are for:
"Carnot performance", "Optimistic for 1000 1lbs/day"; "Good con-
servative for 1000 i1bs/day and optimistic for 100 lbs/day" and
"Good coriservative for miniature systems." These plots show clearly
the rapldly 1ncreasing power requirements for all systems, in-
cluding the ideal Carnot engine, as the temperature of refriger-
ation is reducea. They show, however, that although the power
requirements of practical systems are strongly dependent on the
deslgn refrigeration load, the variation with temperature is
similar for all sizes of system. It is anticlpated 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:

(1/Cp) = AT (59)
where A and n have the values gilven in Table 56.

In order tec emphaclze the rapld 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 tctal overall input power
required per watt of refrigeration as a function of temperature
for the average "better" cycles of various slzes considered in
this report.

4.3 GOOD CYCLES FROM WiiGHT AND VOLUME VIEWPOINT

A detailed account has beern given in sectlon VIII.2 of the
way in which the welghts and volume or compressor-motors, lique-
flers (reliquefiers), radlators and power generatlon subsystems
were arrlived at. Again It must bLe noted that the evaluations of
these parameters presented 1n Tables 38 through 51 are to be
taken as rough guldes only, because of the pauclty of firm data
on which to base the evaluations. As discussed in Section VIII
4.2 above, and as is evident from the tables clted, there 1s an
approximate one to cne relatlon between the total overall power
requirement of a system and the welghts and volumes of the com-
ponents. Those cycles which have been cilted 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 precsented in Tables 38 through 51, evaluations have been
made of the average weight of the "better" refrigerators per watt
of refrigeration. Includea in this weigit is that of the compres-
sor-motor(s) and liquefier (refrigeraior) 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 radilative sink temperature, Trs 250°K.
(e) radiator fin effectiveness equal to unity. Fig. 79 shows
graphically these evaluations of the welghts per watt as a func-
tion of the temperature of refrigeration for: "Optimistic for
1000 1lbs/day"; "Optimistic for 100 1lbs/day" and "Good conserva-
tive for miniature systems". The rapid increase in weight as
the refrigeration temperature 1s reduced and the fact that the
curves resemble closely those for (1/CP) versus T given in
Fig. 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°R (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
assumptlons and these are glven in Flg. 80. Agaln the curves
are similar to those for the weights and for (1/CP) ana agaln
in the temperature range 9G°K to 20°K they can be approximated
by the formula

Volume Vcu. ft./kW) = A T°P (61)
where A and n have the values given in Table 4%0.

Estimates of the relatlive welghts of the radiator and
power gereratlon subsystem as compared with the welght of the
comblned compressor-motor and roliquefier (liquetier) for
"better" cycles are giver in Tavle 98. The data are taken
t'rom Tables 38 through $1 and therefore must be taken as
rough puldes only.

Consldering flrst the relatlve power generation sub-
system welght (C/A of Table 58). It wlll be seen that for the
smaller scale systems (100 lbs/day) for No, Fp and Op relique-
faction and liquefaction the C/A values range from 224 to 8%
for the "concervatlve" compressor-motor plus religuefier (lique-
fler) estimates and between 82%¢ and 99% for the "optimiscic"
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estimates of the same welghts. The J/A values for the larger

scale systems (10CC 1lbs/day) and for the Hp and He systems are

much larger ranging up to 130%. Clearly, the data on power gen-
eration subsystem weights gilven 1in Flg. 77, on which these esti-
mates are based, 1ndicate that the power generator subsystem 1s

a majov componnnt contributing to the overall welght. e

In considering radiator welghts Table 58 shows that for
the smaller scale systems {100 1lbs/day) for liquefaction or re- i
liquefaction of Np, Fp, or Op the radlator welght 1s relatively &
a minor factor. For the larger scale systems /1000 lbs/day)
operating down to 77°K the relative radlator weigh® becomes im-
portant under the assumed conditions of operation of the systems ;
and may reach values as high as 96%. For the systems for Ho and !
He reliquefaction and llgu=faction the relative radiator welght
becomes an even more serious factor, ranging ap to 150%. More-
over for higher values of the equlvalent radiative sink tempera- :
ture, Ty, than the one chosen for these computations (2K0°K), :
the relatlve radiator welghts would increase still further {See
Flg. 73) and such higher values of T, may be expected in certain
space envlronments {See Flg. 72 and subsection VII.2.51). Clearly
space vehicle radilator designs should be selected to minimilze
Ty, in crder to reduce relative anZ absolute radlator welghts as
much as possible. A further stepr can be consldered, namely that :
of increasing the fluld inlet and outlet temperatures to and i
from the raciator (See Fig. 73 for effects of this process).
However, as has been pclnted cut previously, such a step in-
volving as 1t dces an increase in the sink temperature of the
reliquefier \liqueficr, system results in an increase 1n the !
power regulrements. 1See Tig. U€ for some results cn this). ;
Such an increase in the power requirements 1ncreases the total ;
welght of the combined compressor-motor and liquefier {relique-
fier) and of the power genzraticn subsystem, as ls evident from
Tables 38 through Si1. Zer any given system therefore a com-
promise muct be reachec between these oprosing factors.

It must be repeated that all ths evaluations of the
total overall power requlremerts made and used here and else-
where in this report have taken Intc account -the i1sothermal
compresscyr efficiency and the moter and comblined motor and
motor drilve ef{ficlency. 1In nearly all cases fSee Section V)
these efflciencies have teen taken tc be approximately 67% and
80% to 85% respectivaly Bcth of these sources of ineffilciency 5
therefore when combined together result in increasing the basic i
power requirement. ot the refrigerator or liquefier by about a ™ Co
factor of two (2). This noteworthy increase in the power re-
qulrements approximately doubles the size and weight of the
requlred radiator and the welght of the power generation subsystem,
although 1t probably makes a relatlively smaller difference to the
welght or velume of the combtined compressor-motor and liquefier
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(reliquefier) system. Since radiator weight and area and power
generaticn subsystem weight are very serious factors in the over-
all system (c.f. Tables 38 through 51 and Table 58), there 1s a
clear need for future impro-ement of these sources of 1ineffi-
clency.

Moreover, improved compressor design for space llquefiers
and reliquefiers 1s to be sought, not only for the reason clted
immediately above, but also because, by the use of good design,
lightwelght materials and oll-free operation, considerable welght
and volume savings may be expecied and the adaptabillty to space
environment enhanced.

4.4 FURTHER OBSERVATIONS ON RELIABILITY

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

With regard to the first 1tem 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 o. extra components such as fllters, controls, etc.
Of the five better cycles enumerated above 1n section VIII 4.2
for operation down to 77°K, Stirling cycles and systems using
one turbo-expander (with centrifugal compressor) not only ful-
£111 this desirable ot '~ctive but also item (CZ above. For
larger scale systems (1000 lbs/day) down to 7T7°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 minlature systems, turbo expan-
ders, as polnted out above, may be a seat of blockage difficul-
ties and Stirling cycles are at present more desirable. In this
connectlon, again as has been pointed out above, all compressors
must be olil-free and extreme precautlons must be taken to assure
maximum purity of the working fluids in order to permit long
periods of contlnuous reliable operation.
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With regard to the systems for Hp and He reliquefaction
and liquefaction, except for systems using one (turbo) expander
only (with centrifugal compressor) and two-stage Stirling cycles
for Hpo 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 reliabllity 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-
i 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
G 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 satlisfactory de-
sign is a critical problem area. (b} The system must be unaffected
E 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 reliquefying and liquefying
cycles considered herewith can be made to neet this objective.
(c) tne 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 cf piping Joints shoulad
be favored. Here Stirling cycle systems and systems with one
expander are cliearly desirable.

Y
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4.6 ON SOME AREAS OF IGNORANCE IN RELIQUEFIER (LIQUEFIER)
DESIGN SPECIFICATIONS

Although, as 1is evident from the content of this report,
there are many areas of ignorance in the subject of reliquefaction
and liquefaction of N», Fp, 02, 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 welghts of actual relique-
fying or liquefying systems in the ranges of produc-
tion covered by this report, particularly those with
minimum welghts and volumes.

(c) Optimistic figures for radiator weights and effec-
tiveness, sultable to withstand the meteorold flux
obtalning in space, and radiator reliablility for the
period 1965-1970.

(d) Flrm data on average perliods for continuous opera-
tion tetween maintenance for actual reliquefier or
liquefiler systems in the production range covered
by thils 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 btody of this report and 1t 1s unrnecessary to dis-
cuss them further at this stage. However it may be of value to
E enumerate some of those critical problem areas which, 1n the
7 opinlon of the authors, will be 1mportant in the future develop-
E ment of space ilquefiers and rellquefiers. They are:

(a) The need for Increase In the lsothermal efficiency
of compressors.

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

% (¢) The need for a wider selection of reliable lightwelght
3 oil-free compressors.

(d) The need for a reductlon In space radiator welghts
(1bs/sq. ft. of radlator area) and for simultaneous
improvement of thelr ant!-meteorold protection.

(e) The need for a reductlon In power generation subsystem
welght per kW output.

(f) The need for high efficlency regenerators for very low
temperature operation ( £20°K).

(g) The need for simplification of He liquefaction, pre-
ferably without the u=e of J-T circults.
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In general by definitlion a breakthrough in technique 1s
one which 1s uneupected and hence no trustworthy predictions are
really possible in this area. However as mentioned earlier in
this report, significant improvemants may be expected 1n the near
future in regenerator efficiencies at very low temperatures
( £20°K which may lead to a breakthrough in Stirling based cycles
for refrigeration at the lowest temperatures.

140



IX. RECOMMENDATIONS

After the detailled comparison of cyzles for reliquefaction
and liquefaction of Op, F2, N2, Hp and He in space environments
gilven in Section VIII and after the discussion and conclusions
arrived at also in Section VIII, it seems desirable to implement
these conclusions with specific recommendations for the attailn-
ment of the desired goal.

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

3 (1) That the Stirling crcle be adopted for rsliquefaction

¥ and/or liquefaction of No, Op and Fp for all prcduction
rates from minlature to systems requiring approximately
50 kW 1nput power.

(2) That steps be taken to construct prototype oil-free
Stirling cycle systems for the reliquefaction and/or
liquefaction of N2, Op or Fo, in various sizes in the
production range mentioned in (1) above, with minimum
weight and volume, adaptable to space environment and
that rellabllity 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 Hp and of He at various rates in the range specl-
fied in (l) above, which use the Stirling cycle as the
primary refrigerating agent therein, with minimum
welght and volume, adaptable to space environment and
that reliability and environmental tests be carried out
with these tests models.

(4) That compact oll-free systems wlth one expander only,
in which the cxpander and the compressor are of rotary
type, be adopted for the reliquefaction and/or lique-
faction of Np, 02, Fp and H2 for the larger production
rates Involving Input powers In excess of approximately

! 25 KkW.

(5) That steps be taken to construct prototype compact oll-
free systems with one turbo-expander (and centrifugal
compressor) for the rellquefaction of Np, Op, F2 or
Ho in the slze range between 25 kW and 250 kW input
power, wlith minlmum welgrt and volume, adaptable to
space environment and that reliability and environmental
tests be carrled out with such prototypes.
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T (6)

(7)

(8)

(9)

That construction be initiated of test-model compact
oil-free compound systems for tuno i1eliquefaction and
liquefaction of He at the highes‘, rate considered in
thils 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 reliablility and en-
vironmental tests be carried out with such test models.

That efforts be made to stimulate the development of re-
liable compressors, particularly centrifugal compressors,
in the power range covered in thls report which shall

be oil-free, of minimum welght, and volume and which
development shall put major emphasis on attaining highest
isothermal efficiency and highest 2ombined motor and
motor-drive efficlency.

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 reliquefier {liquefier) requirements.

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 clrcuilt.
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