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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;.

o i e T e i Y g i o . " T . - : ’
" i e s i S e e




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).
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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 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>