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FOREWORD

A lh-month study was conducted by Lockheed Missiles &
Space Company for the Propulsion and Power Division

cf the Menned Spacecraft Center of the National
Aeronautics and Space Administration under Contract
NAS9-10412. The study, entitled Investigation of
External Pefrigeration Systems for Long-Term Cryogenic
Storage, was initiated to present sufficient information
and procedures for evaluating the usefulness of a small
closed-cycle cryogenic refrigeration system for space
applications.

The material developed in the study is presented in
four documents, as follows:

« An Investigation of External Refrigeration Systems
for Long-Term Cryogenic Storage - Systems Review
Report, IMSC A903162 28 May 1970

« An Investigation of External Refrigeration Systems
for Long-Term Cryogenic 3torage - Final Report
IMSC-AG81632, 22 February 1971

« Handbook of External Refrigeration Systems for Long-
Term Cryogenic Storage IMSC-A984158 22 Feb 1971

. An Investigation of ®xternal Refrigeration Systems
for Long-Term Cryogcni: Storage - Summery Report
IMSC-A984159 22 TPebruary 1971

The material contained bherein is the Handbook (the third
of the above mentioned documents). It contains data that
have been extracted from the Final Report (the second
document) and provides pror :dures and summary data for
conducting systems trade-of ' analyses. For more complete
data and study backgroind, the Final Report should be
consulted.
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Section 1
INTRODUCTION

This handbook of External Refrigeration Systeas for long Term Cryogeric Stor-
age has been prepared to aid the engineer/planner working in ihe aerospace
sciences. The primary purpose of the handbook is to present data and proced-
ures for conducting selection and optimization studies of cryogenic space
borne refrigeration systems. Data have been included on the major elements
of the refrigeration system including the refrigerator itself, the cryogenic
tankage, the heat absorption system, the heat rejection system, and the power
supply. An example case for conducting the trade-off studies has been des-
cribed in the following section.

The data in this handbook covers the following parameter. ranges:

o Cooling load: 1 to 100 watts (3.4 to 341 BTU/Hr)

o Cryogenic tankage: 20 to 280 cu. ft.

o Cooling load temperatures: 7.5 to 200°R (4.2 to 110°K)

o Mission dcration: 6 to 24 months
The information presented on each element is limited to that which is needed
to make first estimate approximations for obtaining overall system size,
weight, and performance. It is not intended that this handbook be used for
detail design analyses of a particular element or machine.

It is expected that with the data and procedures presented herein one can de-
fine the system requirements and the type of program required to achieve his
objectives. The data will help in identifying system characteristics in the
following areas:
o Magnitudes and temperature levels of cooling loads
o Interface requirements beiween load and refrigerator such as; whether
the rel "gerator can be integruted with the cooling load or whether
the heat must be t+-~3fe.-red by heat pipe, convective loop or other

1-1
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thermal link from a remote location; duty cycle; heat flux and
temperature level control requirements, etc.

Nature of spacecraft power supply, particularly as defined in terms
of system penalties for both primary thermal power and generated
electrical power, since both electrically and thermally powered
refrigerators exist.

Interface requirements between power source and refrigerator. For
electrically powered systems this requirement would be quite simple.
For thermally powered systems it mst be decided whether the source
can be integrated with the load or should be located remotely and
thermally linked.

Interface requirements between refrigerator and spacecraft heat re-
Jection systems. Heat mst be rejected from the refrigerator at
temperatures in the gemeral range of earth ambient temperatures. It
mst be transported from the refrigerator to the radiator by a heat
transport mechanisn.

Maintenance possibilities. Depending upon the particular mission,
this will range from sero maintenance to a maximm value considerably
less than that permissible for ground and airborne units.

Required operational lifetime.

1.2
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Section 2
PROCEDURES AND SAMPIE CAICULATIONS

2.1 INTRODUCTION

The material presented in this handbook can be effectively used to conduct
refrigeration systems trade-off studies. A separate section has been devoted
to each major element of the refrigeration system as follows.

Section System Element
3 Refrigerators
b Refrigerstor Failure Characteristics
5 Thermal Environment
6 Cryogenic Tankage & Heat Leak
T Heat Rejection
8 Heat Absorption

9 Power Supplies

In addition to data found in these sections a set of cryogen property data
and conversion units are given in Section 10 and 11 respectively.

Each section can e used to assemble data on the refrigeration system to what-
ever degree of iteration or depth that the engineer/pla.nner may care to go.
To illustrate the use of the material an example has been prepared.

2.2 EXAMPLE CALCULATIONS

As an aid in utilizing the information presented in this handbook, an example
case was worked through for a hypothetical system., The hypothetical system
consisted of refrigeration of an LH2 storage tank so that no venting took
place for a period of six months in earth orbit. The orbit selected was a
200 WM earth orbit assuming a 100% sunlit condition. The tank was assumed
spherical in shape with an 8 ft. diameter and a capacity of 1100 lbs. of LH2.
It was further assumed that the tank pressure was allowed to vary from 5 to
30 psia and that all cof the propellant was utilized at the end of the mission.
(o intermittent burns).

S |
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In order to define the preliminary characteristics of the system it was ini-
tially assumed that the cooling from the refrigeration system was continuous
rather than intermittent.

Additional characteristics and assumptions are shown on the flow sheet of
Table 2-1.

The fluw s :et was sec up to show how the problem was formmlated and to show
the inrveraction between the system parameters. This flow diagram is quite
general in rature, and it will provide a guide for a wide variety of conui-
tions ani systems which may be analyzed. However, it is not intended to be

8 rigid sulde in analyzing all refrigeration design problems, and ~ome types
of systemn. will require a different snalysis scheme.

The step by step procedure by which tne system parameters are arrived at is
shown in the Table. In the example case, the data from which the parameters
were derived are identified on the flow sheet by the appropriate figure and
table mumber. The derivation of the various parameters is shown and explained
in the Tabl-.

In analyzing a system, the initial selection of the cycle can be dictated by
a variety of major system restraints. For example, if the power available

is a primary restriction on the system, the Stirling cycle, which requires the
minimum power may be chosen. If the available space in the immediate region
t0 be cooled is extremely limited it may be necessary to choose one of the
the systems which utilize a separable, remote compressor such as the Gifford-
McMghan unit. If a large supply of waste heat is available from an auxiliary
system component, say an isotope unit it may be desirable to consider the
heat driven Vuilleumier cycle refrigerator. If an extremely long mission
duration is required, the air-bearing Bravton cycle units may be the only ones
with potential for the desired lifetime.

The various refrigerater systems have been adequately described in the hand-

book to give the engineer/planner suffieient insight to reccgnize the ad-
vantages and disadvantages of the various cycles. Some of the primary char-
acteristics of the various cycles are succinctly summarized in Table 2-2,

2-2
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In the example case the Stirling cycle was chosen in order tc minimize system
weight and determine what the maximum weight savings compared to a vented
(non-refrigerated) system would be. The power supply selected was the solar
photovoltaic large area erectable panel type. This system represents near
state-of -the-art (SO.'L‘A), and appears to be the best choice for these condi-
tions. An efficiency degradation of 10% over the 6 month lifetime was as-
sumed for the solar cells,

The waste heat rejection was assumed to take place at 300°R and a triangular
aluminum fin geometry was assumed for the radiator. A forced circulation loop
utilizing water and allowing a temperature rise of 20% in the radiator was
assumed., An optional choice would be to assume the use of heat pipes to
transfer the heat from the refrigerator to the radiator.

The required refrigeration load was based on primary assumptions of one inch
of multi-layer insulation. The selection of one inch of insulation was arbi-
trary, and a trade-off of system weigkt vs insulation thickness is required
to further optimize the system weight. A 20% degradation of the refrigerator
cooling capability during its six-month operating period - to allow for wear-
ing of parts and resulting loss in efficlency - was assumed.

The degradation of thermal efficiency with time can only be determined from
actual data on the particular units. ©Such data is not presently available,
however a 20% reduction was assumed to indicate that consideration of this
effect should be made.

The reliability of such a system was estimated from the mean time to failure
(MITF) estimates given in the handbook (2000 hrs. conservative, 4OOO hrs.
optimistic) and a selection of the failure rate characteristics given by a
Weibull number of 3.4l. The reliability resulting from those assumptions
ranged from negligibly small to O.4t corresponding to the conservative and op-
timistic values of MITF,

1ACKHERR “IQRIFQR | &P ~F rr~ P
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It is important to recognize that definitive reliability data on the various
cycles is not available and can only be obtained by extensive testing. Both
conservative and optimistic values of MITF are presented in order to allow

rough estimates of lifetime and to emphasize the fact that extensive failure

rate data is not available,

The resulting major parameters of the system follow:

System weight = 390 1lbs.

Power input requirement =2273 W

Solar cell power unit area = 220 ft2

Waste heat radiator area =75 ft2

Refrigerator volume = 0.72 ft3

Reliability = = O (conservative) to 0.4 (optimistiec)

A comparison of the vent losses corresponding to a non-refrigerated system
assuning a maximum allowable tank pressure of 30 psia shows a total of 713
1bs. of H2 vented. The potential weight savings for a refrigerated system is
therefore 713 lbs. minus 390 lbs. or 323 lbs.

This example of a preliminary systems analysis therefore indicates the poten-
tial of a substantial weight savings over a vented system, but an unsatisfaec-

tory reliability for a near future SOTA Stirling refrigerator.

This example forms the starting point of a parametric variation of the various
assumptions. Among the variation of system parameters that must be investi-
gated to better assess the trade-offs and find an optimum system are the
following:

a) Techniques of improviag + .1iability:
¢ Consider use vw? 12 .wmdant refrigeration units
¢ Consider intermi*tent operation of refrigerators
® Consider cycles with longer potential iifetimes

All of the above improvements in reliability are accompanied by a system

weight increase.

LOCKHEED MISSILES & SPACE COMPANY
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b) Effect of Heat Rejection Temperature
0 Optimum heat rejection temperature may be found to minimize weight

® Heat rejection temperatures mch removed from 300°K may require some
development efforts to produce a refrigerator to reject heat at a
different temperature..

¢) Effect of insulation thickness
® Effect of insulation thickness on refrigerator heat load and
resulting system changes requires investigation.

d) Effect of cycle selection
® Various cycles may be analyzed for comparison with the example
which utilizes the Stirling cycle.

® Consideration of VM cycle with solar collector or radioisotope heat

source.

® Consideration of GM for intermediate improvement in reliability and
more flexibility of space envelope.

® Consideration of air bearing Brayton cycle for maximum potential
mission lifetime.

The effects of these variations can be assessed with the data presented in
this handbook.

2.8
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SECTION 3
REFRIGERATORS

3.1 GENERAL THEORY

A refrigerator is a device which absorbs heat at one tenperature and rejects
it at a higher temperature. In order to perform this operstion, an expendi-
ture of mechanical work is reyuired, &s shown in Fig. 2-1. According to the
second law of thermodynamics, this operation must result in a zero or posi-

tive change of entropy. *  In terms of the quantities shown in Fig. 3-1
g 2 2 -
According to the First Iaw of Thermodynamics
Qg = Qo+ W (3-2)
Thus, W>qe (Ta-Te, (3-3)
Te

Equations 3-1, 3.2, and 3-3 relate to a system of heat source, heat sink,
mechanical, refrigerator and mechanical work source. It is sometimes desir-
a'bl.e to include the work source in the definition of the refrigerator, in
vhich case the situation shown in Fig. 3-2 epplies. In this case the work
input required by the refrigerator is generated by an engine, which takes heat
from a high temperature source, rejects heat to a lower temperature sink, and
produces work. For the whole system the operation must produce & zero or posi-
tive production of ertropy. If both engine and refrigerator share a common
+1ink, then

:1.3 2 51_1'_1_ + 39. (3"4')

Ta Th Te

Accordirg to the First law of Thermodynamics

@ = Qp * qq (3-5)
thus,
T T T
@¥@ 2 ¢ B 2o cC (3-6)
Te Th - Ta ]
3-1
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HEAT SINK AT |
TEMPERATURE T, )

F{EAT REJECTION

MECHANICAL WOKK 9a
W T
¥ _ 1 wmMEcHANCAL T 5T
REFRIGERA TOR a” ¢
tHEAT ABSORPTION
qg

HEAT SOURCE AT
TEMPERATURE T,

Figure 3-! Mechanically-Powered Refrigerator Operation

HEAT SINK AT TEMPERATURE T,

OTAL HEAT RF.JECTION
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RE- i q |
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Figure 3-2 Heat-Powered Refrigerator Operation
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There is no input of mechanical work to the system. Energy is supplied as
heat and the whole system may be called a "heat-powered refrigerator". The
performance of a refrigerator is customarily expressed by its "coefficient
of performsnce"” - "c.o.p.".

refrigerator effect
power supplied

C.0ep =

This function is a satisfactary basis for comparisocn if all systems are of
the type of Fig. 3-1. For most mechanical refrigerators, the source of power
will be electrical energy converted to mechanical power via an electric motor.
The electrical energy will originally have been produced by some procesc

whose operation is completely independent of the refrigerator, and its influ-
ence may be neglected for comparison purposes. In the case of heat-powered
refrigerators, the coefficient of performance is of less value as a standsrd;
hovwever, it may be used to form a common comparison criterion of both types

of systems.

Some heat-powered refrigerators operate by electrical resistance heating,

while others operate on heat input from a primary source, such as radioisotope
or solar collector. If the heat input, q), in Eq. 3-6 were tc be provided by
an electrical heater, then based upon electrical power consumptior, q; would
clearly be greater than W in Eq. 3-3, and the refrigerator of Fig. 3-1 would be
always superior in efficiency. If, however, the means of obtainine heat and
electric power are included in the assessment of power required, then a differ-
ent conclusion may possibly be reached. It was not intended that generalized
expressions for the behavior of power sources be inciuded in this report; how-
ever, one should consider the power source to obtain the proper perspective on

refrigerator systems.

The heat end work interactions implied by the devices shown in Fig. 3-1 and 3-2
are produced by circulating a fluid through the system and csusing it to under-
go appropriste processes at the heat source and sink. The First Law of Thermo-
dynamics can be written for working fluid in a given process as follows:

Iheat additionj= Iincrease in internal energyj + [work performed )

to the fluid of the fluid by the fluid

3-3
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Heat msy be transferred from the load to the fluid by causing the latter to
perform expansion work and replacing this energy with heat from the load either
during or after expansion. Hesi may be transferred from the fluid to the sink
by performing work on the fluid by compressing it and rejecting this energy to
the heat sink during or after compression. In either case, the system requires
a compressor and 53ink heat exchanger, and an expsnder and load heat exchanger.
The device of Fig. 3-1 will require a source of mechanical work which may be
provided by some type of separate motor. The device of Fig. 3-2 prcduces the
necessary mechanical work by incorporating = heat engine within the system. A
heat engine is a reversed refrigerator, so this system will require an expander
and source heat exchanger and 8 compressor and heat sink exchanger in addition
to the refrigerator components. These components are essential to all refrig-

erators.

3.2 IDEAL THERMODYNAMIC CYCLES

It is desirable to keep the values of W and qy in Eq. 3-3 and 3-6, respectively,
as small as possible with respect to q.. Their values will be a minimum when
all cycle processes are reversible, i.e., they produce no overall increase in
entropy. Cycles based upon reversible processes can be conceived but are im-
possible to execute in practice. In fact, pract.cal refrigeration cycles are
notable for their very high degree of irreversibility, and successful practical
cycles are usually based on expeditious juggling of the many sources of perfor-
mance loss. This characteristic highly irreversible behavior is traceable to
the basic expression for entropy change, dq/T. It is apparent that the entropy
changes associated with a given quantity of transferred heat is very much
greater at low temperatures than at high tempersatures. Much more emphasis

must, therefore, be plaeced upon cold end performance than ambient or hot end
performance, and the resulting practical cycles frequently bear little resem-
blance to textbook ideal cycles. Nevertheless, it is useful to review the basic
idesl cycles in order to obtain a better understanding of their faults and to
indicate why the variations shown in the practical cycles of the next section

are necessury.

34
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The Carnot Cycle is the best known rever-ible cycle, shown on the temperature
entropy diagram of Fig. 3-3. The compression/cooling and expansion/heating
process are accomplished isothermally. The heat transfer processes during
these phases are effected over negligibly smsll temperature differences, resul-
ting in no increase in entropy. The fluid is cooled ard heated between these
temperatures by isentropic expansion and compression, respectively.

In practice, the isothermal processes require an infinitely long duration if
finite quantities of heat are to be transferred across infinitesmal tempersa-
ture difference. It is necessary to run practical machines at relatively high
speeds and compression is generally accomplished so fast that the process is
adiabatic and the working fluid temperature rises. The heat of compression
would thus be rejected to the sink after compression and across a finite tem-
perature difference. The same comment applies to the expander and the heat
fram the cooling load. Another serious limitation of the Carnot cycle is that
the ratio of the minimum sink temperature to the load temperature is governed

by the pressure ratio used in the compression and expansion processes.

T

=a = [=<5 -

= =51 (3-7)
This places a severe restriction upon the practical temperature range.

A second reversible cycle is the Erricson Cycle, shown in Fig. 3-4 on a
temperature-entropy diagram. Compression and expansion are performed iso-
thermally, as in the Carnot cycle, and the same comments apply. EHowever,
heating and cooling is accomplished at constant pressure in a heat exchanger.
If the exchanger is 100 percent efficient, which is to say that the tempera-
ture difference between the working fluid and exchanger is zero at all points,
the cycle is reversible. The Erricson cycle has the desirable quality of
being able to span large temperature differences. It would undoubtedly be

the most popular refrigeration cycle were it possible to perform reversible
heat transfer in all the components. In practical machines the compression
and expansion processes are performed so rapidly that they are closer to being
adiabatic than isothermal.

3-5
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3.3 PRACTICAL REFRIGERATION SYSTEMS

The cycles selected for inclugion vere limited to those which it was felt had
potential for satisfying the requirements of this study, i.e., long-term
operation, low weight and volume, and high thermal efficiency.

The various systems can be divided into two broad groups: one employing
counterflow heat exchangers, and another employing regenerative heat exchang-
ers (See Fig. 3-5). If counterflow exchangers are used, then the working fluid
flows at constant rate and direction through all the system components. These
components can hence be designed for continuous steady-state operation at pre-
scribable conditions. This category includes Claude, Joule-Thomson, and ortho-
dox Brayton-cycle systems. On the other hand, those systems which employ re-
generative heat exchangers must make some provision for intermittently rever-
sing the direction of flow and alternately compressing and decompressing the
working fluid in the regenerator. This can be performed in a refrigerator in
which the cycle processes are executed successively in different regions of the
same component. The working fluid is compressed while it occupies the warm
end and the regenerator spaces, and is expanded while it occupies the cold

end and regenerator spaces.

The second category includes the Stirling, Vuillenmier, and the "separable
component systems”, the Gifford-McMahon, modified Taconis, and modified Solvay.

In the Stirling refrigerator, compression and expansion is effected mechani-
cally by movement of a single piston. The Vuilleumier refrigerator is essen-
tially a heat-powered version of 11e Stirling refrigerator in which the com-
pression and expansion of the working fluid is ~ffected thermally by movement

of a part of the fluid between hot and ambient spaces.

The separable component systems achieve compression and expansion of the work-
ing fluid by successively operating inlet and exhaust valves to admit and re-
lease the high-pressure working fluid. The presence of valves permits the use

of & separste remote campressor.

A brief description of the individual cycles will now be given.

3-7
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3.3.1 Stirling Cycle

These refrigerators, which are commonly called Stirling refrigerators, do not
in practice operate on the ideal Stirling cycle. Due to the speed of opera-
tion, heat cannot be transferred to and from the working spaces fast enough
to permit isothermal compression and expansion. As a result, these processes
are carried out under conditions closer to adiabatic, and the necessary heat
transfer is effected in separate heat exchangers. This operation is more
characteristic of the Brayton cycle. The truly characteristic feature of the
practical so-called Stirling refrigerator and its derivatives is the use of

regenerative heat exchangers.

In the refrigeration application heat exchangers are used to exchange heat
hetween high- and low-pressure gas streams -- meaning that the single flow
passage in the regenerator must be alternately pressurized and depressurized.
This could be achieved by using a continuously operating compressor and ex-
pander, ballast tanks, or dual regenerators, and reversing valves between
compressor and regenerator and expander and compressor. Such a system would
incur substantial losses due to irreversible sudden compression and expansion
wvhen the valves were switched and due to the pressure drop through the valves.
The practical Stirling refrigerator avoids these losses because the regener-
ator is in communication with the expander and compressor at all times, re-
sulting in smooth - and therefore less irreversible - pressure cycling in the

regenerator, and elimination of flow losses through the valves.
The operation of a Stirling refrigerator is shown in Figure 3-6.

In positioﬁ 1, the working fluid occupies the ambient space, after-cooler,
and regenerator. From 1 to 2, the fluid is compressed by inward motion of
the compression piston. From 2 to 3, the compressed fluid is transferred
from the ambient end to the cold end at constant overall volume by equal in-
crement of both pistons. During this transfer, heat of compression is re-
Jected to the after cocler and the temperature is reduced to the cold end
temperature in the regenerator. With the fluid now occupying the cold space,
load heat exchengers, and regenerator, the fluid is expanded by outward
movement of the expander piston, 3 to 4. The fluid is returned from the cold

39
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Fig. 3-6 The Practical Stirling Refrigerator
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end to the ambient end at constant volume by equal increment of both pistons.
During this transfer, the lost energy of expansion is replaced in the load
exchanger and the temperature is raised to the ambient temperature in the

regenerator.

This cycle can equally well be executed using just one piston to perform both
expansion and compression processes, and using a passive displacer to move
the fluid from one space to another. This configuration of refrigerator is

shown in Figure 3-T.

In practice, it is not practical to move either the two pistons or the piston
and displacer in the intermittent manner shown. It is customary to drive both
components from the same crank shaft for practical convenience. Both compo-
nents are thus continually in motion, but the cycle can be satisfactorily exe-
cuted by phasing the piston or displacer motions such thet compression occurs
with most of the fluid in the warm space and expansion occurs with most of the

fluid in the cold space.

Because of the cyclic operation of the practical Stirling refrigerator and the
fact that working fluid will be distributed through several temperature regimes
during compression and expansion, it is impossible to show the steady-state
cycle processes on a temperature entropy diagram in the conventional way. It
is consequently very difficult to perform a reliable thermal asnalysis of this
type of system without resorting to quite complex digital and/or analcg com-

putational <techniques.

Thermodynamic analysis can show that the Stirling cycle is as efficient theo-
retically as the Carnot cycle. In practice there are many inefficiencies, but
the efficiency of the practical Stirling cycle refrigerator exceeds that of
any other type of cryogenic refrigerator.

3.3.2 Vuilleumier Refrigerator

The Vuilleumier refrigerator is in essence a prsctical Stirling refrigerator
in which compression and expansion of the working fluid is effected thermally
instead of mechanically. This modification is best illustrated in connection
with the Stirling refrigerator configuration of Figure 3-T7. The working

311
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piston is removed and is replaced by a thermal compressor/expander consist-
ing of a hot space, ambient space, regenerative heat exchanger, and displacer.
The cycle of operations, shown in Figure 3-8, closely parallels that of the
Stirling refrigerator. In position 1, the fluid is all in the ambient space.
From 1 to 2, the compressor displacer moves from hot to ambient erd, causing
fluid to move from ambient to hot spaces st constant volume, resulting in an
increase in system pressure and hence compression of the fluid remeaining in
the ambient space. From 2 to 3 the expander displacer is moved to displace
this remaining fluid to the cold end. From 3 to 4 the pressure is reduced by
displacing fluid from the hot space back to the smbient space, thereby expand-
ing the fluid in the cold space. From 1 to 2 the cold gas is returned to the
ambient space by movement of the expander displacer. The heat interactions

in the exchaingers are similar to those in the Stirling refrigerator. 1In addi-
tion to the load and after-cooler heat eschangers, however, there is also a
pover heat exchanger required at the hot end through which the energy required
to compress the fluid is supplied. This energy will be higher than the actual
work of compression since the davice is in essence s combined engine and con-
pressor, and thus the supplied energy must also include the necessary rejec-

tion heat besides the compressive work.

In practice the intermittent movement of the displacers is achieved by driving
both of them from the seme crankshaft, but displaced in pahse such that during
compression most of the fluid is in the ambient space, and during expansion
most of the fluid is in the cold space.

Thermal analysic of the VM refrigerator is very similar to that of the Stirling
refrigerator. The VM refrigerator is a constant-volume Jevice, whereas the
Stirling refrigerestor changes overall volume at a prescribed rate. Otherwise

the same general approach is employed.

The fact that the cycle energy for the Veuilleumier refrigerator may be supplied
in the form of heat rather than electrical power opens the possibility of util-
izing radioisotope or solar collector heat sources directly -- without the

intermediate step of conversion to electrical energy.
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3.3¢3 Separable Component Systems (Gifford-McMahon, Solvay, and Taconis)

The practical Stirling and VM refrigerators achieve compression, expansion
and heat transfer processes in a sing.e mechanical unit. However, refriger-
ators cen be built which use regenerative exchangers in which the compression,
expansion, and heat exchange components are completely separate, if switching
valves and surge volumes a-e used to isolate the time-dependent operation of
the exchanger from the operation of the compressor and expander. Valves
introduce irreversibilicy which cause more harm to system efficiency if they
occur at the cold end chan at the ambient end. It is therefore possible to
conceive a refrigeration system in which the main regenerative heat exchanger,
load exchanger, end expander operate as one unit, and the compressor as
another. BSuch a system has many practical advantages in that separation of
canponents is achieved, but no low temperature valving is required. Valves
and surge tanks are used only at the zmbient end. This arrangement admits
many areas of design freedom by comparison with the Stirling or VM refriger-
ator. The compressor and heat exchanger-expander interface requirements are
confined to working fluid flow rates and pressures. The type of compressor
used to supply the working fluid at these rates and pressure can be selected
optimally fram all possible types - dynamic, positive displacement, or thermal.

The exchanger-expander unit will be very similar to the cold end of a Stirling
or a VM refrigcerator. With separation, however, there is greater freedom of
choice of displacer drive and means of extracting expansion work. By chang-
ing the valve timing, the shape of the P-V diagram can be influenced to some
degree.

In recent years the split component systems have gained a great deal of
popularity. By separating the expander from the compressor, it is possible
to construet a system consisting of a simple, lightweight, compact cooling
unit which can be more easily integrated with the load, and a compressor
vhich can be located remotely and connected to the expander with long flexible
lines carrying the high- and low-pressure working fluid. Because of this
remcte location, the compressor design can be optimized for convenience ari
reliability rather thar compactness. Because of the use of valves, the fluid
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flow is unidirectional and o0il separators and filters can be inserted in the
gas supply lines, permitting the 'ise of relisble and proven oil-lubricated

compressors instead of solid-lubricated compressors.

It was noted above that this type of refrigerator permits many design varia-
tions to be considered within the seme basic concept. Because of this char-
acteristic and the commerciel attractiveness of the system, there are many
varieties of split-component refrigerators on the market. These systems are
basically the same in that they nearly all use modified hermetically sealed
freon compressors, so that the system variations are confined to the method
of overating the exchanger-expander unit. However, for reasons of commercial
advertising and patent justification -- plus a certain amount of pedantry --
a profusion of names has been applied to the individual expander types. They
include: Taconis, Solvay, and Gifford-McMshon, with and without the adjec-
tive "modified".

There are two major techniques for operating exchanger-expanders. One tech-
nique is exemplified by the basic Solvay process. In Figure 3-9 the expander

consists of an expansion piston connected to the working fluiu and the inlet
and exhaust valves through a regenerator. In position 1, the inlet valve is
open and the exhaust closed. The regenerator and other void volumes are filled
to the higher pressure. From 1 to 2, the piston moves outward and working
fluid enters the cylinder after first being cooled in the regenerator. At
point 2, the inlet valve is closed and the fluid pressure falls until the
piston reaches its outermost position. At position 3, the exhaust valve is
opened and the fluid in the system expands irreversibly to 4. From 4 to 5,
the piston moves inward, expelling the working fluid from the system after its
first being warmed in the regenerator. At 5, the exhaust valve is closed and
the piston continues to move until it reaches the innermost position at 6.

At position 6, the inlet valve is opened and the fluid in the system is com-
pressed irreversibly from 6 to 1. The valve timing points 2 and 5 can be
selected such that compression and expansion are reversible, i.e., positions

3 and I, and 6 and 1, are identical. Alternstively, the valve timing can be
chosen so that 2 and 3, and 5 and 6, are identical, maximizing the area of
the P-V diagram.
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Fig. 3-9 The Solvay Expansion Process
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In the Solvay process, the work of expansion can be extracted mechanically
by connecting the piston to & crank mechanism. Alternstively, the opposite
end of the expansion piston cen be operated as a campression piston which
consumes the expansion work either as work of compression, or in the form

of heat by causing fluid to pass through a throttle valve snd heat exchanger.

The other siguificant expansion technique is the Taconis process (Fig. 3-10).

The system consists of a cylinder containing a movable displacer. Working

£° 7 can be introduced or rejected from the system via inlet and exhaust
valves which communicate directly with the ambient temperature end of the
cylinder, snd with the cold end through a regenerative heat exchanger. In
position 1, the inlet velve is open, the exhaust valve is closed, and the
displacer is at the cold end. The ambient space and the regenerator contain
high-pressure working fluid. From 1 to 2, the displacer is moved fram the
cold end to the ambient end and the cold space fills with high-pressure fluid.
At point 2, the inlet valve closes and the displacer continues moving until
it reaches the ambient end at 3. The pressure at 3 is lower than at 2 by
virtue of the cooling which occurs when fluid is transferred fram ambient to
cold spaces. At 3, the exhaust valve is opened and the fluid expards irre-
versibly to k. At point 4, the displacer is moved back towards the cold end,
expelling low-pressure fluid, until the exhaust valve is closed at 5. From

5 to 6, the fluid is compressed by displacement from cold to ambient spaces.
At 6, the displacer is at the cold end and the inlet valve is opened, compres-
sing the gas in the ambient space irreversibly to point 1. As in the case of
the Solvay cycle, the valve timing points 2 and 5 can be varied to maximize
either cycle efficiency or unit performance.

In the Taconis process, the work of expansion is extracted from the system
by a somevhat devious route. When the inlet valve is opened, the working
fluid performs work as it flows into the expander to compress the fluid in
the ambient space. When this fluid is displaced to the cold end, the heat
of compression is deposited in the regenerator. During the exhaust phase
this heat is picked up by the exhausting fluid and removed from the system.

The variations upon the Solvsy and Taconis process usually involve valve tim-

ing method of operation of displacer or piston and geometric configuration.
3-18
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Fig. 3-10 The Taconis Expansion Process
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The thermal snalysis of the Taconis process is very similar to that of the
Stirling and VM refrigerator in that remarks relating to the complex (differ-
ential) and simplified (integral) analysis approaches apply.

In the case of the Taconis expander, the boundary conditions differ in that
the system is open and the condition of constant mass is replaced by the
valve timing and flow rate equations, and the specified inlet and exhaust
fluid pressures. The work required by the oversll cycle comprising compres-
sor and exchanger-expander is equal to the work needed to compress the fluid

consumed by the expander.

The Gifford-McMahc- cycle is essentially a version of the Taconis cycle, in
which the regenerators are located inside the displacer to minimize the exter-

nal piping.

These systems have been primarily developed utilizing large ground base com-
pressor systems without attempts et weight reduction. Recently, however, a
few units have been developed utilizing dry lubricated campressors in which

the size and weight were minimized for airborne use.

3.3.4 Brayton Refrigerator

A practical Brayton-cycle refrigerator is shown in Figure 3-11. Gas is com-
pressed with some increase in entropy from 1 to 2. The heat of compression
is rejected to the ambient-temperature heat sink in an after-cooler from 2 to
3. The high-pressure fluid is cooled from 3 to 4 in the main heat exchanger.
The pressure at 4 is slightly less than at 2, due to the flow losses in the
two heat exchangers. The fluid is expanded from 4 to 5 with some entropy
increase, and is then warmed to 6 by passage through cvhe load heat exchanger.
The fluid is warmed from 6 to 1 in the main heat exchanger as it returns to
the inlet side of the compressor. The pressure at 4 is slightly higher than
at 1 because of pressure losses in the heat exchangers.

Analysis of the cycle is performed by selecting high and low fluid pressures,
load and sink temperatures, and either choosing mass flow rates and component
dimensions from which efficiencies can be determined (as described in Section
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Fig. 3-11 The Reverse Brayton Cycle
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or assuming efficiencies from which required component dimensions may be found
in a separste calculstion. The analysis begins by assuming a value for T, and

hence, h2 is found from the assumed or calculated compressor isentropic effi-

ciency,
ﬂisc h (P?)S'l) - h'L
h2 - hl
T2 is found from h2 and Pc .
P3 is found from the assumed or calculated after-cooler loss coeffi-
cient Ka

Py = P, - Po+ P3 K,
>

ha is found from the assumed or calculated after-cooler effec:iveness €5, To,

and the sink temperature Tq

. . hy - h3
g =
hy - h (P3,T,)
T3 is found from the fluid =2quation of state

T3 = T (P by)
hy, is found from the assumed or calculated main heat exchanger effec-

tiveness, €p

_ h3 - by
€m = h3-h6

Py is found from the assumed or calculated mein heat exchanger high-pressure

side pressure loss coefficient, Ky,

(P3+Ph) K
2

P’-" = P3-
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Ty is fcund from the fluid equation of state

T, = T(hy, P)

Pg is found from the assumed or calculated loasd heat exchanger pressure loss
coefficient, Ky

P + B
P = P5- [Bsb]Kg
hS is found from the assumed or calculated expander isentropic efficiency,

ni.SC. h)-l- - h‘j
UK -
1sc hll. Y (P5, S!—‘j

TS is found from the fluid equ~tion of ctate
Ty = T(Ps,hs)

hg is found from the assumed or calculated load heat exchanger efficiency, ¢4

hg - b5
e ~ HF, Tg)-hs

T6 is found from the fluid equation of state
Tg = T(Bg, bg)

P; is found from the assumed or calculated main heat exchanger low-pressure

side loss coefficient, K.

PL+ B
Pl = P6 - [—-—2——-] Kme

h; is found from the assumed or calculated main heat exchanger effectiveness €y

b _hg
€m'h3-h6

Tl is found from the fluid equation of state
T, = T (P, hy)
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The calculated values of P; and T will not, in general, agree with the
assumed values. AdJjustments are made in the assumed expander pressure ratio
and the cycle is recalculated using the new Tl‘ The process is repeated
until a consistent set of figures is obtained. If component efficiencies
rather than dimensions were assumed, then the component sizes and flow rates

required to provide this performance must then be determined.

The cooling capacity of the refrigerator, q, is the heat absorbed by the load
heat exchanger.

% = m [hg - byl
The power required by the refrigerator, W, is the work of compression

W o= m[hp- ]
It is apparent that the analysis of continuous flow Brayton-cycle refrigera-
tors is relatively straightforward. Performance data can be prepared quite

readily as a function of component efficiencies, and the results of two ex-

tensive parametric studies are reported in the literature (21) (22).

This system has been developed in small scale versions employing high-speed
turbomachinery 6;erating on gas bearings. The gas bearings experience negli-
gible wesr since there are no rubbing surfaces. Experience with these machines
is very limited in the small cooling ranges, but an operating time of 30,000
hours has been predicted by some investigators. At low flow rates, the inef-
ficiency of the turbomachinery results in a relatively low overall system
efficiency. Also, the high rotation speeds of the compressor require a high-
frequency power supply to operate the system.

3.3.5 Claude Refrigerator

As the operating temperature of the Brayton refrigerator is lowered, point 5
(Fig. é;ff) will enter the two-phase region of the working fluid, and the fluid
will leave the expander as a two-phase mixture. Up to the present time, it has
not bezn considered good engineering practice to permit exbanders to operate in
the two-phase region because of possible mechanical damage to the expander.
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For refrigeration at temperatures within the two-phase region of the working
fluid, it has therefore become accepted practice to perform the expansion
process isenthalpically through a throttle valve as in the Joule-Thomson

cycle, rather than in an expansion engine.

As explained in Section 3.3.6, this process will not produce net refrigeration
unless the value of (ah/aP)T is negative at the effective sink temperature.

For helium, hydrogen, and neon, this means that the effective sink temperaturc
must be reduced by use of an auxiliary heat exchanger. The Claude cycle is
effectively a Joule-Thomson cycle in which the effective sink temperature is
lowered by a Brayton-cycle refrigerator. It 1s designed so that the two
systems share the same working fluids.

Figure 3-12 shows a practical Claude cycle. The cycle closely resembles the
Brayton and Joule-Thomson cycles, Figures 3-11 and 3-13; and the cycle lescrip-
tion is similar. The difference is that upon reaching point 4, the flow
divides and a portion of the flow is expanded as in a Brayton refrigerator, and
is returned to the compressor via a combined load and precooling exchanger, and
the main exchangers. The remaining portion of the stream at 4 is passed through
the other side of the load/precooling refrigerator and is cooled to Ty The
system bbby - by = 55 - 5y - 5 - 6 is a standard Joule-Thomson refrigerator
and functions like the system 3 - 4 -5 . 6 - 1 in Figure 3-13. Th: fluid

is cooled in the main Joule-Thomson heat exchanger, la to Ub, after which it

is expanded isenthalpically to 5a. From 5a to 5b, the fluid is warmed in the
Joule-Thomson load hea: exchanger and thea is rehested in the main exchanger

to point 5 vshere the two flows are united and pass back to the compressor via
the load/precooling exchanger and main exchanger.

It can be seen that the Claude cycle is essentlally more complex and less
efficient than the Brayton cycle, inasmuch as a Joule-Thomson refrigerator

has been added, and that because of this, the cooling effect at the load is
produced by isenthalpic expansion, which produces a greater increase in entropy
than even the most inefficient expander. These implications are considered
desireble if a two-phase mixture in the expander is to be avoided. Recently

a reciprocating expander has been operated successfully in the two-phase
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Jdon (}24), If it 1 ‘wves possiils to develop expander technology to the
point where such expancers become generally available, the technical advantage
of the Claude cycle would be eliminated.

The Claude cycle can be analyzed in a manner analogous to the Brsyton-cycle
and Joule-Thamson cycle analyses. For the temperature range of interest to
this program, 20°K - 110°K, the possible working fluids are helium, neon,
hydrogen, and nitrogen. Betause of the low condensation temperature of
helium, there is no necessity for adding a Joule-Thomson stage to a helium
_.ayton refrigeratar. Neon or hydrogen Claude systems would be appropriate
for the 20°K - 30°K range. A Claude system using nitrogen could be used in
the T75°K - 85°K range, where its efficiency would be higher than that of a
single-stage Joule-Thomson system.

An extensive parametric study of & helium Claude cycle refrigerator for use
in the temperature range of 4.ZK is presented by Muhlenhaupt and Strobridge(ga).

3.3.¢ The Joule-Thomson Refrigerator

A practical Joule-Thomson refrigerator is shown in Figure 3-13. The cycle is
identical to the Brayton cycle of Figure 3-11 except for one important modifi-
c<ion. The expansion process, 4 to 5, is accomplished by isenthalpic expan-
sion through a throttling valve rather than by evransion in a work-producing
device. Since no expansion work is produced, no neei addition is required in
the load exchsnger to replenish the lcst internsl energy of the working fluid.
The cycle produces refrigeration by virtue of a useful side effect of non-ideal
behavior at the sink temperature. The cooling effect is given by

m [hg - h]
m [h6 - hyl
A heat bhalance on the main heat exchanger yields

By -hg = hy- My

9
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Fig. 3-13 Joule-Thomson Cycle
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Hence
@ =nm b, - h3
For q_ to be positive (bh/ap)T3 must be negative.

With a 100 percent efficient main heat exchanger T4 = T3
and the maximum value of Q. is given by
9 (mex) = & [n(eyT) - n(® je3) |

With less than 100 percent efficiency, q, is given by
q =i [h(Pl,Tl) - h(P2,T3)]

As Tl is reduce:. « @ to less efficient heat exchange, h (P1T2) will decrease
and qc will eventually become zero. The performance of a Joule-Thomson
system is therefore limited by the sign and magnitude of (Bh/aP)T:, and by

the ability of the main heat exchanger to permit utilization of this etfect.

For the present application only nitrogen has both a negative value of
(Bh/BP)T3 at normal ambient temperature and is still a vapor in the temp-
erature range of interest. Those fluids which condense at temperatures
lower- than nitrogen - neon, hydrogen and helium - can be used for very low

temperature Joule-Thamson refrigerators if T_ is reduced to a peint where

3
(bh,/aP)T is negative. This can be done by precooling the fluid using

another type of refrigeration system. Thus, Joule-Thamsor systems can be
used in double or triple cascyde to obtain cooling in the renge of liguid

hydrogen or liquid helium temperatures.

The cooling capacity, 9., of a single stage Joule-Thomson system is given
by
q, = & (hl-h3)
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The power required, W, is given by

W=m ( h2-h3)

The significant parameters for assessing the performance of a Joule-
Thomson refrigerator asre the compression ratio, the gas properties at the
warm end and the heat exchanger effectiveness. Dean and Mann 20) present
values of W/qC as a function of these quantities for Joule-Thomson refrig-

erators using nitrogen, hydrogen and helium as working fluid.

The irreversibility of the expansion process mskes the Joule-Thomson cycle
inherently less efficient than other cycles, and the required high operating
pressure of the compressor may severely limit the potential for long life.
These factors make the J-T cycle generally unattractive for long term

space flight usage.

3.4 DEVELOPMENT STATUS OF REFRIGERATORS

Table 3-1 presents a brief surmary of the development status of the various

cycles discussed.

3.5 SUMMARY OF PERFORMANCE DATA FOR VARIOUS CYCLES

In this section the weight, size and power requirements of the various
cycles considered is presented. In general, the characteristi.s are in-
cluded for cooling in the range of 5-100 watts at 20°K to 110°K which is
the range of parameters specified for the study. Additional data is
included outside these parameters, both for the purpose of providing
better curve fits in the primary range of interest, and to broaden the
scope of use for the handbook. A partial list of the areas of application
of cryogenic cooling, and the general range of parameters is shown in
Table 3-2.

The performance curves which follow are primarily a result of an extensive

literature survey which was conducted during the contractual period, in
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which the performance data of various units was obtained. The operating
characteristics of specific units which exist, or have been proposed,

are tabulated in Tables 3-3 to 3-8. In curve fitting the data from exist-
ing units, the iitended use of the unit was taken into consideration, since
it is the purpose of this study to present data for units applicable to
space~flight in which weight, volume, and required input power are at a
premium. Data for units which are intended for application where weight
and volume are not important were modified, where possible, for space use
or discarded in obtaining the curves which follow. Sources of data uti-
lized to make the curve fits follow.

1. Operating data on existing units intended for space-flight or aircraft
use.

2. Predicted performance characteristics for space-flight systems from
detziled studies by potential manufacturers.

3. Characteristics predicted by based upon more general data, on
individual components; for example, component weights were added
for some cycles to obtain system weights.

In general, sll three techniques were utilized to obtain the performance
curves, but where possible the methods were selected in order of prefer-
ence. Consideration of the maturity of the development of the cycles was
also made. For example, the Vuilleumier and small Brayton cycle machines
have not reached the same state of maturity in their development as the
Stirling and Gifford-McMahon units. This consideration led to some in-
stances where a curve fit through the best points for the newer cycles was
made while for the more mature units a least squares fit was made. The
individual data points are not shown on the cycle performance curves for
ease of readinzt. In additiorn, Tables 3-3 to 3-8 show the characteristies
of existing units and also includes the tabulated data of the performance

parameters.
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TABLE 3-2

AREAS OF APPLICATION OF
CRYOGENIC COOLING

IMSC-/ "RL4158

Temp. Cooling
Application Regmts. Regmts.
K W
Extra terrestrial propellant 20 to 110 5 to 100
reliquefaction (contract
application)
Masers 2to 5 =1
Parametrfc amplifiers 20 to T8 l1to 2
Superconducting circuits 4.2 to 12 0.5 to 2
Superconducinng applications 2 to 16 >1
Y-ray detector devices 77 tc 120 0.2 to 1
Infrared devices 4.2 to T7 0.1 to 2

LOCKHEED MISSILES & SPACE COMPANY
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PRECEDING PAGE BLANK NOT FILMED

FOLDOUT, FRAME \

Manufacturer Malaker Corp. Malaker Corp. Malaker Corp. Malaker Corp.
Trade Name Cryomite Cryomite Cryomite Cryomite
Model Mark VII-C Mark XIV-A Mark VII-R Mark XX
I.D, Number 1 2 3 4
Refrigeration Range 17.5 - 80%K 44 - 100°K 40 - 125% 40 - 120%
Cycle tirling Stirling Stirling Stirling
Working Fluid Helium Helium Helium Helium
High Pressure NI NI NI NI
Low Pressure 17 atm Fill NI NI NI
Minimum Temp 17.5°% WK 40°K 4%
Cool-Down Time 8 min 7 mnin 3.8 min 7.4 min
Euxpauder REM NI NI NI NI
Volts-Phase-Frequency 208 - 3/4 - 400/60 208 - 3 - 400 208 - 3 - 400 208 - 3 - 400
Cooling Means Air or Water Air Air Air or Liquid
Ambient Temp Reqmts
Required Attitude Any Any Any Any
Cryostat Dimensions 4.8"D x 11,5"L 2,9D x 12"L 6 1/2°D x 23 1/2"L 197 x 18" x 15 1/2"
Compressor Dimensions
System Volume 209 in.” 86 in.” 7€1 in.> 1500 in.>
System Weight 15.5 1b 5.5 1b 40 1b 65 1b
MTBF 40,000 hr 40,000 hr 43,000 hr 40,000 hs
Maintenance Interval 1,000 hr 1,000 nr 1,000 hr 1,000 hr
System Gost $5,195 $9,000 $17,500 $24,,000

rRetrigerat:lon

Power Input
1501(4 copP

% Carnot

Lb/Watt

1n,%/vatt

[Refrigeration 1 watt

Pover Input 480W
20&[(4 COoP »00208

% Carnot Eff. 2.92%

Lb/Watt 15.5

| In.%/vatt 209

[Refrigeration 17.7W 2.8W 60W 110W

Power Input 395W 108W 1220W 1990W
77K < CoP <0448 .0259 0492 .0552

$ Carnot 13% 7.5% 14.3% 16%

Lb/Watt 0.876 1.97 0,667 0.591

[In.?/vatt 11.81 30.8 13.0 13.6

[Refrigeration 23.7 5W 90W 164W

Power Input 395 96w 1220W 1860W
120°K . COP .073 .0522 .0738 .0883

% Carnot 12.6% 8.25¢ 1.7% A S

Lb/Watt 0.654 1.10 0.445 0.396

 In.?/Wats 8.8 17.2 8.7 9.15
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TABLE 3.3

EXISTING STIRLING CYCLE REFRI

Phi1lips Lab. Phillips Lab. Hughés Aircraft Phillips Lab. Malaker Corp. Malaker Co
None Prototype Prototype Cryogem Cryomite Cryomite
A-20 X-20 42100 Mark XV Mark XVII-
5 6 7 1- S 2-8 3-8
12 - 300K 12 - 300% 45% up 20°K up 54 - 100°K 7K
Stirling Stirling Stirling Stirling Stirling Stirling
Helium Helium Helium Helium Helium Helium
427 psia NI NI 125 psig NI NI
NI NI NI NI NI
12% 12% 45%K 20K 54°k 54K
40 min 15 min 3 min 12 min 8 min 9 min
1450 - 1750 175C NI
400 - 3 - 50/60 2000 VA - 3 - 50/60 115 - 3 - 400 208 - 3 - 400 FIA B o 2V IC
29¢ gal’hr H0 Air or Liquid Air or Liquid Air Air Adr
-55 to +1°C
Any (g = 0) Any Any Any Any
3 1/an 43.5" x 37.4" x 19.7" 4"D x 7.5"L 8" x 6" x 6" 5.87" x 4.81" x 10.9* 2.9"D x 12.2"L 3.2"D x
18.5" x 13.8" x 313"
15,000 in.” 119 in.3 66 in.> 88 in.>
660 1b 112 1b 10 1b 12 1v 5 1b 13 1b
NI NI 1000 40,000 hr 40,000 hr
500 hr 4,000 hr 500 hr 1000 hr 1000 hr
NI NI NI $9,000
20W 5W
8300W 1750W
.0024 .00286
4.5% 5.4%
33.0 22.4
\ 100W 10W 1w e 25%K
' 8300W 1750w 350
.0121 .00572 .0029
17% 8% 3.2%
6.60 11.2 12
119
36W BVA| 1w Lo3W
1750w S00W 29.54 280W
.0206 .0280 -034 015
6% 8.1% 9.9% 4.35%
3.12 0.715 5 3.02
66 20.4
NI 1.9W
29.5
064
1%
2,62

34.7




EXISTING STIRLING CYCLE REFRIGERATORS

TABLE 3-3
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LMSC-4984158

ips Lab. Malaker Corp. Malaker Corp. Malaker Corp. Phillips Lab. Phillips Lab.
m Cryomite Cryomite Prototype Micro-Cryogen
Mark XV Mark XVII-1 Mark XVI.3
2-8 3-8 4=5 5-8 6- 8
up 54 - 100°K 7% 77 - 110%K 7 - 300°K 40-300°K
. Stirling Stirling Stirling Stirling Stirling
n Helium Helium Helium Helium Heliun
- NI NI NI 6 atn 8.5 ATM
AT NI NI 3.7 atm 4.5 ATM
54°K 54K 77°K 7°K 40°K
n 8 min 9 min 7 min 15 min 3 min
600 RPM 1800 RPM
3 - 400 FIAY 24V DG 24V DC 320-3-60 24 VDC
Alr Air Air Water Air or Liquid
-55°C to 75°C
Any Any Any Any Any
X 4.81% x 10.9" 2.9"D x 12.2"L 3.2"D x 14"L 3.5"D x 15.5"L 6" x 12" x 24" 4" x 4" x 8"
23 66 in.” 88 in.> 137 in.> 128 1P
51b 13 1b 10 1b 35 1b 31
40,000 hr 40,000 hr 40,000 hr
1000 hr 1000 hr 1000 hr 250 to 500 Fr
$9,000 $4,,000 to $6,500
5K 1.3W (est.) -
» 700W
.00186
26.9
1W 4e3W 8,2W 1.5W
29,54 280W 208W 9OW
.034 015 .039 .0167
9.9% 4.35% 11,3% 4.8%
5 3.02 1,22 2.0
66 20.4 16.7 5.5
1.9W 12.5W
29.5 195W
064 064
11% 11.1%
2,63 0.8
34.7 11,0
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Manufacturer Hughes Aircraft Hughes Aircraft | Hughes Aircraft
Trade Name
Model Prototype Prototype Prototype
I.D. Number 11 12 13
Refrigeration Range = 77°K = 77K 15K - 75%K
Cycle Vuilleumier Vuilleumier Vuilleumier
Working Fluid Helium Helium Helium
High Pressure 600 psi
Low Pressure
Minimum Temp
Cool-Down Time 30 min 10 min 30 min
Expander RPM 600
Volts-Phase-Frequency 28 VDG 28 VDC 28 VDC
Cooling Means Air Air Liquid
Ambient Temp Reqmts -55°C to 71°C
Required Attitude Any Any Any

Cryostat Dimensions
Compressor Dimensions

7015 X 7015 X 8

6.5 x 5.7 x 5.1

10.5 x 13.6 x 7.8

System Volume 410 in.” 190 in.” 1,110 in.’
Cywvem Welght 5.75 1b
MTBF 5,000 hr goal
Maintenance Interval %.G00 hr goal 1,000 hr 1u,000 hr goal
[Refrigeratior. 0.15W at 15%
Power Inpu- 370w
Near< coP 000405
20°K | % Carnot 0.77%
Lb/Watt
In.uett 16,700
[Refrigeration 0.6W 1.5W
Power Input 60w 200W
77% J COF .01 .0075
% Carnot 2.9% 2.2%
Lb/Watt 3.83
|In. 2 /Watt 683 127

(1) Seme units at two different operating conditions
(2) Based on 350°K ambient
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TABLE 3-4

EXISTING VUILLEUMIER PROTOTY™ REFRIGERATORS (SMALL UNITS)

thes Aircraft Hughes Aircraft Hughes Aircraft Phillips Lab. Phillips Lab, Phillips L
Prototype .
>totype Prototype X4477550-100 Prototype Prototype(l) Prototype(
14 15 16 17 18
L - 75%K 25 - 75K 30 - 75% 77 - 200K 77°K 77°K
11leumicr Vuilleumier Vuilleumier Vullleumier Vuilleumier Vuilleumie
lium Helium Helium Helium Helium Hellum
400 psi 23 atm 30 atm 40 atm
16°K 70°K
nin 30 min 30 min
240 450 600 600
VDC 115 - 3 - 400 28 VDC
quid Liquid Liquid Alr Air Air
y Any any Any Any Any
«5 x 13.6 x 7.8 7.5 x 9.5 x 10" 10.5 x 2.3.6 x 7.8" 12 x8x6 16.5 x 7.1 x 7.1" 6.5 x 7.1
110 in.° 712 in.° 600 1in.° 580 1n.> 820 1in.” 820 in.”
18.1 1b 10.3 1b 15 1b 15 1b
J00 hr goal 1,000 hr 10,000 hr goal 800 hrs +
50 at 15% 2W at 25%K 0.4W at 20°K demonstrated
ow 1,200W 550W
00405 .00167 .00073
7% 1.84 0.66%
45
14700 365 N
(2nd Stage)
oW 0.5W 1w 20
500W T0W 120w 191w
(ist Stage) .00715 .00833 .105
» 2.07% 2.9%2) 3,782
20.6 15 7.5
1,160 820 410




3ERATORS (SMALL UNITS)
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LMSC-4984158

lips Lab. Phillips Lab. Hughes Aircraft
P/N X447525-100
otype(l) Prototype(l) Prototype
18 19
g 77°K 77°K
levmier Vuilleumier Vuilleumier
num Helium Helium
tm 40 atm 600 psi charge press.
64°K
7 min
600 600
28 VDC
Air Air
Any Any
x 7.1 x7.1" 16.5x7.1x7.1
in.” 820 in.> 108 in.’
b 15 1b 3.4 1b incl. inverter
- T4, hr +
2W 1.6W
' 191W 163W
‘33 105 .00983
(2) 3.75(2) 2.85%
7.5 2.12
410 67.5
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Manufacturer Garrett aillesearch Garrett AiResearch Air Products Air Products
Trade Name None None None None
Model 133488 144406 J-80-1000 J-30--3500
I.D. Number 2 22 23 24
Refrigeration Range = 77% S 2 77°K 2%
Cycle J-T J-T J-T J-T
Working Fluid NZ N2 N2 N2 and He
High Pressure 155 atm 17€ ata
Low Pressure 1 atm 1 atm
Minimum Temperature 75°K 75°K 75°K
Cool-Down Time 12 min 6.5 min 5 min
Compressor RFM 3,850 3,850
Volts-Phase-Frequency 115/208 - 3 - 400 115/208 - 3 - 400
Cooling Means Adr Air Air Air
Anbient Temp. Reqmts. -40°C to 56% -40% to 1%
Required Attitude Any Any
Cryostat Dimensions
Compressor Dimensions 6.5%D x 12"L 5" x 8% x 127
(3-stage) (2-stage)

Cryostat Wt.
Compressor Wt.
System Wt. 22,5 1b 19.5 1b 18 b
Compressor Volume
Cryostat Volume
System Volume 500 in.” (est.) 0.45 £t.2 (777 1n.”)
MTBF 1,000 hr est 2,000 hr est
Maintenance Interval 300 and 500 hr 400 hr 500 hr 500 hr
System Cost $9,000 $8,000 $9,000

[Refrigeration 0.35W (23°K)

Power Input 1,050W
23°% J 6P 0.000333
250K % Carnot 0.4 %

Lb/Watt

kIn.B/Watt

[Refrigeration sy W 2

Power Input 650W 450W 600V,
77°K4 coP 0077 . .0067 00333

% Carnot 2,258 1.9% 0.9%

Lb/Watt 4e5 6.5 9

LIn.B/'Watt 100 259




Table 3-5
CLOSED CYCLE JOULE-THOMSON REFRIGERATORS (SMALIL UNITS)

FOLDOUT FRAME 2

LMSC-A984158

- Products Air Products Senta Barbara Hughes Aircraft Fairchild
Research Center Stratos Corp.
2 None None [Prototype Prototype
0-1000 J-30-3500
2 25 26 27
7°K 23% *=79% 77°K 2 30%K
J-T J=-T J~-T J-T
Nz and He Nl N2 Nz and He
R 75%K 75°%K 23K
n 5 min 5 min 50 min
—’.) 3,850
Air Air Air
8% x 12" 7D x 12.5"L
tage)
0 16 1b 40 1b 82 1,
0.35 £t.> (603 1n.>) 1765 in.>
i 500 hr 500 hr
J $10,000 . $15,044
0.35W (23%K) 0.5% (25%K)
1,050wW '1,000%
¢.000333 .00050
0.4% 6%
1Cy,
3,520
5k 12w
326W 750W
3 .015 0.016
4.5% 4.8%
3.2 3.33
121
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Manufacturer Cryomech, Inc. Cryomech, Inc. Cryomech, Inc. Cryomech, Ine. (294 cT1 [ 44 cTI
Trade Neme Rone Xone Sons Bone Cryodyne Cryodyne Cryodyne Cryc
Model ALOY aLG2 GBg2 Ga2 350 355 1620 1o
I.D. Thmber X n 3 33 X 3 % »
Refrigeraticn Range = - 150K 23 - 150K 7.5 - 150°K 9-1%X 15 - 150 15 - 150°% 13 - 250 b 4]
Cyele [ [X] (X} G- [ ¥} [ G G
Vorking Fius2 Be Ba He Be He e He He
High I ressure 2 ata 2 ata % ata 24 ata 185 psi <75 pet 275 pai 300
1 resure 10 o 10 ata 10 ata 10 ata 65 pet 75 pei 75 pei bl
Ko _mm Teop 23% 2% 7.5% 9 15°% 158 1% 25
CoolDow- Tame 12 min 25 etn 25 win 35 min 45 min 25 ain 50 min X1
Sxpander RPN 773 773 773 773 7 82 82 82
Volts-Fhase-Frequency 110/220 - 1 - 5060 220 - 1 - 50/60 220 - 1 - 50/60 220 -1 - 50/60 200,300 - 1 - 50/60 208/440 - 3 - /60 208/40C - 3 - 40/60 208/
Cooling Neans ar ur ar ar aur ar alr ar
Anbier: Temp Req u ¥ a1 nx -25% - +125°F -25°F - +125°F <25°F - a25°r -2
asuaired Attitude Cryostat sny Cryostat eny Cryocatat sny Cryvetat any Crycstat any Cryostat any Cryostat any Cry
Cryostat Dis. {in.) 2.5x 2.5 x14.5 5x5xi8 S5xSx2) SxS5x 22 19x25x9 B x10xé 20x13x8 16..
Cospressor Dia. (in.) N x19x W 2x19x27 29x19x7 28 x17x16 4 x 27 x 26 41 x 27 x 26 33
Systen Volme (1n.%) 15,350 15,420 15,500 8,460 29,90 2,860 %,
Compreasor Wt 125 1b 175 1b 175 1b 175 1b 175 1b 425 1b 425 1b 425
Cryostat Wt 51b 251 25 b EIR Y 2n 2n B33y -
System Wt 101 0 1y 200 1 200 1 29 w'd ws n'? we ' 450
wrer 000 5000 5000 5000 10,000 10,000 13,000 7
Salnteance Interm1(d) | 300075000 3000/1500 3000/1500 3000/1500 3000/3000/6000 2000/3000/6000 3000/3000/6000 3000
Syatea Cost 98,610 10,250 $13,200 $13,200 $13,000 $16,000 $17,000 28,
[ Refrigeration 2.5 3.
Pover Input 30008 3000
L 1008 00113
% Carnot 1.92% 2.5%
Lo/Matt 83 9
In. ) Nate 6420 4560
[Refrigeration 4.8 6.0M 1.8 4.6
Pover Input 30004 30008 60 5600
15% ] c® .0013 0020 00018 00082
£ Carnot 2.8 388 0.32% 1.45%
Ly/vate 50 33.3 468 106
{12, 3 et 260 2580 29,900 6720
[Refrigaration 1.04 @ 25X 5,50 & 3 (2nd Stage) 5W (2naStage) 1V (20d Stage)
Power Input 900V 30008 30008 21008 56000 56008
2% °%° .0olL 00184 00267 00143 00089 .oc197
% Carnot 1.2 2.57% 3.7% -3 1.2% 2.7%
Tb/vatt 1% 3.4 25 7€ 93 73
Uin. 2 fatt 2800 140 2820 5960 2810
[ Refrigeration 189 759 SW (1st Stage) s¥ (st Stage) 10V (1at Stage) 100
Power Input 900% 30004 21008 S600M S600M 5600
7] c® .020 .025 .or
£ Carnot 5.8% 7.2 Ses,
Lb/Matt 1.2 2.67 4.8
L1n. 3 patt 205
[Retrigeratica I 8™
Pover Input 900W 3000w
110°§ €% 0322 0297
£ Carnot 5.08% 4.7%
Lb/Watt 4.5 2.2
10,7/ Mate 172
(1) Cryostat/cosp ol filter/comp

(2)
3
(Y]

Totsl weight excludes instrument panel

Expander/compressor/valve
Valve assembly
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[2¢3 Afr Products Mr Products Air Products ALr Products Cryoms b, Inc. Cryomech, Ine. 244
e Cryodyne Displex Displez Displex Displex Hone Kone Cryodyne
. 10077 €S-102 €S-202 (Airborne) €5-1003 proL GBOS 0120
3 » 0-S NS R-s 33-S 34-S 35S
150° 2 - 150°K 20 - 300%K 12 - 200%K 7K - 150°%K 7K - 150% 15°K - 1% 15 17.5% - 150%
[ Mod. Solvay Mod, Solway Mod. Solvey Nod. Solvay GM G [T}
He He He He He He He He
i 00 psi 320 paig 290 pei L1 % ata 24 ata
i 100 psi 115 psig 90 pai | 24 13 ata 10 atm
25°K 1% 12% 11 uI 2% | 34 17.5%
30 ain 20 min 45 min 5 min S min 33 n 10 - 15 min
82 773 »5 00 iad 773 . 200 - 3 - 200
3 -3 - &/ 208/440 - 3 - 50/60 208/440 - 3 - 60 115V - 50/60 u L1 20 - 1 - /60 220 ~ 1 - 50,60 Comp 208 - 3 - 400
ALr Yes ar ar Mr ar ALr ar
1 - 4225 -25°¢ - 125" %0 - 110°7 © - 10°7 6% &°r n 34 437 - an°r

© tany Cryostat any Cryostat any Cryostat any oy ay Cryostat any Cryostat any Cryostat any

1xs 16.5x13x8 0 x 1% o x I 0.5%P x 3.0°L 0.5"D x 4.8"L 10 x 20 x 10

Tx2 Qxnx% 2z17x15 2x17x15 1Lxsm g i I 0xixs
R 30,500 5,600 5,700 202 3,720 270 1o
1b 425 1b 150 Ib 150 1b 7.5 1b 65 1b 35 1 75 201
b 3 1b 10.6 1b 10.6 1b 3.5 1b 21 41 61b 518
2 w0 12 162 1b 161 16 JE Y 67 1 P 81 1y 25 1%

3 14,000 3000 - S000 est 3000 - 5000 est 26312/8456/8493 ux 5000 5000 10,000
/3000/6000 3000/ 3000/6000 3000/6000 3000/6000 1200 4500/4500 3000/1500 3006/1500 3000/500/2006
) $18,000 $7,000 $10,000

o.M 1.08
1M 900N

2 00040 0011
- 0.77% 218
\\ 23 81
. 8150
(2na Stege) 1.5 (load station) | * 0.5¢ @ 25% 0.5
[ 173N [ [

o 00086 00083 00073
1.28 928 1.08
207 7 50
s 540
(1st Stega} 100W i 1.5 1,08
v 56008 17008 77 5008
.19 .01 0044 .002
5.28 2.9% 1.28% .58%
4.8 9.5 7.3 67
205 3% 135 720
229
17008
013
2%
7.3
255
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EXISTING GIFFORD-McMAHON REFRIGERATORS
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FOLDOUT FRAME 2

Cryomeeh, Ins. | CII [234 ot Phi114ps British Oxygen 1
Eone Cryodyne Cryodyne Cryodyne \irbo: e Hone
Gacs 0120 oo 20 P/ 45021, IR16 - Mk II
%S 35-5 %5 -3 38-3 »n-s
15% 17.5°K - 150%K 6.5 - 150° 19.¢° - 150% 16 - 100 12 - 2%
G-M G (7] G-M Solvay Mod. Taconls
e He He He He He
24 atm 20 atm
10 sta 10 ata
13 17.5% €.5% 19.0% 16°x 12%
n 10 - 15 ain 240 min less than 15 min 20 mir (75 gus cu) 40 min
773 166 ®PM
20 - 1 - 50,60 Conp 208 - 3 = 4n0 Bl 10 -3 - 36 s 115/100 - 1 - 60/50 15 -3 - a0 2A0-i-30
Agr Mr Ar Mr aur Afr end Vater
34 -63°F - 1N°F -25 - +125°F +40 to +110°F 13 2%
Cryostat any Cryostat any Cryostat any Cryostat any iy Cryostat any
10 x 20 x 10 10x20x 3 3.0 x7x 1.2 F x5 xl2* 8D x 13°L
10x4x8 26 x 17 x 17 13x13 219 5x7.5x9" %" x A" x 21"
270 10’ 7600 1o° 3280 517 1o’ 21,000 1a’
75 b 20 1b 175 1b 70 1b 9.5 1b 240 1b
6 1b 5 1b 0 m 1 5.5 1b 2
o 1o 25 205 16 81 1b 15.0 1b 260 Ib
5000 10,000 10,000 10,000 2,000
3000/1500 3000/500/ 2000 3000/3003/6000 3000/3000/6000 2,000 n
$10,000 $23,000 _$9.100
1,68
22008
000763
1078
128
_&750
1.0 2.4 o.N
900% 2)00W 64N
0011 00114 000265
2.1% 2.2% 0.51%
81 7 m
20,000
0.5% o.M .44 2.9
6B0¥ 16008 630N 264M
00073 .0002 ~000627 ~0009%0
1.08 0.27% s 1R
50 405 n.s 10
540 16,400 1300 8400
3.89
6N
00595
1.73%
3.95
136
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It should be appasrent from these comments that some significant extrapola-
tions were required in making these curve fits and the authors judgment
was used in many cases. For these reasons it is suggested that the follow-
ing performance data be used as a guide in performing trade-off studies
and not as an absolute indication of the characteristics of units intended

for space-flight cryogenic cooling.

3.5.1 Coefficient of Perfcrmance vs Cooling Load

An indication of the thermal efficiency of the refrigerator is given by
the coefficient of performance (COP) defined as the net refrigeratioi. pro-

duced divided by the input power

cop = Yef.
Qinput

Figure 3-1k shows the COP data for five different cycles at 20°K as a function
of the net refrigeration produced. In general, a large amount of applicable

data was available for the various units. An exception was that of the
Brayton cycle where predicted performance data was utilized. Data for
large industrisl units at higher cooling capacities are also shown, and the

results of a previous study for the Stirling unit are in good comparison.

The value of COP for a reversible (Carnot) refrigerator is given by

m
COP = ——O
Th - Tc
where Tc is the temperature at which cooling takes place and Th is the

temperature of the surroundings (300°K for these units). The values of COP
for the carnot cycle at 20°K and 4.2°K are shown in Figure 3-1b for com-

parison with actual units.

The adverse effects of miniaturizatiof are easily seen from Fig. 3.1L. The
COP decreases substantially as the uni*t becomes smaller. This is due to
the fact that relatively higher heat leaks are present for the smaller
units because of the unfavorable area to volume ratios, and some components

of the system become more difficult to fabricate efficiently in small size.
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20° K
N e joe -
/—STIRLING (REF.3-41) A, - T
] -
! “EFTT
: - -
: — l CARNOT PERFORMANCE
| o ® e 4. » Tre =
-t ef.
' 20° X
-68) s 2) CUpS T
: f“& (BEE. 3 o E— ¥
2 ——
° K
S INDICATES LARGE
INDUSTRIAL UNITS @ 20° K
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Frictional losses are also pronortionally higher.

The relative efficiency of the various cycles has been fairly well estab-
lished with the exception of the Brayton cycle for which only predictions
were available in the range of interest here. It is expected that if the
performance of actual Brayton units is obtained, the values may be some-
what lower than shown since inefficiencies are generally higher chan pre-
dicted. Performance for the Joule-Thompson unit is shown only in the
area of O.4t W where data is available, predictions or extrapolations were
not made, since the interest in a J - T unit for application in this area
is limited.

Data for various units operating at 4.2°K is also shown in the figure and
is taken from reference 68. No attempt was made to show the relative per-
formance of various cycles at this temperature, the curve being included

only as a rough guide.

The units shown on the dotted curve represent for the most . 1wt ground
based units where weight optimiz-tion was not perforwed. An additional
curve is shown for lightweight turbo machinery refrigerators at h.2°K,
some of which were developed specifically for space flight. ~hese reduc-
tions in weight are achieved with some loss in efficiency. As shownm,

the lightweight units are less efficient than the others.

Figure 3-15 . 10ows COP data for the various cycles at 77°K, a temperature
at which the majority of data is available. The same observ~tions hold;
the curve for the Brayton cycle is based on rrediction plus one experi-
mental point and the agrzement with a previous study at higher cooling

loads is satisfactory. The value for COP are substantially higher than

at EOOK, and approximately parallels the “ner=ase for the carnot cycle.

3.5.2 Coefficient of Performance vs Temperature

Figure 3-16 and 3-1T show the effect of temperature on the COP at two cooling
loads, SW and 100W which correspond to the limit of the parameters tor the
study. The variastion ot COP with temperature is governed by two primary
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effects. (1) The COP begins to decrease rapidly as the minimum tempera-
ture for the particular cycle is approached. For example, as approxi-
mately 129K is approached for the Stirling unit, the COP begins rapidly
~e.1easing due to the rapidly decreasing specific heat of the regenerator
material and corresponding loss of efficiency. The approximate minimum
temperatures (Tm) achieved are indicated on the curves for the various
cycles. (2) The curves generally parallel the Carnot efficiency curve

& . temperatures substantially higher than their minimum values, as shown

on the Figures.

Also shown is the performance of 4.29K Claude and G-M units which both
employ a Joule-Thomson expansion circuit to reach U. 2°K, the normal boil-
ing point of helium.

3.5.3 Refrigerator Weight vs Power Input

The weight of most machinery can be correlated quite successfuily with
the power input to the unit providing units with common design require-
ments are utilized. For example, if the machinery is designed for space-
flight where weight is a premium then this common basis will provide a
consistent correlation. Deta for compressars, motors, and complete refrig-
eration units was correlsted on this basis. The complete results for
compressors and motors are presented in the final report*. Figure 3-18
presents the correlation for refrigerstion system weight as a function

of input power. Some of the data for 40O cycle motors and dry lubricated
compressors 1s also indicated in the figure to help discern the relative
contribution of the different components which make up the total system
weight. Various cycles are indicated, and no differentiation was made as
to cycle in fitting the curves except for those cycles employing rotating
machinery. These machines were considered separately from those employing
reciprocating machinery. The curve fits were made through minimum weight
systems rather than through the mean of the data to indicate the expected
best weight that is currently attainable for weight optimized systems.

*Investigation of External Refrigeration Systems for Long Term Cryogenic
Storage - Final Report IMSC-A981632, 22 February 1971.
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Data points are shown for units which are obviously designed for ground
use with no weight minimization as flagged points, and are shown for gen-

eral interest, although they were not used in the curve fits.

The curves presented in Figure 3-18 can be utilized in predicting weights
of various units for which weight data is not available, end this tech-
nique was used in some instances where important data was lacking. The
data also show the importance of obtaining a high ccefficient of perform-
ance in order to minimize weight. For the higher power inputs, little
data on weight optimized systems was available, and some extrapolations
were necessary to cover the desired range. For the Brayton cycle systems
employing turbomach’nery a combination of predicted values and a few

experimental points were used.

The results show a weight advantage for the turbo-machinery units for
power inputs in excess of about 800-900 watts.

3.5.14 Weight vs Cooling Capacity

Figure 3-19 shows the comparison of weights for the various cycles at 20°k.
Wherever possible data for operating flight weight systems was utilized.
For those cases where sufficient data was lacking, weights were estimated
based on a combination of the curve fits for COP previously described and
the system weights vs power input. As might be expected the lower weight
cycles are those with the highest thermal performance (COP) values, the
Stirling units being the lightest weight systems, while the Brayton cycle
shows a relatively improved position at the higher cooling rate. Compari-
son with a previous study (Ref. L4l) at higher cooling rates is again
shown. The weight of heavy units for ground use (wet lubricated com-
pressor, etc.) is shown for the G.M. » Taconis and Solvay units for com-
parison with what is expected for a weight optimized unit for those cycles.
Weight optimized versions of the Solvey and G.M. cycle units have been built
and are operating in the cooling range near one watt.
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In addition, a curve is shown for lightweight Claude cycle refrigerators
at k. 2°K. This curve is based primarily on predicted values and requires
experimental verification before it can be used with any degree of con-

fidence.

All of the curves show a reduction in specific weight as the refrigera-
tion level is increased. This tendency is primarily a consequence of *he
variation of the coefficient of performance vs vooling retn:, and the

character of the curves is simil.r to the CCP vs refrigerstion curves.

Figure 3-20 shows the specific weight data ior the 77°K cooling level.
More operating data on actual units was available for this case than at
20“K. The same general comments are applicable to this curve as for the
20%K case. The weight of the units Is substantially less than at 20°K.

355 Weight vs Temperature

The specific weight vs temperature is shown in Figures :=21 and 3-22 for
cooling levels of ", watts and 100 watts. The characteristics of the

curves are similar to the COP vs temperature curves.

As the minimum temperatures are approached the weights rapidly increase

as the thermal efficienc; rapidly decreases, while at the higher tempera-
ture the slope becomes nearly constant. These curves can be utilized to
make estimates ¢! weight requirements at intermediate temperatures. Addi-
tional cross-plotting will be necessary to assess weight penalties at

other cooling rates than the 5 watts and 100 watts selected here.

3.5.6 Jystem Volume

The volume of the refrigeration systems showed the greatest spread and
least correlation of the various parameters. One reason for this is that
volume data was not readily availoble for most units. Reported data did
not s;.cify if actual (displaced) volume was reported or if the volume
envelope was specified. In the majority of cases the drawings of the

units were utilized to calculate the volumes. The system volumes for
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specific units are shown in the tables. Some cycles are inherently more
compact then others.

For example, the Stirling cycle cen be conveniently fabricated in a single
unit and lends itself to compact packaging. The Solvay cycle on the other
hand may consist of iwo or three s;epara'ble units (compressor, cryostat,
valve assembly) in which the overall volume is samewhat higher. The Solvay
or Gifford McMshon unit on the other hand, offers greater flexibility

since the cryostat is quite smsll and can be mare easily integrated into

a cryogenic system, while the compressor can be mounted in a remote loca-
tion, connected to the cryostat only by the gas supply and return lines.

Several correlations of the volume data were attempted, the first being
system volume vs power input. The result showed excessive scatter. A
more successful correlation is shown in Figure 3-23 which shows the system
density as a function of system weight. The data show considerable
scatter. Also shown on the curve is data on large industrial units which
provide cooling at 4.2°K (Reference 3-68). The following trends are in
evidence from the data.

1. The density of lightweight units intended for flight is quite low.
This is felt to be due to the greater use of lightweight materials
such as aluminum in plece of the mare commonly utilized steel.

2. The lightweight Stirling units seem to form a separate trend at a
higher density. This may be due to the basic character of the
cycle which lends itself to very efficient packaging compared with
the other units.

3. The date appear to show a reduction in density with increased weight.
A possible explanation for this is that the larger units were spe-
cifically intended for terrestral wuse in which the design goals were
ease of installation and servicing of components. A greater poten-
tial for volume reduction therefore exists for the large units.
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It is suggested that in the absence of better volume data for a unit
the two density lines should be utilized; one for the Stirling units

and one for the other units as shown on the figure.

The system volume data which follows is based on Figure 3-23 in the

absence of more specific data on units.
3.5.7 System Volume vs Cooling Rate

Pigures 3-2h and 3-25 present the curve fits for specific volume ss a
function of cooling rate at 20%K and at TTOK for the cycles considered.
The general character of the curves is again similar to the COP and
veight ~urves. The volume curves represent the largest uncertainty of
the various parameters snd a substantial reduction in volume should de
obtainable with proper design techniques. Most of the units have pro-
visions for either air or water cooling included'in the wvolumes, which
may be eliminated, or at least reduced for space spplicstion.

3.5.8 System Volume vs Temperature

Figures 3-26 and 3-27 vwresent a cross plot of the data for specific
volume as a function of temperature at cooling rates of 5 and 100 watts.
The same genersl considerations govern the character of these curves as
for the COP and weight data.

3.6 COOLDOWN TIME OF REFRIGERATORS

Data have been included, where availaole, on the cooldown times of the
various refrigerators in the data tabulations. The cooldown times of .the
units specified by the manufacturers are generally for conditlions of
minimum heat load and little or no mass attached to the cold head of the
unit. The primery usage of the smaller units has been in cooling infrared
detectors in which the mass of the focal plane assembly unit is small,
generally in the range of 50~100 gms. In addition, the heat load to the
cold finger is minimized to levels often in the ares of 100-200 mw. As

a result, most of the data availeble on cooldown of the closed cycle units
is for those conditlions where the heat to be removed is minimal.
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For applications where the mass tc be cocled is substantially higher and
where intermittent operation is desirable, the time for the refrigerator
to cool down to its required operating condition can be an important
design consideration. One example is an infrared telescope “'here the
barrel and opticsl elements, which represent a significant mass, must be
cooled. Anoiter is the case of intermittent refrigeration of propellant
tanks in which it is desired to eliminate venting of the tank. In this
case, heat exchanger elements and/cr secondary fluid coolant systems must
be cooled down to operating conditions prior to efficient propellant
refrigeration.

The required information to determine the cooldown rate for various sys-
tems is the net refrigeration as a function of temperature for the unit
being considered. If this infcrmation is availasble, then a transient
analysis can be made which accounts for both external keat inputs and
heat removal from items teing cocled. Unfortunately most of the manu-
facturers specify refrigeration rate versus temperature only in the gen-
eral region of the operating temperatures, and cooling rates up to the
anbieat temperatures near 200K to 3)0°K are not generally availsble.

It is felt that analysis techniques of predicting cooldown rates sre
extremely complex and not suitable. A discussion of analytical techniques
for cool-down prediction is described in Ref. 3-67.

In order to form a rough guide in estimating the general cooldown char-
acteristics of various refrigerators Figs. 3-28 and 3-27 were prepared.
They show the cooling rate at temperature T normalized to the cooling
rate at a specific temperature of interest es a function of temperature.
As expected, the various units show a wide variation. It is suggested
that in order to make an order of magnitude estimate the conservative or
lower curves be used for design tradeoff purposes. It should be noted
that a lengthy extrapolation of data to 300°K is required for all units
except a Stirling urit for vhich data tc 25001( was obtained. Manufact-
urers should be contacted for more specii’'c data.
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A useful technique in obtsining general cooldown data is to obtain the
time required to cool two different masses on the end of the cold finger
to a desired temperature. The cooldown time is proportional to the mass
attached to the cold finger, and this pruportionally can be determined
from the two measurements. Data obtained in this manmner is normelly for
initial temperatures of 300°K and limits the utility of the data when
lower initial temperaturt_es exist, for example, on a space application.
An example of this type of data is shown in Fig. 3-30. The cooldown
time versus mass of copper is shown for various units, primarily for the
Jryogenic Technology Inc. units for which these data are available, and
for a single Stirling unit. The cooldown time is naturally a strong
vunction of the steady state cooling rate and the minimum temperature.
Figure 3-30 is shown only as an illustration, unfortunately sufficient
data is not available to generate general curves of this nature for
design purposese This data is for a mass of copper at the cold finger;
copper is normally utilized to minimize temperature gradiemts in the
cooled block. The heat removed in cooling copper from 300°K to ko%K is
12,700 J/1b as noted on Fig. 3-30.

3.7 EFFECT OF HEAT REJECTION TEMPERATURE ON REFRIGERATOR PERFORMANCE

Refrigeration systems in use st this time reject heat at temperatares
near ambient (~ 300°K). This is due primarily to the convenience of
rejecting the waste heat by air or water circulation to the atmosphere.
No systems are known which reject heat at temperatures sigrnificantly
different than this. It is felt that significant efforts would be
required to develop systems which operstu at temperatures substantially
different from ambient. Lower temperstures leading to improved thermal
efficiency may require modified sealing techniques for the working gas
(rubber O-rings are used in most present systems) and wear characteristics ,
cf rubbing surfaces would undoubtedly change with temperatures. lLet it
suffice to say that this area has not been explored to a significant

degree.
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The advantage of reducing the heat rejection temperature of the refriger-
ator is to improve the thermal performance. The “hermal performance of
the idesl Carnot cycle is given by:

refrigeration output T
= Coe0ePe = ——oee
power input Th - Tc

As indicated in the previous sections, the actual performance of oper-
ating systems is a fractfon of the Carnot perf>rmsuce. 1In order to make
system tradeoff studies where it is desired i~ study “he effect of vari-
ations in the heat rejection temperature it is recomnendec *hat the
actual performance (COP) of a unit being considered at amhient tempera-
ture be modified, according to the Carnot efficiency for various tempera-

tures.
300°K - T
(cop)T = (cop) o x T e
h 300K — Th"'.' 'T'c"

For a given cooling rate, the required power input can be reduced by
rejecting heat at a .ower temperature as given by the Carnot relastionship.
Contrarily, an increased heat rejection temperature requires greater power
input than the 300°K'base point, but leads to a more efficient, lighter

radiator for waste heat rejection.

Data correlations for refrigeration systems and compressors investigated
in this contract indicate that the weight and size of these units can be
correlated as a function of their power input. Other investigators have
shown this correlation (Ref. 3-68). An example of this correlation for

the units considered is presented in Fig. 3-18.

Figures 3-15 snd 3-23 may be used to find the change in refrigeration
system weight and volume as a result of a change in the heat rejection

temperature.

In summary, the following procedure is recommended to perform tradeoff
studies for a perturbation of heat rejection (radiator) temperature:

3-88
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(1) Establish the characteristics (i.e., cooling loasd, weight, size,
and power input) of the refrigerator rejecting heat at 300°K.

(2) Modify the COP of the unit corresponding to the new rejection
temperature (assuming the required refrigeration level remains

constant) using equation (3-29).
(3) Determine the power input for the new rejection temperature.

(4) Find the new weight and size of the unit for the new power input
utilizing Fig. 3-18 and 3-23.

Some studies have been performed to determine the effect of the heat
rejection temperature on the total system weight (refrigerator, power
supply, and radiator) and the results have indicated the optimum to be
near 300°K and fairly flat (Ref. 3-69, 3-TO) for the particular candi-
tions assumed. For other conditions the effect of heat rejection

temperature may be more significant.

3-89
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From the beginning of the program to the present a comprehensive survey of re-

frigzrator development has been made.

This has included e.t.blishing communi-

cation with the following specialist refrigerator mamufacturers.

Arthur D. Little, Inc.
520 Acorn Park
Cambridge 40, Mass.

R. W. Brechenridge, Jr.

Cryogenic Technology, Inc.
Kelvin Park

266 Second Ave.

Waltham, Mass. 02154

John Cheppard

The Malaker Corporation
West Main St.

High Bridge, N. J. 08829
Jim Burr

British Oxygen Company
Cryoproducts Div.

Deer Park Road

London S.W. 19, England
J. B. Gardner

Garrett AiResearch Mamufact. Co.
Cryogenic Systems

252% West 190th St.

Torrance, Calif. 90509

R. Hunt

General Electric

Research aad Development Center
P. 0. Box 43

Schenectady, N. Y. 12301

R. B. Fleming

Hymatic Engineering (Pendix Representative)

Hickory Grove Rd.
Davenport, Yowa 52808
B. F. Gerth

U. S. Phillips Ccrporation
Norelco Cryogenic Div.

One Angzll Road

Ashton, Rhode Island 02864
J. A. Halloran

Bob Smith

A. B, Austin, B. J. Ferro

Cryomech

314 Ainsley Dr.
Jamesville, W. V. 13078
W. E. Gifford

Sterling Electronics, Inc.
{Sub-Marine Systems Div.)
9174 DeSoto Ave.
Chatsworth, Calif.
Kemneth Cowans

Air Products and Chemicals
Allentown, Pa. 18105

R. F. Niehaus

J. V. Galdieri

R. L. Rerig

R. C. Longsworth

Wrignt-Pattersun AFB

(F15 -t Oynamics Lab)

AFFDL (FDFE)

Wright-Patterson AFB, Ohio 45433
W. J., Un, Jr.

Ronald White

The Welch Scientific Company
840 Cherry 5t.

San Carlos, Calif.

Ted Crane
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SECTION 4
REFRIGERATOR FATLURE CHARACTERISTICS

4.1 INTRODUCTION

In order to assess the influence of the refrigerator upon oversll system re-
liability the engineer/plammer must know the reliability of the refrigerator
as a separate component. The reliability of the refrigerator is defined for
& specific application as the probatility that it will cdeliver a specified
level of performance for a specified length of time while operating in a
specified enviromment. The reliability of a refrigerator is not, however, a
specifiable performance parameter. It is prediction as to the most probable
future b=l avior of a given type of - .ponent which, at best, is based upon
a statistical analysis of experim:L 4_ failure rate of data obtained for
identical components operating in an identical enviromment. Where such data
do not exist, extrapolations must be made from data obtained for combinations
of refrigerator and enviromment which resemble the specified systems.
Alternatively if the refrigerator is made from commonly used components
whose failure rate has been well established, the refrigerator reliability
will have to be predicted from the resultant of the component reliabilities.

There are no failure rate data for any specific class of refrigerators in any
specific spaceflight application. There are in fact only isolated instances
of any refrigerator being usec in space at all (e.g., cpen-cycle Joule-
Thomson systems for planetary fly-by missions). Purther, available refriger-
ators for either ground or airborne use do not netessarily resemble the
refrigerators which will ultimately be used in space, inasmch as maintenance
will not be a design possibility. however, the engineer/planner must be
provided with some estimate of the failure rates that could be expected from
low temperature refrigerators in order to assess the feasibility of active
refrigeration. During the assembly of this handbook many conversatioms

were held with wembers of the refrigerator industry and persomnel from
Department of Defense refrigerasior research sponsoring agencies. The in-
formation and opinions obtained from these sources showed considerable varia-
tion as to the failure rates that might be oblained from speclally designed,

41
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fully developed spaceborne refrigerators, largely because of proprietary
interests, it would seem. It is clear, therefore, that probable failure
rates will remain a subject of argument until more experience is gained. The
writers of this handbook have assessed these arguments and have suggested

some lifetime figures which seem to reflect an average industry-wide opinion.
The spacecraft designer is invited {o use these estimated mean-time-to-failure
figures given below for each-refrigerator typs in preliminary calculations.
For more detailed and current information contact should b> made with a
manufacturer or sponsoring agency.

Section 2 shows how the falure rate data may be related to reliability for

a given mission duration.

4.2 FAILURE RATE DATA

(1)
In Section 4.4 of the final report a discussion of the important features of

each type of refrigerator was presented and the major points stressed therein

are as follows.

1. Existing refrigeration systems can be divided intc conventional technology
systems (Stirling, Vuilleumier, Gifford-McMahon/Solvay)and advanced technology
systems (gas bearing Brayton refrigerators).

2. The ccmentional technology refrigerators are subject to compenent wear

as well & random failures. TFor space use they can all be designed for reduced
wear at the expense of other chsracteristics, such as weight. The Vuilleumier
refrigerator is being developed for space use as a low wear unit. However, it
is not clearly established that the Stirling and Girford-McMahon/Soivay systems
would not show equally extended lives were they to be redesigned in low wear
form for space applications. All these systems can be expected to show pre-
dominantly adult failure rates in maintenance free forx.

3. The advanced technology refrigerators should show very long lifetimes when
fully developed. T.eir development is, by definition, considerably behind thLat
of the conventional techmology systems. The gas bearing systems should ulti-
mately show constant failure rates although iney may be expected to show

4=2
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infantile characteristics because of their complexity.

Table 4-1 summarizes the projected lifetimes for all systems. The distinction
between 5 watt/lOOOK and 100 watt/20°K refrigerators is to illustrate the
effect of size. It is stressed that the figures are entirely conjectural and
are to serve as a guide in preliminary calculations.

Table 4-1
ESTIMATED LIFETIMES

Load Range 5 uatt/100°K __ ___J0O Watt/20°k

Conservative Optimistic Conservative Optimistic

Stirling 1000 hrs 2000 hrs 3000 hrs 6000 hrs
Gifford McMahon/Solvay 2000 hrs 4000 hrs 3000 hrs 5000 hrs
Vuilleumier 1000 brs 2000 hrs 3000 hrs 5000 hrs
Gas Bearing Brayton 20000 hrs 30000 hrs 20000 hrs 30000 hrs

4.3 RELIABILITY PREDICTION

It is neither necessary ncr feasible to present a condensation of reliahility
theory in the present context. It is po-sible, however, to present some besic
considerations quite briefly in a manner which psermits a rapid approximate
assessment to be made of the relationship between refrigerator failure rate,
mission duration, and reliability.

The fundamental data required for prediction of the reliability of a refri-
gerator in a mission of specified duration and enviromment is the failure
rate of the refrigerator in that envircoment as a function of time. In
general the failure rates of engineering components show a rate initially
decreasing with 4ime as "infantile® problems are 1ectified. The failure rate
remdins const-at during the so-called useful life. At extended periods “he
rate increases with time as "adult® wearcut occurs.

In terrestrial and airborne systems the refrigerator would be operated ir

the region of constant failure rate. Infantile problems cam be rectified by
bench testing. Adult failure modes are eliminated by performing preventives

4-3
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mainterance on parts subject to wear or other forms of degradation at a time
prior to the adult regime. In the spaceflight application it is assumed that
maintenance cannot be expected. Thus adult mortality failure rate curves can
be expected from those systems which incorporate wear components. In order to
relate failure rate data to reliability use can be made of the Weibull failure
rate function

b b-1
A(t) = -t—%- t 4-1
C

Here b and tc are constants. The Weibull function has no theoretical
justification. It is merely a convenient function for expressing the various
types of failure rate by a single expression. Falling, constant,and rising
failure rates can be obtained by choosing b to be less than, equal to,or
greater than unity, resvectively. The reliability, R (t), is found from:

t
R (t) = exp. [-I J\(t)dt] 4-2

Here t is the lifetvime of interest. The absolute mmber of failures per unit
time is equal to the product A(t)R{t) . For b= 3.4, the failures are sym-
metrically distributed about a mean value, as might be expected for systems
witich fail due to a wearout. In order to illustrate the difference between
constant and adult failure rates reliability R is plotted on Figure 4-1 for
b=1.0and 3.44. The other variable is the ratio of lifetime to mesan time to
feilure, MITF. For b =10, Ais const-nt and MTTF is equal to 1/A . For

b = 3.44 the MITF is the time at which the peak in )(t)R(t) occurs.

In summary sliability can be calculated from egration 42 once A{t) is known.
Figure 4-1 shows R(t) plotted versus (lifetime/MITF) for the special cases

for which ‘¢’ . wrrassed by equation 1 with b =1.0 and 3.44. The
differenc= : .. ar * the two curves emphasiz:-s the point that failure
rate da 1. . By . a time-dependent rather than time-average
functio:

4=4
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In order to increase the probability that the service demanded from a system
for a given period is obtained, redundant systems can be used. In the cool-
ing situation parallel redundancy in which more iran one refrigerator is
operating at a given time does not seem to be reasonable, since the storage
vessel would be overcooled most of the time and power consumption would bz
excessive. Series redundance, however, appears to offer a very significant
increase in reliability. In this case additional refrigeration systems are
provided to be switched on if the operational unit fails. The reliability of
such a system can be estimated with the help of Figure 4-1. Suppose an
operational lifetime of 4,000 hours is required from a unit whose MITF is
4,000 hours. Using the curve for b = 3.44 a reliability of 0.52 is obtained.
Suppose two units were provided so that a lifetime of 2,000 hours was
expected from each; the reliability of a 4,000-hour MITF unit on a 2,000 hour
task is found to be .95. Such an analysis is somewhat oversimplified, but
an approximate comparison of mmlti-unit systems can be made in this manner.

(1) Investigation of External Refeigeration Systems for Long Term Cryogenic
Storage, LMSC-A981632, 22 February 1971.
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Section 5
THERMAL ENVIRONMENTS

5.1 DEFINITION OF THERMAL ENVIRONMENT PARAMETERS

The objective of defining parameters describing refrigerator system thermal
environments is to enable the system designer to make rapid preliminary
estimates of averege spacecraft surface temperatures and radiator heat re-
jection limits for a range of possible mssions., For the purpose of this
study, the maximum incident solar heat fluxes were taken to be as high as
that experienced near Venus, and provisions were made for estimating ab-
sorbed heat fluxes for three mission groups. These groups are planetary
orbit operations, Martian and Lunar surface operations, and deep space
operation, such as translunar or transmartian flight.

The environmental parameters for these cases can be derived by considering
the definition of the average net heat flux radiated by a surface in space
or on an airless planetary surface. A general expression for this quantity
may be written

Net radiated _ Emitted Absorbed Solar Net Absorbed (5-1)
Flux Density ~ Flux Density ~ Flux Density ~ Planetary or

Lunar Flux

Density

where the flux densities are regarded as steady-state values or are averaged
over an appropriate time interval (such as an orbital period for an orbiting
veuicle) It has been assumed that no thermsl interchange occurs between
the surface in question and o*her portions of the spacecraft. Symbolically,
equation (5-1)can be written

2
zéet = G T4 Gy - Gp, Watts/Ft (5-2)
eff
-there
(}E = g eI (5-3)
5-1
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GA = astGs (5"4)
and
Gp = UGIFbT% for lunar or planetary surface (5-5a)
operation
Gp = C1Fplp * %gFpshpls for orbital or near- (5-5b)
planet operation
where
6 = Stefan-Boltzman Constant = 0,5267 x 10~8 W/rt2k4
€1 = Infrared Emittance
ag = Solar Absorptance
Fg = View Factor for solar radietion
Gg = Solar Irradiation flux density, W/Ft?
Fp = View Factor to planet surface
Tp = Planet temperature, °K
Rp = Planet Infrared Radiosity, W/Ft2
FPs = Time Average view factor for planet-reflected
solar radiation
Pp = Planet Albedo

An upper limit of 500 W/FtZ for the sum (Gp + Gp) is possible for near -Venus
operation. These relations can be used to determine the average net heat
rejection from a radiator having a known surface temperzture, or the equili-

brium surface temperatnre of a surface having a known net heat rejection.

5.2 DIRECT SOLAR HEAT FLUX

The value of Gy is the product of solar absorptance, view-factor to the sun,
and local solar irradiance (i.e., the solar constant at a given distance
fror che sun). The view factor to the sun for a flat surface is the cosine
of the angle between the outward normal to the surface and a line to the
sun. The view factor for curved surfaces is the ratio of the area projected
in the direction of the sun to the total surface area. The solar irradiance

5-2
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is given by

Gg = _%)— ’ W/th (5-6)

P

where rp is the distance from the sun in astronomical units.

Values of solar absorptance and infrared emittance are tabuiated in Table
5-1 for a variety of materials. Also shown are values of these properties
after vacuum and simulated solar radiation exposure for 1000 equivalent sun
hours (ESH).

5.3 PLANETARY HEAT FLUX

Evaluation of the planetary or lunar heat input, Gp, is somewhat more
complex. For an object resting on or near the planetary surface the evalu-~
ation of the view factor to the planet's surface is usually straight forward.
View factors from vertical and horizontal surfaces to an adjacent lunar or
planetary svrface are shown in Fig. 5-1. View factors to a hill and to a
crater are plotted as a function of elevation angl- to the top of the hill
or crater, The hill is assumed to be of infinit. uv3ient in the direction
parallel to the vertical side Av of the vehicle. ih: ciater is assumed to
be circular, sw roundirg the surface Av.

Tn order to determine Gp for a radiatiag surface passing or orbiting near

- plenetary surface the terms in (5-5b) must be evaluated. The view factor
fror  flat surface to the visible portion of a planet, Fp, can be evaluated
using .ae data of Ref. 5-1. Referring to the geometry illustrated in

Fig. 5-2, two cases can be distinguished:

1. FEntire Plaunet Visible .rom Surface

T
For this case A+d S % | vhere

A= Angle between surface normal and a line to the planet
center

¢ = gin~1(R/H)
R = Planet radius

5=3
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H = Distance from planet center to spacecraft surface

The view factor is given by
2
_ (R
FP = (ﬁ) cos A

2. Part of Planet Visible

For this case

(5 -0)ers (£+9)
and the view factor is given in Fig. 5-2.

Average values of planetary radius, surface radiousity, and reflectance
(albedo) are given in Table 5-2 for Barth's moon and the planets. Also
shown in Table 5-2 are surface temperature ranges for each cf “he planeis.
Values of lunar surface temperature are shown in Fig. 5-3 as a function of
sun =levation angle. Values of the surface temperature of Mars are shown in
Fig. 5-4. The value of the time-average view factor for reflected solar
radiation is obtained by integration of an instantaneous view factor.
Thus,

Fp, =

al
‘—l

2%
[ Fp, (0)d6 (5-7)
0
where 0 is the orbit position angle measurec as shown in Fig. 5-5.
The value of the view factor Fp, (©) may be approximated by the relation
Fpg = Cpcoe 8 cos® (5-8)

vhere B is the angle between the orbit plane and a line to the sun, and Cp
is a reflection coefficient given in Fig. 5-6.

5.4 TEMPERATURE OF NEAR-EARTH SATELLITES

Extremes in irradiation of a satellite ars represented by the levels experi-
‘nced on the six sides of a cube which always keeps the same side facing the

57
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Earth, as shown here below. In the noon orbit iilustrated, for whicﬁ the

ORBIT RN
ANGLE 8 X N \\fx;g
M

I.VERTICAL LEADING SURFACE BN SRR
2 VERTICAL TRAILING SURFACE
3. VERTICA:, S12F. (FACILG SUN WHEN 8 :90 deg)
4 HORIZONTAL SURFACE TOWARDS EARTH

8. HOR!ZONTAL SURFACE AWAY FROM EARTH
6.VERTICAL SiDE (PARALLEL 70 3)

Oriented Cube in Noon Orbit

orbit solar incidence angle, 8 , is zero, the satellite passes through the
Earth's shadow. As a result the various faces of the satellite are sub-
jected to widely varying incident heat fluxes. When £ = 90° (the twilight
orbit, which is always normal to the Earth-Sun line), there are no time
variations in the incident fluxes. Average orbital temperatures have been
computed for each face of the cube, assuming they are thermally isolated
from each other., These time-average temperatures are shoun in Figs. 5-7
through 5-10, for orbits with g = 0° and # = 90° and various orbital
altitudes and surface optical properties.

For a spherical tark covered with high performance insulation, the average
surface temperature can be approximated by computing the average of the six
surface temperatures of the cube.

5-13
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Utilizing the dats and methcds outlined in this section the average surface
temperature of an insulated tank was computed for several different spuice
conditions. The conditione and temperatures are shown in Table 5-3.

Table 5-3
EQITLIERIUM TANK SURFACE TEMPERATURES

Case I - Low Earth Orbit, h = 200 n. mi.

Circular, polar orbit

(Ia) 100% Sunlit Orbit - T = 214°K (385°R)

(In) 50% Sunlit Orbit - T = 204°X (365°R)
(Orvit plane parsliel to sun's rays)

Case II - Lunar Surface Operation

(IIa) Iunar Noon (Sun Overheaa} - T = 330°K (595°R)
(ITb) Lunar Right (Just before dawn) - T = 87°K (15T°R)

Case IIT - Deap Space Operation ( 2 AJU.)

(I1Ia) Unshielded Tank - T = 131°K (236°R)

(IIIb) Shielded Tank - T = 80°K (144°R)
External Solar Absorptance = 0.10
Infrared Emittance = 0.80

No Internal Heat Dissipation
Spherical Tank

l—

LOCKHEED MISSILES & SPACE COMPANY



5-1

5-2

54

IMSC.AG8L4158

REFERENCES

Cunningham, F. G., "Power Input to a Small Flat Plate from a Diffusely
Radiating Sphere, with Applications to Earth Satellites,” NASA TN D-T10,
1961.

Lucas, Je We, et al, "Lunar Surface Temperatures snd Thermal Character-
isties,” Surveyor V Mission Report, Technical Report 32-1246, Jet
Propulsion Laboratory, Pasadena, California, 1 November 196T.

Lucas, Je We, et al, "Lunar Surface Temperature and Thermal Character-
istics," Surveyor VI Mission Report, Technical Report 32-1262, Jet
Propulsion Laboratory, Pasadena, California.

DeVaucouleurs, G., "The Physical Environment on Mars,” Physics and
Medicine of the Upper Atmosphere and Space, 0.0« Benson and
H. Strughold, Eds., John Wiley & Sons, Inc., New York, 1960.

Lockheed Missiles & Space Co., "Space Materials Handbook,” Ce G« Goetzel
and J. B. Singletary, Eds., Contract AF OU(64T)-673, January 1962.

5-1T7

LOCKHEED MISSILES & SPACE COMPANY



IMSC-A984158

Section 6
TANKAGE AND HEAT LEAKS

6.1 INTRODUCTION

To aid the designer or plsnner in computing the entire system weight for
refrigeration trade-off studies, tank volumes, surface area, weights and heat
transfer have been included. The tank weights are approximate and sre mainly
intended to provide weight increments for the trsde studies. The heat rate

to the tanks are based on a reasonable average for a large variety of multi-
layer insulations and supports. The heat rates through the multilayer insuls-
tion are based on calorimeter tests and modified by a factor of 2.8 to account
for applicstions to real tanks.

The cryogens will be stored in pressure vessels of various sizes and locations
dependent upon the application. Data on tank volumes of 20 to 280 ft3 with
hemisphical domes and cylindrical midsections are given in this section. ‘ihe
emphasis has been placed on single-walled tanks having multilayer insulstion.
Hovever weights have been included for a vacuum jacket shells capable of with-
standing 15 psi crushing pressure.

6.2 TANK VOLUME AND SURFACE AREA

The tank volume and surface area have been plotted pasrametrically as a func-
tion of diameter, D, and length of the cylindrical section to diameter ratio,
L/D. The curves sre shown in Figures 6-1 and 6-2. These ssme curves cen be
used to estimate the volume and surface area of a vacuum Jacket by simply
adding the vacuum annulus dimension to the pressure vessel dismeter and read-

ing t2 volume and area for the appropriate L/D.

6-1
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6.3 WEIGHT ESTIMATE OF CRYOGEN TANKS

Figure 6-3 can be used to estimate the weighius of propellant tanks. The
curves shown are for aluminum tanks with a maximum opersting pressure of
100 psi and a design allowable tensile stress of 40,000 psi. The following

assumpticns were made:

(1) The hemispheres used to fabricate the sphericsl tanks and the heads of
the cylindrical tanks are one-piece with weld lands provided for
assembly. If a gore construction is contemplated, edditional weight
should be introduced to provide adequate weld lands. For aluminum
tanks, the weld lands were estimated to be twice the thickness of the
membrane to take into asccount the reduced stress allowables in the
weld and possible mismatch. Higher weld efficiency factors are
obtained with stainless steel and nickel alloys and when that factor
approaches 100% weld lands are not required.

(2) Weights of the tank support attachments, haffles, access covers and

sumps are not included in the weights shown in the figure.

(3) The minimum weight curve is based on a minimum wall thickness of 0.040
in. and is shown for aluminum spherical tanks only. The variation of
minimum weights between spherical and cylindrical tanks of the same
voluue is small if it is sssumed the cylinder wall thickness to be
twice that of the hemispherical heads.

The formulas used to evaluate the tani weights are as follows:

Ws = 0.785 PP (D3 + 3.82 1°)
o
we = 0.785 P [2(%)1)3 + D3+ 3,82 D°
o
where:
We = Weight of spherical tanks, 1bs
We = Weight of cylindrical tanks with hemispherical heads, lbs
P = Maximum operating pressure, psi

6-4,
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= Density of Lank well meterisl, 1b/in3

= Tank wall meteriel design alloweble tensile stress, psi
= Internal diameter of tank, in. )
= Length of cylindrical section of tank, in.

In order to use the data in Figure 6-3 for other conditions the following
steps should be followed.

% ratio of the tank are known, find the weight of 100 psi

operating pressure aluminum tank from the figure. For operating pressures
other than 100 psi, design allowable tensile stresses other than 40,000 psi
and material densities other than .10l lb/in3 use the following formula:

When the volume and

P P
e 40,000 a
WS W(chart) x 6 X o8 X =1

where:

Wa = Actual weig..t of tank, lbs.
pa = Actusl tank maximum operating pressure, psi

6 = Actual material design sllowable tensile stress, psi

a = Actual tank material density, lb/in3

In 8ll cases, but especially when the pror .lasnt density is high ana the tank
is submitted to high g-loeds, the hydraulic head has to be added to the ullsge
pressure to determine the maximum operating pressure. If slosh is anticipated,
another value depending on the shape of the tank and the number and shape of
the baffles has also to be added.

6.3.1 Tank Support System Weight ;

Figure 6-4 shows a weight estimate of spherical tank support systems against
the maximum propellant loading. These weights are based on axial loads of
L.5 g's forward and 1.0 g aft and e lateral load of : 0.3 g's.

6.3.2 Beffles

The weight of baffles can be estimated between 2% of the tank weight for e
100 psi orereting pressure for low density liquides and spherical tanks and

10% for high density liquids end long cylindrical tank with % ratio of L.

6-6



IMSC-A98L4158

6.3.3 Vacuum Jackets

Figure 6-5 shows the estimated weights of aluminum self supporting vecuum
jackets for spherical and cylindrical tenks. The weights sre for vacuum
jackets without reinforcing rings snd the following formulas were used:

t,2 P
For spheres: (5) = .685 E:
L3 P
For Fylinders. (ﬁ) = K E_
where:
t = Thickness of shell, in.

D = Internsl diameter of shell, in.
p = Critical external pressure, psi

Ec 2 Compression modulus of elesticity of shell material, psi

Weight savings can be obtained by incorporating stiffening rings to cylindri-
cal shells having high % ratios, and by using honeycomb shells.

6.3.4 Access Covers

If a manhole is required, a minimum of 20.0 1b should be added to the weights
given by the chart. This weight is for an aluminum manhole ring and cover
having a minimum access dismeter of 19.5 inches and a design maximum pressure

of 150 psi. A handhold access ring and cover with an opening cf 8.0-in-Aiameter
adds about 5.0 lb to the tanks.

6.4 Heat Leak to Tanks

In order to estimate the heat load thet « re“rigerstor system would huve to
be designed for, estimates of heat .:eannfer rates to the propellant tanks
have been made. The heat leeks sr2 generally broken up ianto three groups:
the leak through the insulation; thc Jeek through the supports; and the legk
through 1ines and instrumentation.

6.4.1 Heat Leak Through Insulation

Several insulaetion systems have been under study over the last few years,

(References 6-1 and 6-2). For cryogenic tanks in a space environment it

6-7
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has been shown that multilayer insuletion 1s smong the better performers.

A good candidate for insulastion performance is a double-goldized myler with
silk net spacers. It gives good performance, as well as reletively low
performance variastion. Therefore, for estimates of heat transfer, +his tyvpe

of insulation was selected.

Analytical investigaticrs of double-goldized mylar/silk net, coupled with
empirical data from calorimeter tests have been employed to develop a rela-

tionship for the heat transfer as given by

)
4,37 x 10* (0327 mm(rpme) | 6.7 x 10%3 (1 Lo 51y

q = .8 W+ 1 i

s s
where:

q = Heat rate Watts/Ft2

N = Layer density WNo./in

NS = Number of layers

Ty = Hot boundary temperature (°r)

T, = Cold boundary temperature (°R)

™ = Tp + T¢ (OR)

2
This relationship conteins a multiplying fector of 2.8 to account 7 r the
degradation of the multilayer when it is spplied to large tanks. This
allows for festeners, seams, and thermal degradation around supports.
Utilizing this eyuation, heat rstes were computed for several hot and cold
boundary temperatures and are shown in Figure 6-6. This curve can be gquickly
used to determine the heat rate through the insuletion if the total surface
area and surface temperatures are known. The surface temperatures csan be
estimated from the procedures and data given in Section %.0 if the suriace
is exposed to the external environment. If the tank is enclosed within a
vehicle the envirommental conditions of the vehicle are required. 1. most
instances rough estimates can be obtained by evaluating the type of equipment
thaet 1s in the vicinity of the tank.

6-1C
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Figure 6-6 Heat leak through Multilayer Insulation
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6.4.2 Heat Lesk Through Supports

Simple relationships can be developed to estimate the heat icek to a cryogen
tank by computing the crossectional area requirad for the taﬂk supports and
estimating the solid conduction heat transfer. However, this approach gener-
ally results in much lower heat leak then is actually obtained in tests or as
a result of detailed analysis which takes into account the rasdiation terms
and the strut detail design and length. Therefore, several studies and tests
performed over the years have been utilized to estimete the heat transfer to
the cryogen tank. The data have been reviewed and normalized to put them
in terms of the unit weight of the stored cryogens. In every case data were
selected for fiberglass supports which were proven to be the best type of

lov heat leak support. For each case the design conditions include require-
ments for launch and ascent loads. The deta are plotted in Figure 6-8, and

a "best fit" curve has also been included. The identification of the data

is given in Table 6-2., Most of the data fall into a falrly narrow band near
the curve, with the exception of points 2, 5, and 8. Point 2 is for a slush
hydrogen dewar that, due to the nature of the design, required the supports
to be short compression members. This resulted in more than an order of mag-
nitude incresse in heat leak. Point 5 is a design for a cryogenic gas supply
system where the supports were designed for oxygen loads due tocommonality re-
quirements. The point shown is for the case where hydroger is used in the
storage vessel, and therefore the heat leak per pound of hydrogen is high.
Point 8 is for a propellant tank installation where the dense oxidizer could
be supported in a near-ideal fashion. Also, the mission was such that the
vehicle could be oriented away from the sun and the warm end of the supports
were at a lowv temperature during steady-state operation. The cambination of
the good design conditions, mission profile, and the heavy propellant, gave

a low value of heat leak per pound of cryogen.

It is suggested that for preliminary design estimates the curve shown in Fig-
ure 6-8 be used. For small hydrogen tanks, or for unusual design constraints
the heat leak should be increased by as much as an order of magnitude, depend-
ing upon the installation.

6-12
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6.4.3 Hest Leak through Lines and Instrumentation

The same sources of data that were used to get the heat leak caused by the
supports were used to get the heat leak casused by the lines and instrumenta-
tion. The terw "lines and instrumentation” is used to include all sources
of heat other ehan those caused by supports and insulation. However, it
does not include the heat generated by the instruments themselves. A con-
siderable amount of spread exists in the data as shown in Figure 6-8, This
points up the fact that every design will have its own peculiarities that
must be analyzed if s detail design is to be performed. However, to obtain
rapid estimates of bheat leak into the tank, the curve shown in Figure 6-8
can be used. The designer may want to adjust the heat upwards or downwards
by an order of magnitude, depending upon his detail or peculiar design re-
quirements.
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Section 7
HEAT REJECTION SYSTEMS

7.1 INTRODUCTION

In order to estimate the heat rejection system characteristics the heat rejec-
tion rate must be known.

Values of required rates of heat rejection for a particular type of refrigera-
tion system can be obtained using the definition of coefficient of performance
presented in Section 3.

COP = Cooling Load = q
Power Input ;q

The required rate of heat rejection is then

q =q +w=gq_ (] +COP)
¢ ¢ cop

for mechanically powered refrigeratora. For heat powered raofrigerators,
qQ =q, + 9
where q is the rate at which heat is supplied to the refrigerator.

Values of coefficient of performance are given in Section 3 for a variety of
refrigerators and operating conditions.

7.2 RADIATOR DESIGN
7.2.1 Preliminary Design of Radiators for Space Operation

The preliminary design procedure presented below is directed toward the steady-
state operation of a radiator rejecting (or absorbing) heat solely by means of
radiative transfer. It is assumed that the cross section of the surface be-
tween coolant ducts is trapezoidal or rectangular and that no change of phase
occurs within the coolant ducts.

7-1
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A section of radiator using tapered fins is shown in Fig. 7-1. At the entrance
to the radiator the fluid wall temperatures are TF1 and TW1 s respectively, at
the exit the corresponding temperatures are Tp, and Ty.. .

The values of the environmental factors GE’ (?rA and GP referred to below can be
obtained by the procedure described in Section 5.

Radiators having a single active surface can be evaluated using the same equa-
tions provided the environmental factors are properly defined. For a two-
sided radiator having different emittance values on each side,

GE.: 0(6A+ €B)

and G At Gp is the heat flux density from the environment reaching both sur-
faces, However, for a radiator having a single active surface (one side in-
sulated) a value of zero is used for the underside surface emittance, ¢ , and
GA + GP is the environmental heat flux density incident only on the active

surface.
7.2.1.1 Design Procedure

The usual design problem requires sizing a radiator to handle a given cooling
load., Thus, given elther q or the coolant flowrate, as well as coolant inlet
and outlet temperatures, the length of a radiator having a given configuration
is desired. The solution procedure for this case is outlined in stepwise fash-
ion below.

1. Establish haat rejection rate for the given cooling load using the COP
data in Section 3.

2. Select a fluid for the given inlet and outlet temperature range from
Fig. 7-7.

3. Look up the fluid specific heat Cp_ from Table 7-1.

4. Compute the coolant flowrate from ihe known cooling load using

e = ¥l (Tpy - Tpp)
5. Solva for G A G'P and GE using the data of Section 5.
6. Select values for the coolant duct dimensions and fin profile.

7-3
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7.
8.

9.

10.

1.

12.

13.

14.

LMSC-A984158

Solve for the heat transfer coefficient, h, using Fig. 7-3.

Asgume the inlet and outlet tube wall temperatures, TW1 and Twz, are equal
to the adjacent coolant temperatures, TF1 and TF2'
Obtain fin effectiveness values 91 and Q5 from Fig. 7-4 with

P1 = GETH] 3I‘1-12

KGH

Determine interradiation correction factors FR1 and Fnz from Fig. 7-2.

Compute equivalent lengths, LE1 and LE2’ at entrance and exit using the
definition

_ 201y
Le=Fih *1- G

A

Use these values to compute "new" wall temperatures, TW1 and Twz, by trial

and error, using the heat balance resulting from the equations

4 =
[GETW - (GA+°P)] lg=pb(Tp -Ty)
1 1 1 1
6T, 4 - (a6, + )] =ph (T, -T,)
[ ghw, - (OO tg r, " W,
With these wall temperatures steps 9 through 12 are repeated until consis-
tent values of effectiveness and wall temperature are ob%ained.
Look up values of d!‘ and ¢R from Figs, 7-5 and 7-6.

T=4
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15. Compute required radiator length, LW’ from the equation

WG
e T g (s
= Oty Ty

where iE is an average velue of LE over the lengtn of the radiator.

7.2.2 Approximate Method for Radiator Design

The design procedure described above can be greatly simpiified if the follow-
ing assumptions are made:

o The heat transfer coefficient, h, is high so tbzt there is a asmall
temperature difference (TF - Tw) between the coolant and the duct
wall,

o The coolant duct width is small compared to the fin width.

o The tube~-to~fin interradiation correction factor FR is equal o

one.

o An average effective width LE is defined based on the mean of the

inlet and outlet temperatureaéw'

7.2.2.1 Design Procedure Using Approximate Method

The solution for radiator length, using an approximate method based on the as-
sumptions stated above, is given below in stepwise fashion.

1.

2.

3.
be

Establish heat rejection rate for the given cooling load using the COP data
in Section 3.

Select a fluid for the given inlet ~ud outlet tempsraiure range from
Figo 7-70

Lock up fluid specific hsat CP from Table 7-1,
F
Compute the coolant flowrate from the known cooling load using the equation

[ ]
Q=¥ Tp (Tgy - Tp) = ¥ Cp Ty, (1)

where
z= 12 =1
T Ty

7-5
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5.
6.

7.
8.

9.

10.

1.

12.

13.

LMSC-4984158

Solve for GA’ GP and GE using the data of Section 5.

Assume a value for the inside diameter of the coolant tubing and solve for
the heat transfer coefficient, h, using Fig. 7-3.

Select values for the coolant duct dimens‘ons and fin profile,

Check that the following criterion is satisfled:

. 3
% > 0.01 WL

If not, select revised values of I’D/I‘B until the inequality is satisfied.

h

Compute average radiator temperature f.-om

_ T, + T
TAVG = F]2 F2

Compute the fin profile number using T, = TAVG from the equation
2
P= %W
Kb H
where 6 is the fin root thickness and K the fin thermal conductiviiy.

Look up fin affectiveness values corresponding to T AVG from Figure 7-4.

Compute LE from

AVG
By = 21'5 giGP
NS
G
T=Tw

Look up value of ¢R from Fig, 7-6 using an average environmental parameter:

G -atl

4 4
GE(TU + '1'w )
A

2

7-12
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14. Compute required radiator length, I"H’ from
L, = WeCpfn

3
GETF1 LE
AVG

7.2.3 Fluid Selection for Radiator Design

As described in the final report, the maximum rate of heat rejection is obtained,
for a given radiator configuration, when the quantity

k K ped?

is maximized.

Values of wﬂ are shown in Fig. 7-7 for several fluids of interest. Values of
density, viscoslity, specific heat and thermal conductivity are shown for these
fluids in Table 7-1.

7+.2.4 Pressure Drop in Coolant Ducts

The total frictional pressure drop of the fluid flowing in the coolant ducts
can be estimated using the assumption that the tubing is smooth. The Fanning
form of the pressure drop equation can be written

AP =2 f% %(.‘.‘.1';)2

Y
or
* 2
Ap=32&1(“F)
D P\

where

£ = Fanning friction factor
L = total tubing length

A = Tube cross-sectional area
D = Tube diameter

.P = denalty

“F = Mass flowrate

7-13
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The friction factor, f, for smooth pipes is given by

16/Re, 0 < Re < 3000
-0.32

£

]

,3000<Re<_3x106

£ = 0,0014 + 0.125 Re

where Re is the Reynold's number,

Re = pVD
u
The effect of bends or constrictions in the tubing (such as those due to
valving) should also be added to the frictional prcssure drop for an accurate
estimate of the total Ap across the radiator.

7.2.5 Radiator Weight and Area Requirements

As an aid in estimating radiator weight and area requirements, values of these
quantities have been computed for two extreme operating conditions:

(1) Operation in free space with no solar or planetary heat inputs.
(2) Operation on the lunar surface with the sun directly overhead.

Values of radiator weight and area were computed using the simplified procedure
outlined in Section 7.2.2. No contingency was allowed to account for the weight
of meteoroid protection or radiator headers. In all cases it was assumed that
the rise in coolant temperature betweem inlet and outlet was 20°K. For opera-
tion in free space, fluid inlet temperatures of 110, 210 and 310°K were selec-
ted corresponding to feasible operating temperature ranges for methane, ethyl
ether and water, respectively. Values of radiator area are shown in Fig., 7-8

as a function of net heat rejection rate. Only a single curve is shown for
lunar surface operation since operation in the lunar environment with methane

or ether was found t0 be unfeasible.

The computed radiator areas were converted to weight values using the appropri-
ate relations for geoastry of a triangular fin. For a trapezoidal radiator,

= 2 2
W -PLw[f- (02 - 0% ) +1L (8, +5H)J
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THERMOPHYSICAL FROPERTIES OF LIQUIDS AT ONE ATMOSPHERE

T P 3 Cp uxlo3 K Pr
(x) (Lby/ft7) (BW/meR) _ (Lby,/ft.sec) (Btu/HoFtR)
WATER
273 62.4 1.01 1,20 0.319 13.7
278 62.4 1.00 1.04 0.325 11.6
289 62,3 0.999 0.76 0.340 8.03
294 62.2 0.998 0.578 0.353 5.89
31 62,0 0.998 0.458 0.364 4.52
339 6l1.2 1.00 0,202 0.384 2,74
367 60.1 1.00 0,205 0.394 1.88
AMMONTIA
244 42.4 1.07 17.6 0.317 2.15
256 .6 1.C8 17.1 0.316 2,09
273 40.0 1.11 16,1 0.312 2.05
300 7.2 1.17 14.5 0,293 2,01
322 35.2 1,22 13,0 0,275 1,99
FREON 12
233 94.8 0,211 28,4 0.040 5.4
256 91.2 0.217 23,° 0.041 Lod
273 87.2 0.223 26.0 0.042 “.8
289 83.0 0.231 18,0 0,042 3.5
322 75.9 0.244 15.5 0,039 3.5
NITROGEN
114 55.0 0.479 0.202 0.0068 52
120 54.0 0.481 0.171 0,0072 4
130 52.35 £.486 0.135 0.0077 31
140 50.8 0,491 0.101 00,0082 22
METHANE
90 28.3 0.80 0.141 0.13 3.13
100 27.5 0.8 0,103 0.12 2,51
111 26,55 0.82 0,080 0,11 2.14
ETHYL ETHER
173 54,7 0.50 1.137 0.084 24.4
193 51.4 0.51 0.644 0,082 15.03
213 50.0 Q.515 0,423 0.080 9.90
233 48.6 0.52 0,310 0.078 7.43
253 47.3 0.527 0.243 0.076 6.07
273 45.9 0.53 0.191 0.074 4,93
293 .4 0.54 0,157 0,073 4,18
FC-75
233 119 0.25 5.11 0.038 121
278 113 0.25 1.58 0.038 37.4
322 106.5 0.25 0.68¢ 0,038 16.3
367 100 0.25 0,355 0.038 8.42
7-15
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where

L, = radiator length
D = outside diameter of coolant tube
D, = inside diameter of coolant tube
6c = fin tip thickness
oy = fin root thickness
Ly = fin width

P = fin material density

» 0 =

For a triangular fin, of course, 6 e = 0. Values of radiator weight as a func-
tion of heat rejection rate are shown in Fig. 7-9 for the same conditions as
those used for the data of Fig. 7-8.

7.3 DESIGN OF HEAT PIPE RADIATORS

The effectiveness of radiators for heat rejection systems can be increased con-
siderably by replacing tha coolant ducts with constant temperature heat pipes.
Several possible configurations have been proposed for s'ich a radiator (Refs.
7-5 to 7-8) and some experimental models have been built and tested (Refs. 7-5
and 7-9). A radiator design which has been successfully fabricated and tested
is shown in Fig. 7-10. Since the condeaser section of the heat pipe has a uni-
form temperature, the radiator design equetions developed earlier may be used
with Tw replaced by TC' The required radiator area i1s then given by

+2
A= 7 d (IL IEL n
/=~ r
vhere the symbols are defined in the nomenclature (Page 7-4C). The condenser

temperature Tc is determined by the thernal resistance cf the heat pipe between
the evaporator and condenser sections. ‘hus,

7-17
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Figure T-9 Radiator Weight for Deep Space and Lupar Surface Operatlion
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where
TE = temperature at evaporator end of heat pipe array, %k
Reo = thermal resistance between evaporator and condenser, K/watt
q = total rate of heat rejection, watts
N = number of heat pipes connected in parallel

The values of Ry, and the maximm value of heat flux per pipe, q/N, are eval-
uated using heat flux limits based on either the heat pipe evaporator heat flux
limit or the capillary pumping limit. The overall thermal resistance between
the evaporator and condenser is equal to the sum of the evaporator and conden-
ser resistances, Rm = RE + Rc. The evaporator resistance is given by

For homogeneous wicks, in hec.~. .ipes containing little or no excess fluid and
having equal evaporator and condenser areas, RC E RE' However, in heat pipes
having an excess fluid charge, the liquid layer thickness in the condenser
may be up to twice that in the evaporator. Thus, in general

where tc may be up to twice the value of te.

7.4 FLUID CIRCULATION

In order to provide the designer with a complete set of data to evaluate re-
frigeration systems the weight and power of coolant circulating pumms have
been included, The weight and power as a function of flow rate is shown in
Figs. 7-11 and 7-12, respectively. These adata are estimates based on data
provided in Reference 7-4 by AiResearch for a small thermsl conditioning cir-
culation unit. The electric motor weight was based on a brushless D.C, unit
rumning at 6000 RPM, The fluid circulated is water. A check for different
fluids did not significantly influence the weights of the motor and pumps.
or example if ethyl ether at a density of 45 1b/ft> were circulated instead

70
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of water at a density of 62.k4 1b/ft3 the weight for a flow rate of 0.5 1b/sec
and a pressure rise of 10 psi would increase to 6 1b from 5.75 1b for a water
system. However, the power required should be proportiona.tel.y increased by
the ratio of the density of water to the density of the fluid to be circulated,
The efficiencies of the pump and electric motor were assumed to be 0.80 and
0.85 respectively. The minimum weight of the case and supporting hardware

was assumed to be 3.0 pounds.

7.5 HEAT PIPE DESIGN

The heat pipe is a self-contained passive device with an effective thermal
conductance greater than that afforded by any solid material. The heat pipe
is simply a closed, elongated tube containing a fluid, generally at low pres-
sure, and a wicking material distributed along the inside of the tube. Heat
is transferred from one end of the pipe to the other by continuous evapora-
tion of the fluid at the hot end of the pipe and condensation at the cold end.
Vapor flows from the hot end to the cold end as a result of the difference in
vapor pressure between the *wo ends of the pipe; liquid condensed at the cold
end is returned to the hot (evaporator) end as a result of capillary pressure
developed within the wicking material. The heat pipe has been well established '
as a reliable device for long-life heat transport.

The normal operating range for a heat pipe fluid is between its triple point
temperature and its critical temperature. Figure T7-13 shows the vapor pres-
sure versus temperature for severel liquids over a wide range of temperatures.

Previous investigations have shown that there are three major limitations on
heat pipe operation. These limitations are: the wicking 1limit; the boilout
limit; and the vapor choking limit.

The wicking limit is defined as that point at which the working liquid can no
longer reach the evaporator through the wick in sufficient quantity to keep
up with the required evaporation rate.
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Cotter (Ref. 7-10) showed that in a zero-gravity field the maximum Heat trans-
fer rate for a cylindrical heat pipe with a homogeneous wick is given as:
2

- 21(10ch()10$6 h\’vf:c + ZVI
L+ 4 g 2
a P, B, 2pl € (Rw R, )

where the dimensions are shown in Fig. 7-14. This equation.may be optimized
with respect to the capillary radius Rc and the wick and vapdr core radii Rw
and Rv' Following the procedure, it is found that maxinum heat flux is ob-
tained when Rv/Rw = J2/3

To maximize Q‘e with respect to the wicking limit, it is desirable to have a

oA . PFigure T7-15 gives values of Gl for water and

large value of Gl =
v, V
v

ammonia. Such a comparison is helpful in the initial cryogen selection, but

it is not the only criterion to be considered during preliminary design con-

siderations. It is also desirable to maximize the wick property group ./ e7b R

which must be determined experimentally since it is a function not only of the

wick material hut of geometry as well.

The boilcut 1limit is reached when the liquid in the evaporator vaporizes in
the wick structure and forms an insulating vapor film which disrupts iiquid
flow. The result is a rapidly increasing evaporator temperature with little

or no increase in heat transfer rate.

Neal (Ref. 7-11) has determined that the onset of nucleation, which limits the
maximim radial heat flux, is proportional to the fluid property group

G, = o KyT_
Aop

Values of G2 are also plotted in Fig, 7-15 for water and ammonia. It is de-
sirable to select a fluid with large values of this parameter. This selection
mst be made with due consideration given to providing satisfactory values of

Gl'
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The third heat pipe performance limit is that due to chcking of the vapor flow-
ing from the evaporator to the condenser. Levy (Ref. 7-12) has predicted that
at low vapor pressures, such as operation near the triple point temperature,
the vapor flow can reach sonic velocities and thus prevent an increase in the
hest transfer rate. He showed that the choking limit is given by:

Qe Py A va. v sz

max —

J2ly+ 15

V = Jygolﬂ‘

a

Q is a function of a fluid property group (pvl J goﬁT) and the dimensions of
the heat pipe. This fluid property group, designated G3, can be used in op-
timizing the fluid to be used in the heat pipe and is plotted on Fig. 7-15.

Predictions of maximam liquid flow rate capability are based on analytical
charscterizations of the various pressure drops and losses in the heat pipe
system, A schematic representation of the sources of these pressure drops is
shown in Fig. 7-16., During evaporation the vapor pressure decreases ii. the
axial flow direction as mass is added to the vapor stream. An additional
sligh* drop in pressure is observed in the adigbatic section due to wall fric-
tion. In the condenser section the pressur¢ incresses in the direction of
fluid motion due to partial dynamic recove .y »f tha decelerating flow. The
liquid condensate is then pumped back to the evzporator by means of the in-
duced cap.llary driving pressure. Th 1lijuid pressure drop in the wick struc-
ture is due to internal friction beiweun the fluld and the porous wick
material,

For low temperature heat pipes the net vapor pressure loss is very small and
4y be neglected. Thus the fluid eirculation rate is essentially fixed by a
balance between the liquid pressure loss flowing in the wick structure and the
available capillary pumping pressure. The maximun capillary pumping pres.ure,

[mc, is expressed as follows:
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where Rc is the radius of holes in the wick (or —é- hole size in a sqQuare weave

mesh)
o is the working fluid surface tension.

The quantity & is an empirical constant related to the meniscus shape in the
pores of the wick, Hollister, (Ref. 7-15) determined values for & a number
of liquid and solid capillary systems. For conservatism a value of $ = 1.5
is recomended in this regard.

The liquid rressure loss due to flow through a wick structure is highly depen-
dent on the wick geometry from the standpoint of both its gross dimensions and
configuration and the flow geometry within the wick structure. Expressions

for pressure loss due to liquid flow within a wick structure are usually based
on Darcy's Law or the Blake-Kozeny equation for flow in porous media and packed
beds. Darcy's law is

ApL=1;1v,_l
A X
L

This expression shows that wick pressure loss is minimized for maximum wick
permeability values. Sample values of wick permeability, Kp, are listed in
Table T7-2.

T7.5.1 Size and Weight

The size and weight of a heat pipe are dependent on a combination of design
factors,

v “ues of Q (£+ la) have been calculated for a zero-g heat pipe. These
values are X plotted in Fig. 7-17 for two fluids, water and ammcnia, oper-
ating at 300°K. The wick parameters € = 0.8 and b = 20 were used in obtain-
ing the results plotted in Fig. 7-23 (a typical value for K is about 1.5).

Corresponding values of heat pipe weight are plotted in Figure 7-18.
Te5.2 Design Procedure for Optimized Homogeneous Wick Heat Pipes

In the following, it is assumed that the required maxirmum heat flux, Q’e s the
adiabatic length, Ia and the nominal operating temperature are given. The
heat pipe design procedure is then expressed in stepwise fashion below.
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Wick
100 mesh screen
(more than 3 layers)

200 mesh screen
(more than 3 layers)

200 mesh screen -
o 1 layer, flat
meni scus shapes

o 1 layer, moderately
curved meniscus shapes

o 1 layer, highly
curved meniscus shapes

o 2 layers, flat
weniscus shapes

o 2 lsyers, curved
meniscus shapes

Nickle Foam
porosity 0.9

Felt Metal
o porosity 0.9

o porosity 0.8
o porosity 0.7

Table 7-2

WICK PERMEABILITY VALUES

K (Ftd)
i Yhahdid

0.16x10~%

0.08x10™8

0.059x10
0.04x10~%

0.014x10°°
0.062x10
0.045x107°
2. s:rJ.o"3

0.5x10
0.0510™°
0.016x10~8
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Source
Kunz, et al

Kunz, et al

Phillips
Phillips
Phillips
Phillips
Phillips
Phillips

Phillips
Kunz, et al
Kunz, et al
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7.

10.

11.

12.
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Select a fluid from Fig. 7-19 for the given operating temperature.

Select a wick material and ussume a value of wick thickness, t.
Iook up wick permeability, Kp and poré radius, Rc'

Compute the mean fluid-wick conductivity,
K

= S
R
Ky

Look up the value of ATmax for the selected fluid from Fig. 7-20.

Compute the minimum allowdble evaporator area from equation 7-44:

Aemin = Ee_l_
K AT

Compute the required length of the evaporator section from
A
le = _Spin
2 nR"

Compute overall heat pipe length assuming equal evaporator and condenser

lengths:
£=2¢ e Tl
Look up the optimum wick radius, R", from Fig., 7-17.

Compute wick thickness for the optimized wick:

t= R" - Rv = 0.1835 Rw

Using this value of t rer=at steps 5 through 10 until consistent values are

obtained.

Compute wick cross-sectionel area from

A= 3 sz
3

Look up values for liquid heat of vaporization, )\, lMdnematic. Viscosity,

and surface tension, o .
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15.
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Compute maximum liquid flowrate from

. Q
n__= Tg
max X

Compute wick pressure drop from.

AP . 0 v
max ¥ {
Aw Kp

Compute capillary pumping Ap from
o
AP, T _105 Rc

Ir &by > AP select a new wick material having a higher permeability
and/or 8 fmaller capillary radius and repeat steps 13 and 14. Check that
the mean conductivity for the new wick is not significantly different from
that computed in step 3. If the new Km is significantly smaller it will
be necessary to repeat steps 4 through 16.
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NOMENCL ATURE

Area

Wick cross-sectional area

Land width divided by half the channel width
Geometric constant for homogeneous wicks, b =10 to 20

Fluid specific heat

Diameter
Radiant interchange factor

Accelerai’.ion

GE’ Gﬂ’ GP -~ Environmental Parameters

Gravitational constant

Heat tranzfer coefficient
Channel wick shape factor
Constant, thermsl conductivity
Thermal conductivity of liquid

Thermal conductivity of wick-liquid matrix

Thermal conductivity of solid wick material

Permeability

Width of fluid duct

Effective width of radiator

Tota) length of heat pipe, le + [a + lc
'gth of adiabatic section

Mass flow rate
Pressure, fin profile number

Reduced Pressurc
Critical Pressure

Prandtl number
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NOMENCLATURE (Cont.)

Perimeter of fluid passageway
Axial heat transfer rate

Net rate of heat transfer
Gas Constant
Capillary radius

Reynold's number
Pipe outside radius
Outer wick radius
Vapor core radius

Wick thickness

Wick thickness in condenser section
Wick thickness in evaporator section

Temperature
Critical Temperature

Fluid Temperature

Reduced Temperature

Saturation Temperatu-e

Wall temperature

Sonic velocity

Volume of liquid in saturated wick
Total open volume of heat pipe

Rate of fluld flow in radiator duct

Vertical height in an acceleration field

LMSC-A984158

Compressibility factor, Ratio of fin root temperature at radiator

outlet to that at inlet
Solar absorptance
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NOMENCLATURE (Cont.)

Angle between orbit plane and planet-sun line
Fin thickness

Infrared emittance, porosity of wick

Surface tension, Stefan-Boltzmann constant
Heat of vaporization

Vapor viscosity
Liquid viscosity
Vapor density

Liquid density
Wick material density

Pipe wall density
Vapor kinematic viscosity
Liquid kinematic viscosity

Liquid-solid contact angle, orbit position angle
Specific weight, ratio of specific heats

Heat Transfer Parameter

Film Resistance number

Radiation number

Fin effectiveness at fluid inlet

Fin effectiveness at fluid outlet
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Section 8
HEAT ABSORPTION

8.1 INTROMCCTICN

The material i.a this section has been prepared in order to provide the engineer
with dati und methods to quickly take into account the weight and performance
of the devic.s required to transfer the heat from the cryogenic tank to the
refrigerator. Many methods are possible to conduct the heat from the tank to
the refrigeratcr and a few of them have been selected on which to provide daca.
Material is ziven in this section for on-tark heat exchangers, helium circula-
tion devices, cryogenic heat pipes, ani sclid conduction devices. It is felt
that a broad enough spectrum is covered by these devices that the engineer
should be able to obtain a representative weight and performence estimate for

nearly any space apriication that he may choose to analyze.

8.2 TANK WALL HEAT EXCHANGERS

A sketch of a typical heat exchanger installation is shown in Figure §-1. It
is assumed that the cold side fluid is helium at about 25 atmospheres pressure.
The helium is pumped through a spiral wound tube which is fastened to the taak
wall., It is assumed further that the cryogenic tank experiences an accelera-
tion sufficient to mix the eryogenic liquid by natural convection, or that an
internal mixer is provided as shown in Figure 8-1. The objective of prelimin-
ary design analyses is to find the heat exchanger wall area, the heat exchange:
system weight, and the helium gas flowrate {‘He required to maintain a prescribed
temperature difference N"He between inlet and outlet for a given heat transfer
rate q.

8.2.1 Design Procedure

In order to size the heat exchanger wall area, the design equations presented
in Section 8.2.1 of the final report can be used. A summary of representative
helium properties is given in Table 8-1. The design procedure is outlined in

8-1
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Insulation

Magnetically Coupled Mixer Unit

Tube Spacing

Heat Transfer Area, Aw

Figure 8-1. Tank Wall Heat Exchenger
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stepwise fashion below. It is assumed that the liquid storage iemperatuvre,
the tank dimensions, the heat absorption rate q, and the helium gas tempera-
ture rise through the exchanger N.‘He are all given.

Table 8-1
HELTUM GAS PROPERTIES AT HIGH FRESSURE
(25 Atmospheres)

T = 20K (36R) T = 90K (162R)

Density, 1bm/ft3 3.81 0.847
Specifie Heat, Btu/lbm R 1.L0 1.25
Thermal Conductivity, Btu/Hr ft R 0.016 0.0ko
Viscosity, lbm/hr ft 0.0087 0.0227
Prandtl Number 0.76 0.7L

1. Look up values of helium gas properties from Table 8-1 or Reference 8-3.

2. Compute helium flow rate from the known capacity rate.

= a
w =
He &e

3. Select a tubing material and values for tubing dimensions, R, Ro (Fig. 8-3).
Look up the thermal conductivity Ky of the tubing material.

' Use Figure 7-3 to compute the helium gas heat transfer coefficient hg.

5. Setting J = 2 Ro compute the overall resistance 1/y from

hoots
1t 1+12th)+ p
U M—

Ky ZE_Re + h_ (m- O)R

h t,, ‘tanh 4

e o<re, o[y T e o

t

%:K—w 1+ 12 + I
W 12t2 2nRh
v g

6. Compute the required wall area Awof the heat exchanger:

_ (v Cr)y
A= ke

8-3
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Parabolic Distributicn
TTWRE 8-2 Wall Temperature Distribution

Figure 8-3 Tube-Wall Attachment Geometry
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T. Compute the required number of tube turns N from

A
N = e
™

o

8. Compute the total tubing length L from

N
L=2nf [g—i:tn-t)]
=]

9. "ompute the weight of tubing plus helium from

o 2 >
Voupg = T fp (R - R) L+ wop RL

10. The total weight of the tank wall heat exchanger system is then

Wiy = Youpe * Wrmrer t Yuoar * YearriE

where We . o refers to the weld fillet shown in Figure 8-3.

8.2.2 Sample Calculations

The procedure outlined in Section 8.2.1 has been carried out for a range of heat
absorption rates and helium temperaturerises. These calculations were performed
for two cryogen storage temperatures, 20°K (1iquid hydrogen) and 90°K (liquid
oxygen) and for an assumed tubing diame.er of 0.375 inches. It was also assumed
that circumferential temperature gradients around the tubing walls were small.

The results of these computations are shown in Figures 8el and 8-5. The tank
wall surface area required for the exchanger is plotted in Figure 8-lU, and the
tubing weight, plus the weight of helium contained in the tubing is plotted in
Figure 8-5. It can be seen fiom these results that both the area and weight
penalties associated with such an exchanger are fairly small, even for the
highest rates of heat transfer.

8.3 FLUID CIRCULATION PUMPS

If a separate cooling loop is used to transfer the heat from the cryogen tank to
the refrigerator, a small pump or compressor is required. No attempt has been
made tuv design such a unit; however, irn order to be able to estimate a complete
system weight approximate weight and power data (Figures 8-6 and 8-7) has been

8-5
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supplied for a circulation urnit. These data are based on the same reference as
in Section 7. The power was computed assuming an adiabatic compression and com-
pressor and motor efficiencies of 0.80 and 0.85 respectively. °Since the units
are rather small, a positive displacement type of compressor was envisionei;
however, no attempt was made to do a design analysis. The weights are based

or a minimum case and hardware weight of 3.0 1lb.

8.4 CRYCGFNIC HEAT PIPES

The design of cryogenic heat pipes follows essentially the same procedures as
that ior noderate and high temperature heat pipes. Due to the high internal
pressures in cryogenic heat pipes while inoperative at ambient temperatures, the
pipe wsil thickness, and thus the total weight, is somewhat higher than that of
moderzte temperature ..2at pipes. Internal pressrres can range from 1 to 3000

psia.

The design equations presented in Section 7 may also be used for the design of
cryogenic hcat pipes. However, the unique properties of cryogenic fluids re-

quire special consideration.
8.k,1 Fluid Selection

The factors described in Section 7 related to the wicking limit, boilout limit
and the gas choking limit also apply to cryogenic fluid selection. The optimi-
zation parameters Gl’ G2 and G3 are shown for three fluids, nitrogen, oxygen
and fluorine in Figure 8-8 2nd in Figure 8-9 for hydrogen. The normal boiling
point to critical point temperature range is shown in Figure 8-10 for several

additional fluids.
8.4.2 Evaporator and “ordenser Temperature Drops

A major cause of poor cryogenic heat pipe performance can be attributed to broil-
ing in the evaporator. Brentari and Smith (Reference 8-4) have compiled data
for micleate boiling of LH2 ’ LN2 and L02 at one atmosphere. Values of nucleate
boiling heat flux from this reference have been plotted in Figure 8-11 for these
fluids, These data show that mucleation may begin at 2%K of superheat and a
heat flux of approximately 0.2 W/ft° for LN, or 10,. These small superheat
values emphasize the need to minimize the temperature drop across the evaporator

8-10
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Figure 8-11 Nucleate Boiling Heat Fluxes for Cryogenic Fluids
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wick. This can be accomplished in three ways: (1) the evaporator area can be
increased to reduce the radial heat flux density; (2) the wick-liguid matrix
can be reduced in thickness; or (3) the thermal conductivity of the wick can

be increased. The most appealing of these alternatives is generally that of
reducing the wick thickness; however, this alternative may lead tc practical
difficulties. For example, with LN2 or LO2 the excess AT across the evaporator
should be kept below 3°K in order to prevent excess superheating in the wick
structure. The corresponding value of (Q/A) maximum from Figure 8-11 is about
0.5 W/cma. Rewriting the equation in Section 7 for the wick thickness, we get

If the thermal conductivity of the wick matrix is assumed to that of the liquid

alone, then the wick thickn2ss for LO2 would be 8 x 10-3 cm. This is an extreme-
1y thin wick which would be difficult to mamufacture and would have very low

capacity for axial flow.

On the other hand, the use of a sintered metal wick can provide conductivities
close to those obtained assuming parallel conduction paths. Using such a wick,
the matrix conductivity can be increased sufficiently to provide a maximum wick
thickness on the order of 0.1 em. It is for this reason that the use of thin

sintered metal wicks in the evaporator section is desirable.
8.4.3 Wick Design

Figures 8-12 and 8-13 show a comparison of optimized homogeneous and channel

wicks using equations developed in the final report. Values of the wick characteris-
tic parameters used were € = 0.8, b = 20,and X = 1.5, These results show that
channel wicks give better zero-g performance than homogeneous wicks, but degrade
rapidly at higher acceleration.

8.4, 4 Size and Weight

The size and weight of a cryogenic heat pipe are dependent upon a combination
of desirn factors. These include the required heat transfer capacity, overall
length and diameter, materials used and maximum internal pressure.
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The internal pressure of a cryogenic heat pipe at ambient temperature (O°F -
120°F) is given by

P = ZpHP RI'
where v
-L
= p V
Pup J tot

For a particular pipe and wick combination, the values of V and vtot are fixed
for a saturated wick. Therefore, the pressure will be only a function of Z,
pf s Rand T. The compressibility factor Z for a real gas is pressure and
temperature dependent. In evaluating the factor Z, it is useful to determine

the reduced pressure and reduced temperature

P
= T
e
T o= T
T

0

The reduced temperature can be determined since the critical and ambient tem-
peratures are known. However an iteration procedure using the Z versus Pr

chart (Figure 8-14) is necessary for determination of the final pressure P.
Figure 8-15 is a plot of Pvl versus temperature for the three liquids. To

apply Figure 8-15, the opZEogolume of the wick and the total open volume of
the heat pipe must be known. Since the ratio Vl /vtot is constant, Figure 8-15
shows that a nitrogen heat pipe would have the lowest pressure at ampient
temperature. )

The pressure at a given temperature can be significently reduced by increasing
the specific volume. This can be accomplished by decreasing the open volume
of the wick; increasing the vapor volume or using a less dense working fluid.

Figures 8-12 and 8-13 can be used to calculate heat pipe size required for a
given rower and length. Once the pipe wall thickness has been determined, the
gsystem weight can be calculated from the known dimensions end material densi-
ties. TFigure 8-16 is a plot of the power length product, Q (f + la) as a func-
tion of heat pipe weight for two fluids, oxygen and nitrogen.
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8.4.5 Heat Pipe Insulation

The possible long length of the heat pipe (up to 5 ft.) and the high surround-
ing temperatures dictate that some provision be mace to reducé the radiation
heat load into the adiabatic section. The simplest such provision would be

to gold plate the outer surface of the heat pipe. Figure 8-17 shows the radi-
ation heat load into a heat pipe at 80°%: from surroundings at 320°K. Emittances
of 0.01, 0.03 and 0.1 have been assumed in order to cover the range of possible

metal surfaces.

A system using only a gold plated surface (¢ = 0.03) offers the advantage of
simplicity of construction and a low heat capacity which is desirable since
the heat capacity directly influences the start up time.

An improvement over a simple surface coating is achieved by using a few wraps

of double goldized pylar. The spacer between the wraps would be nylon net to

reduce the level of offgassing and flaking experienced with glass cloth spacer
meterials, and to prevent absorption during storage in a humid environment.

Figure £-18 shows a plot of the heat leak frem 339K intc an insulated pipe at
77°K for a system with 1" of goldized mylar multiiayer for various pipe diame-
ters. The advantage gained with the multilayer system over that of a simple

low emittance is obvious.
8.5 SOLID CONDUCTION DEVICES

If it is feasible to locate the refrigerator in close proximity to the cryogen
storage tunk, then the use of solid conduction devices may offer weight and

space advantages in comparison to heat exchangers or cryogenic heat pipes. If
the conductor is well insulated, the rate of heat conduction in a longitudinal

direction is simply

a = xa Seom

L
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Heat Pipe Exterior Coated with Low Emittance Coating, No Additional Thermal
Insulatior
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Figure 8-17 Heat Leak as a Function of Heat Pipe Radius for a 5-ft Long
Pipe with No Exterior Insulation
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Figure 8-18 Heat Leak as a Function of Heat Pipe Radius for a 5-ft Long
Pipe with a Multilayer Insulation
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where
K = thermal conductivity
A = conductor cross-sectional area
AT = temperature drop between refrigerator cold finger
and cryogen tank
L = conductor length

The weight per unit length of a solid conductor is given by

w_ _»ogq

L K&com
#shere p is the density of the conductor. Figure 8-19 shows the weight per unit
length of a solid aluminum bar as a function of heat flux transmitted from a
liquid oxygen container. TFor purposes of comparison similar data for an oxygen
heat pipe are also shown. It can be seen that only for very low power-length
products (less than 0.5 watt-feet) does the solid sonductor compete in weight
with the oxygen heat pipe.
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Section 9

POWER SUPPLIES

Candidate space electric power systems for external refrigerator systems for
long-term cryogenic storage are listed in Table 9-1 by energy source and type
of energy conversion device. Also listed ere some primary constraints for

the systems.

Table 9-2 identifies the characterizations of power and mission that are re-
quired to select an electric power system. Table 9-3 presents a listing of
design handbook information that ideally is desired for each candidate power
system. Table 9-4 gives same selection guidelines for space electric power
systems in the 0.1 to 10 kw raenge exsmined during this study.

Figure 9-1 graphically shows how the various power systems compare on a spe-
cific power basis. It is apparent that solar photovoltaics offer the highest
watts/1b over the entire power range. RTG's, Isotope Brayton, and nuclear
power systems are logical backup candidates with fuel cells and batteries

well down in specific power rating because of energy constraints.

Tables 9-5 to 9-0 and Figures 9-2 to 9-6 present data and schematics for use
in defining the system selection information noted in Table 9-3.

Tables 9-10 to 9-12 and Figure 9-7 present data useful in defining radioiso-
tope and solar devices as thermal power . ,urces for a heat-powered refriger-

ator device.
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Table 9-1

LMSC-A9841 58

CANDIDATE SPACE ELECTRIC POWER SYSTEMS

Primary.Constraints

Energy Source Conversion Device
Chemical Battery

Fuel Cell
Solar Photovoltaic

Thermionic #*

Radioisotope Thermoelectric
Brayton-cycle

Nuclear reactor Thermoelectric
RankineOcycle
Brayton-cycle
Thermionic ¥

Energy

Sun intensity. shade,
orientation, extended
surfuce area

Isotope availability,
nuclear safety, heat
rejection area

Nuclear safety, heat
rejection area, reactor
cnolant temperature

* Probably not available before late 1980's

e — S _

Table 9-2

POWER AND MISSION CHARACTERIZATION REQUIRED

o Power level, Peak and Average

o Power Duty Cycle

° Power Characteristics

o Energy
o Mission Life

° Mission Orbit Parameters

o Mission Payload Constraints

9-2
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Table 9-3
INFORMATION DESIRED FOR EACH CANDIDATE

SPACE ELECTRIC POWER SYSTEM

o Weight o Reliability

o Volume o Availability

o Ares o Safety

o Cost o Operating Restrictions

This should include:

° Auxiliary power source reqQuirements

° Power conditioning requirements

° Sjstem penalty for added drag from extended surfaces
° System penalty for nuclear shielding and

isotope intact reentry

Table 9-4
GUIDELINES

Use solar prohbosroltaic power systems unless mission constraints
preclude their uwe

Use RTG's in ¢, ~ 1.0 kilowatt range if solar photovoltalcs
cannot be used

Use radioisotope Brayton cycle in 1.0 - 10.0 kilowatt range
if solar photovoltaics cannot be used

Nuclear reactor power systems would normally not be selected
unless lerge amounts of power » 10 kw were required, or unless
they were to be the primary spacecraft power source snd much
of the shield and system weight were already charged to the
spacecraft

9-3
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POWER, KW

FIGURE 9-1 SUMMARY OF POWER SUPPLY REGIMES OF APFLICABILITY
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Type

Oper Voltage
Oper Temp, °F
Dimensions
Weight, Lb

Rated Cap.

Internal
Impedance

Chg Rate

Wet Stand
Life, 30°F

Watt-Hr/Lb

Number of cells

Typical Cycle
Life *

* 504 depth of discharge;

cycling

TMSC-A984158

TABLE 95

BATTERY POWER SYSTEM CHARACTERISTICS

Ni-Cd Ag,0-Cd

A520-Zn

—— o dulituciny
23.29 - 29.50 25 1k.5
0 - 125 30 - 90 0 - 100
18.80"x7.750"x 6.50"  15.84"x 11.31"x 8.03" ~ 1 £t3
62 (max) 116 (max) rv 150
0 - LO°F, 17 ah 300 ah 150 ah
ko - 80 20 ah
80 -125 17 ah
0.05.0 (max) 0.05 n not avail.
(TO°F, 5 amp, 5 ah depth)
S amp (max) 12 amp 6 amp
2.5 yr (disch) 0.5 yr 1-2yr
8 65 ~ 20
20 16 13
4,000 cycles 100 cycles 1,500 cycles

continuous 55-min charge and 35-min discharge

9-5
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TABLE 9-6

SOLAR PHOTOVOLTAIC POWER

Type Specific
Power
Rigid Panel 8 - 10 w/1b

Large Area
Erectable
Panel

10 - 4O w/1lb **

* ically:

Silicon n/p solar cells
2x 2cmx 0.0l in thick

with 0.03 - 0.0k in cover

SYSTEM CHARACTERISTICS¥

Specific Specifie
Area Volume
0.1 £t2/w -
0.1 £t2/w 0.6 - 2 £t3/kw

Cell degradation with time is dependent on orbit parameters.

¥¥ Ranging from 10 - 12 w/lb for IMSC fold-up flexible array and
Hughes large retractable array to designs of self-rigidized folded

panels which offer up to 40 w/1b.
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L m‘g’ﬂ 5.5 kve (nat)
Tn N <
TWRBDE
(n=.873) y
ALTERNATOR COMPRESSOR
n=,
(n=.90) r =
" MOTOR /PP
— |
HEAT 50°F
SOURCE | 1
RADIOISOTOPE B HRAT RADLaTOR
HEA? SOURCE |Excuancen I \
20.2 it 19.2 kit EXCHANGER 13.7 vt *
r__.___v |
266°r
1297°F 831 LB/HR
FC 75
__________ * W0 BEAT TO
1285°F - w’r BT [_ EC/LS SYSTEM
- EXCHANGER
E="927 265°¢ - -~
ENVIR, CONTROL/LIFE SUPPORT

(UP 70 2.42 KT at 335°F)

SCHEMATIC OF TYPICAL SYSTEM

Nominal NASA/LaRC 7 kw (E) system covers rangs from 2 - 10 kw (E)

At 7 kw (E) rating (no redundancy)

O 0 0O 0O 0 o

1.3 watt/1b w/o shield
550 ft2 keat rejection area
154°F average heat rejection temperature
Required space of about 350 f't'.3

500 1b shield with 10 £t separation distence
Includes isotope reentry vehicle

Fig. 9-5  RADIOISOTOPE BRAYTON-CYCLE POWER SYSTEM
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Table 9-11

TYPICALYCHARACTERISTICS OF SOLAR
COLLECTOR/ABSORBER HFEAT SCURCES

LMSC-A984158

Useful heet absorbed, kw 0.1G 1.00 10.0
Collector dismeter, ft 1.25 3.95 12.5
Collector weight, 1b 0.61 6.10 61.0
Focal length, ft 0.67 2.12 6.7
Aperture diasmeter, ft 0.037 0.12 0.37
Cavity absorber inner diameter, ft 0.15 0.47 1.5
Cavity absorber weight, 1b 0.17 1.70 17.0
System weight, 1b 0.9k 9.36 93.6

% Basis:

Collector overall efficiency
Absorber overall efficiency
Rim angle = 50°

Aperture diameter = six times solar image at focal plane
2.93 kv/tZ

0.7
0.9

Heat flux limit into heat storage material =

Collector specific weight = 0.5 1b/ft2
Absorber specific weight = 5.0 1b/ft2
Near earth orbit

System weight includes 20% for structure support and contingency
but no allowance for heat storage mater:ial weight_
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Table 9-12

CHARACTERISTICS OF A SOLAR HEAT SOURCE
DESIGNED BY MINNEAPOLIS-HONEYWELL

Heat Intercepted by Collector 8.3 kw
Useful Heat for Refrig. (Ave. at 1250°F) 2.5 kw
Collector DNiameter 9 ft
Rim Angle 105°
Collector Weight 75 1b
Receiver Diameter (Spherical) 9.7 in
Receiver Coating ag = 0.8, € = 0.12

Overall Efficiency 0.5
Potassium Heat Pipe Diameter 1in
Percent Shadow Time L0%
Concentration. Ratio 50
Heat Storage (Lithium Hydride in Cyl Polilovs) 5.2 1b

Collector Pointing - 2 axes gimbsl with 1° sun sensor
and roll axis inertial wheel
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Section 10
CRYOGENS PROPERTIES

4 1limited amount of cryogen property data have been included in this report so
that the user will have a handy source of some of the more often used data
that is pertinent to cryogenic refrigeration. No attewpt has been made to pro-
vide a comprehensive set of data because most of this informstion is available
in NUS technical notes. If detailed pror~rty data is required it is suggested
that other sources be utilized.

The data included here is the liquid density, saturated pressure, and heat of
vaporization versus temperature for each of the c*- gens; hydrogen, oxygen,
fluorine and nitrogen. A plot of pressure versus internal energy for each of
these cryogens has also been prepared end is included. It has been found that
these plots greatly facilitate heat-pressure balance calculations in liquid
cryogenic tanks,

A summary of the figures are given below.

Figure

Hydrogen -

Density - Pressure - Heat of Vaporization -

Temperature 10-1

Pressure - Internal Energy 10-2
Oxygen -

Density - Pressure - Heat of Vaporization -

Temperature 10-3

Pressure - Internal E.ergy 10-4
Fluorine -

Density - Pressure - Heat of Vaporization -

Temperature 10-5

Pressure ~ Internal Fnergy 10-6
Nitrogen -

Density - Fressure - Heat of Vaporization

Temperature 10-7

Pressure - Internal Energy 10-8

10-1
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Figure 10-8 Pressure-Internal Energy of Nitrogen
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Section 11
CONVERSION UNITS

11,1 INTRODUCTION

It has long been recognized that the use of varied and inconsistent systems
of units in the various engineering and scientific disciplines has been a
major source of inefficiency, errors and duplication of effort. Also, the
lack of a common system of units has handicapped communication between en-
gineers vworking in different fields of application of the same fundamental
discipline.

To alleviate such communications problems on a world-wide basis, the Inter-
national Committee on Weights and Measures has adopted a system referred to
as the International System of Units (Reference 1). This system, abbre-
viated SI, 1s based on six fundamental units of measure as follows:

Length « ¢« ¢ ¢« ¢ ¢ o ¢« ¢« « + » meter m
ths.............ﬁlogram kg
Time « o« « ¢ o ¢ o ¢« s ¢« « +» « Becond 8
Electric Current . . . . . . . ampere A
Thermodynamic Tsmperature . . degrees Kelvin 9K
Light Intensity . . . . . . . candle cd

The purpose of this section is to provide the user of this referation ma-
terial a convenient set of conversion units, There is presented in this
section the definitions of the SI units, a 1ist of thermodynamic constants
giving their values in SI units, and a set of conversion tables. Since it
is likely that continued emphasis will be placed on using the SI unit 8t
attention has been directed towsrd them.

11.2 THE INTERNATIONAL SYSTEM OF UNITS

The system based on the six basic units mentioned above is referred to as
the International System of Units; the international abbreviatlon of the
name of this system 1s SI, The defined values of the basic units of
measure are given in Table I and a partial 1ist of the set of values of the
physical constants recommended by NAS-NRC is given in Table III,

11-1
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The term "mass" denotes the quantity of matter contained in material ob-
jects, and "welght" denotes a force acting on an object. The preferred unit
of force is the newton (N); the pound force (1bf) is equivalent to

444482216 newton and the pound mass (1bm) is equivalent to .45358 kilogram.
Thus a man of 70.0 kg (154 lbm) mass, standing on the surface of the moon
where the gravitational acceleration is 1,62 m/sz, weighs 113 newton (25.4
1bf). On the surface of the earth where the gravitational acceleration is
9.807 m/s? he would weigh 686 newton (154 1bf).

The preferred unit of energy (mechanical, electrical, thermal) is the joule
(J). The mean British thermal unit (Btu) is equivalent to 1054.8 joules;
thus a heat flow rate of 1 Btu per second (Btu/s) is equivalent to 1055
joules per second (J/s) or 1055 watts (W).

The preferred unit of pressure is the newton/meter2 (N/h?) or newton/centi-
netar? (N/cm?). Thus 10.1 N/cm? is equivalent to 14.7 psi or 760 Torr.

11.3 SUMMARY OF CONVERSION DATA

The various bagic and derived units are listed in the following tables.
Also 1listed are the values of often used constants. An index to the various
tables are given here.

Table

]
u
o

Defined Values of Baslc Units « &+ ¢ v ¢« o & «
Secondary SI Units .+ ¢ & ¢ ¢ ¢ « ¢ o o o o &
Values of Constants in the SI Units . . . .
Leng:h 4 o o ¢ o ¢ ¢ 6 ¢ o 06 8 o 0 06 0 0 00

Area [ L] L L] . L L] [ 4 L] L] L] L] L] L] L L] L L] L L]

VOlume 4 o ¢ s o ¢ o o 6 o ¢ 0 0 0 0 o o o
Linear Velocity « « ¢ o ¢ ¢ 4 ¢ ¢ ¢ o ¢ o« o &
Angular Velocity « o o ¢ ¢ o ¢ ¢ o o o ¢ o &
Linear Acceleration .« « o« ¢« o o o ¢ o o o o &
Angular Acceler&tion . . ¢ o o 0 o 0 0 o o o

O WV B 2 OO W~ W N>

-

11-2
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Mass and Weight .
Density . . . . .
Force « o « ¢ o
Pressure . . . .
Torque
Moment of Inertia

Energy, Work and Heat

Power, Heat Flux

Thermal Resistance

Thermal Capacitance
Thermel Diffusivity

Special Heat . .

Latent Heat . . . .

Viscosity . . . .

. e - - - * L) *

Power Density, Heat Flux Density
Tomperature o« « ¢« « ¢ ¢ ¢ o« ¢ o «
Thermal Conductivity

Kinematic Viscosity . .

(]

These tables have been checked carefully;
detection and the writer would appreciate having them brought to his attemntion
so that corrections may be commnicated to other users of these tables.

REF:

(1) Translation of *

NASA TTF-8365, February 1963

L d

however, some

LMSC-2984158

Table

errors may have escaped

International d'Unites. Resolution 12.%,
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Table 1

DEFINED VALUES OF BASIC UNITS AND EQUIVALENTS

Meter (m)

Kilogram (kg)
Second (s)

Degrees Kelvin (OK)

Ampere (A)

Candle (cd)

Unified atomic mass unit (u)
Mole (mol)

Standard acceleratior of free
fall (en)

Normal atmospheric pressure
(atm)

1 650 763.73 wavelengths in vacuo

of gg;runperturbed transition 21110-5d5

Mass of the international kilogram at
Sevres, France

1/31 556 025 974 7 of the tropical
year at 12h ET, O January 1900

Defined in the thermodynamic scale by
assigning 273.16K to the triple opoint |
of water (freezing point, 273.15% = 0°C)

Current required to produce a force of
2x10-7T newton per meter of length in
two straight parallel conductors of
infinite length placed 1 meter apart
in a vacuum

1/60 ol the intensity of 1 square centi-
meter of a black-body radiator operated
at the freezing temperature of platinum

12

1/12 of the mass of an atom of the ~C

maclide

Amount of substance containing ﬁe same
mumber of atoms as 12g of pure

9.806 65 ms;2
980.665 cem s-2

101 325 N m2

11-k
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Physical Quantity

Ares
Volume
Frequency
Density

Velocity
Angular velocity

Acceleration
Angular acceleration
Force

Kinematic viscosity
Dynamic viscosity

Work, energy, quantity of heat
Power

Electric charge

Voltage, potential difference

Electric field intensity
Electric resistance

Electric capacitance
Magnetic flux
Inductance

Magnetic field

Magnetic field intensity

LOCKHEED MISSILES & SPACE COMPANY

Table 2
SECONDARY UNITS IN THE INTERNATIONAL SYSTEM

Unit

square meter
cubic meter
hertz
kilograms per
cubic meter

meter per sec.
radians per sec.

meters per sec.
squared

radians per sec.
squared

newhton per sq.
meter

sq. meter per
second

newton-second
per sq. meter

joule
watt
coulomb
volt

volt per meter
ohm

farad
weber
henry
tesla

amperes per meter

11-5
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Table 2 (Cont.)

Physical Quantity Unit
Magnet-motive force ampere A
Flux of light lumen 1m, ed.sr
Luminance candle per sq. >

meter cd/m
Illumination lux 1x, 1m/m2
Plane angle radian rad
Solid angle steradian sr
Pressure newtons per sa,

2
meter N/m
11-6
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Table 3
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VALUES OF PHYSICAL CONSTANTS IN SI UNITS

Constant

Speed of light in vacuum
Eiemenetary charge
Avogadro constant

Electron rest mass

Planck constant

Gas constant

Normal volume perfect gas
Boltzmann constant

First radiation constant
Second radiation constant
Wein displacement constant
Stefan-Boltzmann constant
Gravitational constant

Mean solar constant

Symbol

c

11-7

Value

2.997925 x 1o8 ms~t

1.60210 x 10719 ¢

6.02252 x 1023 mol™t

9.1091 x 1073} kg
5.48597 x 107 u

6.6256 x 10~3* Js
8.3143 J % It
2.24136 x 1072 m3mo1”

1.3805k x 10733 5 %1
6

1

3.7405 x 10710 wp?
1.43879 x 1072 n%K
2.8978 x 1073 m %
5.6697 x 1070 wn™2 %4
6.670 x 10" No’kg~2

1.50 x 103 wm‘2
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Table 4
LENGTH

LMSC-A984158
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[FEET 3.281 | 1 |8.333 |3281 | 6030.27] 3.281 | 5280 3.281
<102 x 10-2 x 10—3
INCHES 0.3937] 12 1 3.937 | 7.296 39.37 |6.336 3.937
x 10* | x 104 x10* | x 1072
10~ 3.048 | 2.540 1 1.853 0.001 {1.609 10‘6
x 10°4] x 1077
AUTICAL 5.396 | 1.645 | 1.371 lo.5396] 1 5.396 |0.8684 | 5.396
LES x 10"6 x 1074] x 10™° x 10"’ x 10'7
pETERS* 0.01 | 0.3048] 2.540 |1000 | 1853 1 |1609 10~>
x 10'2
6.214 | 1.894 | 1.578 10.6214] 1.1516 | 6.214 1 6.214
x 10°°] x 1074 x 1073 x 1074 x 1077
wvETERs*| 10 | 304.8 | 25.20 J10® | 1.853 | 1000 [1.609 1
x 10° 108
11-8



Table 5
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MULTIPL
N\ éé TREREARTRET 5
T° Tl Ge | &= | g8 | g3 | 88 | 8= | &3
o V-] =
SQUARE* ] 929.0 | 6452 | 10| o4 [25% | o.0
CENTIMETERS < 1010
SQUARE 1.076 ] 6.944 |1.076 | 10.764 | 2.788 | 1.076
FEET x 1072 x 10‘3 x 10 7 x10 7| x 167
SQUARE 0.1550 | 144 ; 1.550 | 155 | 4.015 | 1.550
INCHES x 10 ? x10 2] x 1073
SQUARE -10 | 9.290 | 6.452 %6 | 2.590 12
KILOMETERS | 1° -8 ETI 10 10
x 10 x 10
SQUARE* [l 0.0001 | 9.200 | 6452 | , 6 1 2.5 | 446
METERS x 1072 | x 1074 x 10 6
SQUARE 3.861 | 3.567 | 2.4907 |0.3861] 3.861 1 3. 861
MILES x10° ' x10°8| x 10 x 1077 x 1073
SQUARE 100 |9.290 | ess.2 | 12 | 56 | 2.5% ,
MILLIMETERS 10 1012
119
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Table 6
VOLUME
=)
o ofl | 58| &5 | &
[« 4
BE | BE | BE| 32| &
= |
2.832 | 16.39 | 10° | 385 1000
X lQl'
1 5.787 135.314 | 0.1337 | 3.531
- FEET x 1074 x 1072
. CUBIC 6.102 | 1728 1 6.102] 231 | 61.02
. INCHES % 10-2 x ]_04
I z
| CUBICH 100 | 2.832 | 1.639 1 3.785 | 0.001
. METERS x107%| x 107 x 10
GALLONS 2.642 | 7.481 | 4.329 | 264.2] 1 0.2642
(L1qUID) X 10-1" X ].0-3
!
LITERS 0.001 | 28.32 | %% | 1000 | 3.785 1
P S 4 X lQ —
11-10
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Table 7
LINEAR VELOCITY

METERS

PER MINUTE

FEET
PER SECOND

KILOMETERS
PER MINUTE

METERS* 0.01 5.080 0.3048 | 0.2778 | 16.67 1.667
PER SECOND -3 -
x 10 x 10

11-11
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Table 8

ANGULAR VELOCITY

LMSC-A984158

PER SECOND

RADIANS*

REVOLUTIONS
PER MINUTE

REVOLUTIONS
PER SECOND

DEGREES PER 1l 57.30 6 360
SBECOND |

- umte - ‘-.1 —t -
RADIANS* 1.745 1 0.1047 6.283
PER SECOND -2

x 10

REVOLUTIONS 0.1667 9.549 1 60
PER MINUTE
REVOLUTIONS 2.778 0.1592 1.667 1l
PER SECOND 10-3 x 10

11.12
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Table 9
LINEAR ACCELERATION

LMS5C-A984158

a8 28 = 88 =
é 88 28 a 88 x o8 88
Lk 28 | &28 é% w88
568 | Heg | Sgg | cEE| 39
1 30.48 27.7% 100 44..70
FEET
PER SECOND 3°2812 1 0.9113 | 5.281 | 1.467
PER SECOND X 10
KTLOMETERS
PER HOWR 0.056 | 1.097 1 3.6 1.609
PFR SECOND
METERS*
PER SECOND 0.01 0.3048 | 0.2778 1 0. 4470
PER SECOND
MITES
PER HOWR 2'2372 0.6818 | 0.6214 | 2.237 1
PER SECOND X 10-

11-13
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Table 10

ANGULAR ACCELFRATION

LMSC-A984158

P T
MULTIPLY ‘
NUMBER !
i
g | Z2mm ., Z2mao %gg
.28  EE | zEE | cEg
maa SH ’ DHg :88
E wmwm S = E . 8 = wm 8 wmrn
368 | BEE BEE | HEH
l e A 4—“
RADTANS* 1 6.28
PER SECOND 1 | 1.7423 0.1047 3
| PER SECOND | x10
f .
} KEVOLUTIONS :
| PER MINUTE 573.0 1 j 60 3600
PER MINUTE |
+—
PER HINTR 9.549 1.667 1 60
PER SECOND x 1072
%"ggﬁgs 0.1592 2.718 1.667_ 1
PER SECOND x 104 x 107
11-14
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TABLE 11 - MASS AND WEICGHT

LMSC-A984158

2 3
x ‘(rﬂ (2] 0
e 1§ 4 &|¢B
8 | 8 | € 5| 8
1 1000 0.001 | 28.35 | 453.6
KILOGRAMS* 0.001 1 1076 2.835 | 0.45%
X 1072
MILLIGRAMS 1000 10® 1 2.835 | 4.53
X 10% | x10°
OUNCES 3.527 | 35.27 | 3.527 1 16
X 1072 X 10~
POUNDS 2.205 | 2.205 | 2.205 | 6.25 1
X 103 x10° | x 107
11-15
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Table 12
DENSITY
& o
2 L q 8 o £
=
3f o BE S BE .
™ 8 o o M
-4
2 5 = a
(&) Q [&]
0.001 1.602 27.63
x 10"2
1 16.62 2.768
CUBIC METER | B x 10%
i
POUNDS 62.43 6.243 1 {1728
PER -2
CUBIC FOOT x 10
POHIEIR{WDS 3.613 3.613 5,787 1
CUBIC INCH x 1072 x 10~2 x 1074
11-16
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Table 13
FORCE
1.028 1.020 | 102.0 1000 :453.6 |14.10
GRAMS 3 1 4
x 10 x 10 ;
JOULES 10°7 | 9-807 1 0.01 9.807 L.448 ]1.383
FER O x 107° x1072% ix1072 |x1073
NEWTONS* 105 | 9-807 100 9.807 ; 4.448 | 0.1383
OR JOULES 3 1 ;
PER METER x 10° i
KILOGRAMS 1.0206 0.001 10.20 0.1020 1 0 4536 | 1.410
- -2
x 10 x 10
POUNDS 2.21,§6 2.2053 22.48 | 0.2248 | 2.205 1 3.1o§2
z 10 x 10° x 10
POUNDALS 7.2335 '7.0932 725.3 |7.233 | 70.93 32.17 1
x 10 x 10” ;

11-17
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Table 14

PRESSURE OR FORCE PER UNIT PER AREA

LMSC-A984158

LOCKHEED MISSILES & SPACE COMPANY

g BlBE | B 88, |28 LB | sds
EEO ogo §9§E' S8 IEFE | 28R

28c 30| 9 Hg” |2 e | 85

9.869 | 1.316 |3.342 | 9.678 | 4.725 le.8os | 9.869

x10°7 [ x103{x 104 x10° | x 104}k 1072| x10®
1.333 |3.386 | 98.07 | u76.8 6.895 | 10

1 x 10 3 x 10 4 x 10 4

7.501 25.40 | 7.356 | 0.3501|51.7m 7.50

x 1074 1 x 1072 x 107>

2.953 | 3.937 2.896 | 1.414 |2.036 | 1.953

x 1072 x 1073 x 1072 | x 1072 x 1074

1.020 | 13.6c |345.3 4.882 |703.1 0.1020

-2 1

x 10

2.089 | 2.7845|70.73 | 0.2048 144 2.089

x 1072 ! . 10-2

1.450 11.933710.2912 1.422 | 6.944 1.450

x 1072 | x 1072 x102] x1073 ! x 1074

3.386 | 9.807 | 47.88 |6.395
o.10 |133.3 | .3 <10 3 1
11-18




Table 15
TORQUE

LMSC-A984158

MILTTPLY 9 ,
Sy |l B 2 & e
S EEREL g J:
HE | 8E g | g¥
TR § |8 |~ 2
OBTAIN
DYNE- 1 980.7 | 9.807 | 1.3%_ | o
CENTIMETERS c107 | x107
GRAM 1.020 1.383 [1.020
NTTMETERS x1w03 1 100 | i 4
x 10
KILOGRAM 1.020 -5
METERS L1073 19 1 0.1383 | 0,1020
oD 7.376 | 7.233 | 7.233 X .
-FEET 103 L 1o 0.737
NEWTON_* 1077 9°807_4 9.807 | 1.305 1
METER x 10
11-19
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Table 16
MOMENT OF INERTIA

LOCKHEED MISSILES & SPACE COMPANY

MULTIPLY . a
. m (/7] tn g 1
N a
e —>| By |zg8 | EEL | £gS
\ B 52 23% s EE
\ 55 Ehed
TO 8
| omurq'\‘
| T E—
; GRAM_ .
| CLNTIMETERS 1 10 2.9266 4.21434
f SQU x 103 x 105
‘ KILOGRAM-.*
' METERS 1077 1 2.9266 4.21434
SQUARED x 1074 x 10~°
POUND- 416 3.4169 1 144,
INCHES 3.42 24 3
SQUARED x 10 x 10
P?,EET“' 2.37285 23.7285 6.944, 1
SQUARED x 1070 x 10~3
11-20




Table 17

ENERGY, WORK, AND HEAT

LMSC-A4984158

LOCKHEED MISSILES & SPACE COMPANY

1
: : B )
= [ E <O
ey |qelsg |y Cangldf |
- = 5] < O
SES|E8 |BEB|EB | HE |dogE|33 | SF
(@] e MO
[&] [&] oo onm
BRITISH 9.297 | 9.480 [1.285 {2545 | 9.4709B.969 | 3.413
THERMAL -8 11} 1,-3 -4
UNITS x 1078 | x 10"« 10 x 10
CENTIMETER- 1.020 [1.383 | 2.737 | 1.020 k.269 | 3.em
GRAMS 1Y Ix103x104]x10° x104k107] x107
ERGS OR 980.7 | o [|1.356 |2.68 | L7 ko186 | 3.60
cmgﬁlmém- 10 x10 | x 103 x 10'°] x10'°
FOOT-  |1778.3 |7.233 |7.367 | | 1.98 | 0.7376 3087 2655
FOUNDS x 1077 | x 107§ x 10 ©
HORSEPOWER- |[3.929 |3.654 | 3.722 |5.050 3.722 h.sso | 1.341
HOMRS Ml 1074 |x 107 x 10™Yx 1077 £ 10 10| x107
JOULES, WATT-I|1055.87(9.507 | -7 [1.356 | 2.684 , fes 3600
SECONDS OR 167 10 6
NEWTON - x x
METERS
KILOGRAM- [l0.2520 |2.343 | 2.389 [3.239 | &41.3 | 2.389 | | 0.8600
CALORTES x 1078} x 10Mx 1074 x 1074
waTr-  |lo.2930 |2.724 | 2.778 |3.766 | 5.7 | 2.778 h.163 ]
HOURS x 10°8] x 10 x 1074 x 1074
11-21




Table 18

POWER, HEAT FLUX, RADIANT FLUX

LMSC-4984158
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S\MULTIPLY @ - "
ez a6 =8 | I8 | § |48, g
© N\ [EEEREEES| B 8458| 28 |S5=| & 3
OBTéIN \ Bgmm:—-g 2] 8 B2 g QOE = =
#
BRITISH
PAETAL 1 2.777 |9.480 [1.285 | 0.707 | 6.614 [9.480 | 0.9480
UgggNgER x 1074 Ix 16 M[x 1073 x 107%|x 1074
m 3600 3.413 |4.6275] 2.545 : 233.1 |3.413 3.413
1 PR +
oS PR x 1077 x 102 x 1072
ERGS 1.0548 |2.930 1.356 | 7.457 . 6.977 107 1010
PER ol 1 ) o
SECOND  x 10'0 |x 10 x10 " x10?  x10
FOOT-FOUNDS 778 | 0.2161 |7.376 550 | 51.44 |0.7376 | 737.6
PER gl 1 .
SECCND x 10 .
t
1.414 3929 [i.341 |1.818 1 9.355 [1.341 1.341
HORSEPOWER 2 $% I A ol
x 10 x 10 x 10 x 10 T]x 10
KILOGRAM- 15.12 (4.20 |1.433 [1.943 | 10.69 1.433 | 14.33
CALORIES 3 9 ) b "
PER MINUTE x 1072 |x 1079x 10~ x 10
WATTS*  1054.8 10.2930 | 1077 |1.356 | 745.7 | 69.77 | 1 1000
1.0548 |2.930 7 11.356 | 0.7 6.91 | . -
KILOWATTS o 93-4 10 35-3 4971 09T | 107 1
x 10 x 10 x 10
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Table 19
POWER DENSITY, HEAT FLUX DENSITY

MULTIPLY & e %
& NUMBER 28 & S 5 E
>\ OF 8 e B g ] S g % ] §
=88 | %8 | °3E | B82S | L3E | g | B
e & 5‘§ 83w | & 58 o= |
0 5 | R% | ReE | 4BE [ 355 | Bg | B
=) < <D
peray (A | BB EE émo cmg | ~° | 3 | 38
PER SECOND 8.
SQUARE ¥OOT x 1074 | x 10-8 x 10_3 x 10_5 x 10.4
Eg PFR HOUR | 3600 1 3471 | 4.626 | 311 L o.3m | 3413
SQUARE FOOT x 10-4
IERGS PER SECONIY 1.1354 | 3153 1.459 10 7 1000 1.076
PER SQUARE 7 1 4 4
CENTIMETER x 10 x 10 x 10
FOOT-POUNDS 778 0.2161 6.852 685.2 6.852 0.7375
SECOND PER 5| "
SQUARE FOOT x 10 x 10
WATTS 11354 13153 | =7 | 1.459 104 | 1.076
PER SQUARE . S0 "
CENTIMETER x 10 x 10 x 10
WATTS PER 1.1354 1 3.153 10—3 14.59 10 4 10.76
BQUARE METER 1 VA 1
x 10
WATTS PER 1054.8 | 0.2929 9.290 1.355 929 9.290 1
SQUARE FO0OT x 10-5 x 10—2
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Table 21

THERMAL CONDUCTIVITY

% -] [+ s
E »l Eoﬂﬂ @ O‘ é OI éoﬂ‘-‘c gc’z‘ Eoﬁd EOT
2| eg |2B]| & 128 | 25 |28 | 23
e | BE|5%3| 55 |85 | &g |BS | 22
; = [&] (%] Eﬁ ﬁ [75) ]
- - - - - - — —— —_— — — —==%
0.7087| 4.184 1 1.4423 |1.731 | 747.7 lo.2077 | 1.1622
]
: x 107 |x 1072 x 1072
WATTS gER 1.4113% 5.904 | 2.035 [2.442 1.055010.2931 1.6400
INCH-"R 1 x 107 |x 1072 x 1072
CALORIES PER f0.2390| 0.1694 3.447 |4.136 | 178.7014.964 2.778
SECOND- 1 L 3 ) 3
CENTIMETER-CK x 10°% |x 10” x 10° x 10
BTU-IN PER |693.4 | 491.4 | 2901 12 5.1840] 144 8.058
HR-FT°-°R ! x 10 °
BIU PER  |57.78 | 40.946| 241.8 | 8.333 , 4.320 ! 4. 0.6715
HR-FT-°R ) .
x 10 x 1C
BIU FER  |1.337 | 9.478 [ 5.59% [ 1.92°C |2.3148 2.778 1.5545
SEC-IN-"R |y 1073] x 107 108 {x 197 | 1 |x107% | x107
BTU PgR 4L.815 | 3.413 | 20.15| 6.944 |8.333 3600 5.596
HR-IN-"R x 1072 |x 1072 x 1072
K CAL PER |86.04 | 60.97 | 360 | 0.12409(1.4891 | 6.433 |17.87 ]
HR-M-CK L
x 10
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Table 22

THERMAL RESISTANCE

i

LMSC-A984158

!
4
§

LOCKHEED MISSILES & SPACE COMPANY

e | & R » z
2 S S e L5 o"‘g QB .8
=1 2 a3 | BE | R | E5 | gES
g | B |§ | Es | B § | gE |87F
& S aE 2R a
OR PER WATT ] 1.80 | o0.43% 40.956! 3.413 | 9.4804 1..48
: " x 107
Ok pER waTT* || O-5556 1 0.2389 | 22.76 ' 1.896 5.267, 0.860
i x 10 *
SEOND-OK | 2.326 | 4.187 | | 95.26 | 7.939 | 2.205 | 3.60
PER CALORIE | : -3
‘ | x 10
HOUR-FEET-OR || 2.442 | 4.396 |1.050 ' , | 8.335 | 2315 | 3.780
FER BIU-INCH § o 1072 | x 1072 | x 1072 |  x107% | x 107 | x 1072
HOUR-°R 0.2930 | 0.527 | 0.126 12 ] 2.778 | 0.4536
FER BTU -4
x 10
SECOND-°R |l 1054.8 | 1898.6 | 453.6 | 4.32 3600 : 1€32.8 |
PER BTU 10 4 i
o R LN :
HOUR-°K 0.646 | 1.163 | 0.278 | 26.458| 2.205 | 6.124
PER L 1
KILOCALORIE x 107
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Table 23

THERMAL CAPACITANCE

a
> 2 &
5 @ o g e 8 2 g
=& KA o g ﬁ [o] =2 o 8 m £
M M O A g A E o
- &
© g
—_— ! = —-~;——-——-—~\___—‘f —
BTU L 5.26 2.2046 0.22046
PER 1 x 107 x 1074
°r
JOULES PER °k
OR 1899,11 1 4.1868 4186.8
WATT-SECONDS
PER °K
CALORIES
FER 4536 0.2389 1 1000
°g
KILOCALORIES
PER 4.536 2.389 0.001 1
x 10‘3
°g
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Table 24

THERMAL DIFFUSIVITY

LMSC-A984158

LOCKHEED MISSILES & SPACE COMPANY

*
& & 2
ULl g | BEa | 88| B gg | B | 58
OF, & 0 E:?: Eg )
ANNGEPREH R MR- TRE LR
OB 58 | 5m | 5B | ¥gE | 5% | %gg ! oF
4 35 4 ) S C oa 3
SQUARE FEET 1 3600 25 1 1.0764 [ 10.764 3.875 ! 3.875
PER HOUR 1073 » 10 4
SQUARE FEET 2.778 | 6.94 ' 2.9%0 | 2.99% | 1.0764 10.764
PER SECOND 4 444 x 1o'3§ x10° 7| x 1073 D x 1073
SQUARE INCHES 0.040 | 144 1 @ 4306 | 0.4306 ; 0.1550 [ 1.550
PER SECOND 1 i 10°5 i x 10 2
SQUARE 929.0 | 3.34'51 2.323 | 104 ! 3600 3.600
CENTIMETERS 6 fo i 7
PER HOUR x10°| x10% : x 10
SQUARE METERS [9.290, | 334.45| 2.323 | -4 ] .3600 ; 3600
PER HOUR  |x 102 :
- ! ———
SQUARE 0.2581 | 929.0 | 6452 1 2.778 | 2.778 -
CENTIMETERS 2 1
PER SEOND__ I ) _-__d}___x_-"_o,._, o
SQUARE METERS: 2.5806 | 9.290 | 6.452 | 2778 | 2.778 | 4 ]
FPER SECOND lx 107 | x102)] x107%] x10°8] x 1074
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Table 25
SPECIFIC HEAT
8
*x
2 a 3
2 2 2 g |33
é ° w 5 ° - s ™ - E s
Q ° o ° &0 w © 8 . o
5 ] - & Q®
& O [+ [« 9 g [+ ™
1 0.239 1,000 1000
4,187 1 4.187 4187
1.000 0.23825 1 10C0.00
2.3901 1.00065
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Tar'e 26
LATENT HEAT
MUI..TIPLY1
NUMBER
@ Cr %3 x
F\ 2| = ) . g 5 A
m NN 28 | §HE | EEE | BES
OBTAIN 8 3 = a.
v \\| &
—
KILOCALORIES 2.39 5.56
PER 1 0.001 X 10-1. X 10-4
GRAM
CALORIES
PER 1000 1 0.23901 0.556
GRAM
JOULES *
PER 4187 4.187 1 2.326
GRAM
BTU
PER 1800.0 1.80 0.4279 1
POUND
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Table 27

VISCOSITY

LMSC-2984158

LOCKHEED MISSILES & SPACE COMPANY

2 Bo | o o &
55| E5| ga|288| 8 | &2
Be| 22| =5 |e82| & | g8
E| s | 28 |B53| & | &°
& bEl S wd | S 3
GRAM PER CENTIMETER 1 10 1.488 | 4.788 1072 4.134
SECOND ( POISES) 10 |y 102 - 10-2
KILOGRAM PER 107t 1 1.488 | 4.788 102 | 4.134
METER SECOND - 10l < 1074
POUND MASS PER 6.9 | 6.71197 1 |32 |en9r | 2.78
FOOT SECOND x107% | x 107! x10% | x107%
POUND FORCE SECOND | 2.0886 | 2.0886 | 3.1081 1 | 2.088 | 8.6336
FER SQUARE FOOT x102 | x 102 | x 1072 x107 | x 107
CENTIPOISES 10° 100 | 1.4882 | 4.788 1 | 4.1338
x10° | x10* x 1071
POUND MASS PER 2.491 |2.4191 | 3.6 [1.1583 | 2.4191 1
FOOT HOUR x10° |x10° | x16° |x10°
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Table 28
KINEMATIC VISCOSITY

Ha
ge| 58| 5| #
ups| =23 | gB <
RE.| 28 | 2 5
i8s| 5B | 3E | &
&9 [75] g o)
SQUARE CENTIMETERS 1 10* | 2.5807 | 1072
PER SECOND -1
10
SQUARE METER 1074 1 -6
PER SECOND 2'580'2 10
10~
SQUARE FOOT 3.8750 | 3.8750 | 1 3.8750
PER HOUR - 1o 102
2 6
CENTISTOKES 10 10 2.5807 | 1
10t
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