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FOREWORD

i 1i-month study was conducted by Lockheed Missiles & Space Company for the
Propulsion and Power Generation Branch of the Manned Spacecraft Center of the
Wational Aeronantics and Space Administraticn under Contract NASS-10412. The
v entitled an Investigation of External Refrigerators for Long Term

¢ Storage was initiated to present sufficient information ard pro-
cedures for evaluating the usefulness of a small closed cycle cryogenic re-

frigeration systeme for space applications. The resulting data are presented

£

20

tion of External Refrigeration Svstcm. for T~nq Tarm

Bandbeok of External Rel'm?u“”thn Systems for Long Tern
S : LMSC~£084158, RZ Feb 1977

' e

tarnel Refrigeration Systems for Long Ter
TMSC-A984159, 22 Teb 1971

his report is the second of these documents and coniains the basic data and

Handbook (or third of these dociments) waz produced.

It aiso dncludes an updating of most of the information presented in the first

Sincere eppreciation is given to Thomae L. Davies and other NASA personnel

for the suggestions and guldance in vhis study.
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Secticn 1
SUMMARY

This report is the culmination of a 14 month study initiated by the National
Aeronautics Space Administration at-the Manneéd Spacecraft Center to provide

Cata and material on external cryogenic refrigeration systems. The data was
prepared so that it could be used to.evaluaie thé usefulness of using an ex-
ternal cryogenic refrigerator to cool cryogenic étorage systems over long per-
iods of time in space. One of the main purposes of the study was to produce a
handbook* that could be used to aid the éngineer/blanner in performing the trade-
off studies that are necessary to evaluate the various options that arise when

one considers the use of cryogens in space,

Several elements which contribute to the refrigeration system were investigated
and procedures for estimabting performsnce, weight, aud volume of each element
were established. The major elements of the refrigeration system are the re-

frigerator itgelf, the mechanisms to transfer heat from the cryogenic tankage

Lo Lhe ra
heat from.the system, and power supplies.

Informaticn and data were prepared for a wide rangs of parameters., Thes initial

range parcmeters that were coversd in the initigl phases of this study are:

o OCooling load ) to.100 watts (17 to 341 BTU/hr)
o Temperature at which heat
is to be absorbed 120 to 110°K (36 to 200°R)
o Mission duration té to 2/ months
o Tank size 20 o 200 £t
o Heat sink temperatures 78 to 340°K (145 to 610°R)

The hesat sink temperatures were evaluated in terma of a set of thermal enviren-
ments thet would cover the above tempere *u: renge rather than actually dster-
mining the effectvive sink temperature. Ebr example, heal flux parersters were
eviluated ﬂ0351dering surfaces in verious earth orbits, in deep svace, and on

Lnn lunar surface Tor varicus sun lighting condivion

. o
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As pqtential applications and additionsl information became available dufing
the course of the study, the ranges of the above mentioned parameters were
extended. The cooling loads were extended down to fractions of a watt and
the temperature was extended down to the 4 to 129K regime. The tank data was
extended to cover ranges up to 280 £t3,

The data and information developed for the various elements and parameters are

presented in this report along with quélifying data and explanations.

The pertinent dabta has been extracted from this report and used in a sueccinct
fashion to provide a handbock for cryogenic refrigeration systems analyses.
The handbook presents curves, daﬁa, and procedures to obtain gystem weight,
volume and performance for a variety of cryogenic refrigeration systeus space

applicetions.

1.2
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Section 2
INTRODUCTION

2.1 - INTRODUCTICON

During the process of planning future space missions and determining the role
of crybgenic fluids for use in those missions it is neceséary to evaluate
many different options. One option that the désigner/planner may want to
evaluate is the use of refrigeratioh systems to maintain the cryogenic state
of the fluids of interest. Cryogens can be stored in space for a considerable
time, with proper care and appropriate design conditions the storage time can
be six months or more. Boil off nesrly always occurs; howevef, for cryogens
like hydrogen that have a high heat of vaporization the penalty psid from a
weight standpoint is sometimes acceptable., Other ccnstréjnts such as volume
and orbit control may make it more effective to utilize a refrigeration

system,
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trabtion at the Marmed Spacecraft Center initiated a timsly sbtudy to investi-
gate exrternal refrigeration systems for cooling cryogenic storage systems in
long term space applications. The study was a 14 month effort extending from

lecember 22, 1969 to February 22, 1971.

A cryogenic refrigeration system is simply a device that will transfer heat
from a very low tempersture source to a hiéh temperature sink. In order to
conduct tradeoff studies something has to be known aboubt each element of the
heat transfer gystem so that the proper consgideration can be given to it. In
this study the complete system that was evaluated is made up of the refriger-
etor vnit iteelf, the heab transfer mechanisms used to reject the waste heat
and tc absorb the heat, and the power supply. The power supply is included
in the system because the efficiency of crjogenic refrigerators is low enough
that the type of power and the wey it is put into ths system becomes an

important design considerstion.
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2,2 S8TUDY PURPOSE

The purpose of performing this study is to provide the designer/planner with
sufficient basic information to conduct rapid and accurate cryogenic refriger-
ation systems studies. The data anq material presented in this report provides
the base from vwhiech a refrigeration systems handbook was prepared. All the data
that are contained in the handbook are presented in this report, but more de-
tailed and descriptive information is usually provided here. The handbock
will be used to conduct step~by~-step tradeoff anaslyses of refrigeration sys-
tems., Each element of the system including refrigerator units, failure
cheracteristics, thermal environment, tankage, waste heat rejection, cryogen
to refrigerator heat exchanger, and power supply have been evaluated and data
for each is given in this report and in the handbook. For completeness and
to facilitate the use of the report and hardbook a limited amowunt of cryo-
genic property data is included. Also included is a comprehensive set of
orversion units particularly applicable to thermal work. The conversion
units have heen included because a greai deal of information on refrigeration

1AL
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general, the engineer has a better "feel" for the subject if the unlts are in
terng familiar to him. Therefore the data in this report have been presented

uits customarily used, resulting in a mixed set of units., With ths com-
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e conversion system readily available, little time will be wasted in con-

erting to whatever units the engineer is comfortable in handling.

2.3 STATE OF REFRIGERAICR TECHNOLOGY

During the nineteenth century, the principal interest in attaining very low
temperatures was to attempt to liquefy the so-called permanent gases, culmina-
ting in the liquefication of hfdrogen in 1898 end heliuwm in 1908, Early very
Llow temperature refrigeration was achieved by a relatively inefficlent cycle
involving one or more stages of compression, heat exchange and throttling,

knoun as the Linde or Joule-Thomson cycla,
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temperatures in apparatus which included integral liquefiers or in the very
small numbers of laboratories in the world which possessed a self-contained
but inevitably temperamental and inefficient, liquefier. These early low temp-
erature experiments gradually revealed the vast pcésibilities of basic re-
search at#ve}y low temperatures and the demand for liquid helium as a basic
1aborat5£y.utility rapidly increased. 1In the late 1940's, Arthur D. Little,
Inc., began marketing a commercial version of a significantly more efficienﬁ
and practical helium liquefier using expansion engines and operating on a
modified Claude cycle which was developed by Dr. S. C., Collins. Several
hundred units of this refrigerator/liquefier and its derivatives have been.
built to date and its introduction, in retrospect, marked the beginning of
the commercial low temperature refrigerator market. .During the 1950's, a
small number of other laboratory model refrigerators appeared on the market
and several large scale gas liguefiers were built., These all worked on basi-~
cally éimilar Claude or Brayton cycles, or the simple Joule-Thomson cycle.

A second most significant event in the development of practical very low
temper rature rcfrlgera ors was the introduction in the late 1940°s and early

e
relrige e

o ', ~ fod] LI S 2L TV L L2 LY
e 8 0oL 2 ovu glirigerauur Oy roiicing Faectrical G

[
Ut
()

ARDETIY e
This Stirling cycle refrigeratof also developed into a highly sugcessful
commercial product. The most significant feature of this cycle is the use

of regenex at1ve rather than counterflow heat exchangers. Since that time
many types of refrigerators using regeneraulve heat exchangers have been
built which are basically related to the Stirling wefrigerator, for example,

the Taconis, Gifford-McMahon, Solvey and Vuilleumier Systems.

From the late 1950's to the present day several new fields of application
for refrigerators and liquefiers developed whose influence is almost en-
tirely responsible for the present shape of technology. With the develop-

. ment of the space program, liquid fueled ﬂallistic missiles, and the large
scale use of liquefied natural gas came a demand. for very large scale ligue-
ficaticn plants. At the same time there was a growing interest in the field
of very low temperature electronics which led to a demand for convenient

laboratory-type refrigerators for basic research, and for small flight weight

2-3

~ e g A g i o AR I .
L CCHHESD MISSILES ‘& SPACE-COMPANY-




LMSC-A981632

units for airborne detection systems. Although many other particular appiica—
tions could be noted, it is in these three areas that the greatest amount of

design effort; cumulative experience and reliable hardware can be found.

In geheral, these existing refrigerators are not immediately suitable for
space flight use although the technology developed for the airborne detec-
tion system refrigerators is to a large extent qppropriate to the spaceborne
applicaticn. A substantial number of research and developmsnt programs have
been pursued by the U. S. Government in order to reduce or eliminate these
inadequacies. Some of the programs have been general in nature and have been
intended to raise the overall level of technolegy. Others have aimed at
procuring a refrigerator for a particular mission. This research and devel-
opment activity is sufficiently established and intense to be considered ag
the major aspect of the current state of rgfrigeratorAtechnology of interest

to spacecralt designers.

2.4 STUDY SCOPE

The study vas mainly oriented toward develeping procedures and information
that can be used.fo determine the performance, weight, and the size of a
coemplete refrigeration system. As mentioned bafore there are several elements
in the refrigeration system,'any one of which could easily éécupy the time
ahd effort avéilable for this study. Therefors, by necessity, only enough
analyses was conducted in each area to provide the designer with the informas-
ticn required for him to determine the overall system performance, weight,
and volume and to conduct system operating %radeoffs. The data provided
include the range of parameters indicated below,

o Cooling load 5 to 100 watts (17 to 341 BTU/HR)

o Cryogenic tankagé 20 to 200 cu. ft.

o Temperatures at vhich cooling is required 36° to 200°R (20 to 110°K)
o

Mission duration 6 to 24 months

A significant amount of cryogenic refrigeration development has been conducted
at coolirg loads of less than 5 watts (0.1 to 1 watt) and at temperatures

o " o, A o s . ca s
below 207K (4 to 12°K). Therefore where this inlormetion was svailable the

. . . e
lower 1limits of 5 watts and 207X were extended to lower levels. To

LOCKHEED MISSILES & SPACE COMPANY
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help in evaluating larger tanks, especially 'hydrogen tanks,thes volumes and
associated data were extended to 280 cu. ft. A variety of thermal environment
conditions were studied in order to obtain the heat rejection rates of the
radiators and the heat absorption rates to theacryogenic tankage. Initial
consideration was given to examining a temperature range of 140 to 610°R

(78 to BAOOK); however, it seemed more prudent to define the thermal environ-
ment that a radiator or tank would experience in space and compute the heat
rates directly. Therefore, several mission profiles were defined and the
appropriate methods to compute view factors, planet albedo, and solar ineci-
dence were developed., The mission profiles were generally categorized into
planetary orbit operation, Martian and Lunar surface operations, and deep

‘space operaticn, such as translunar or transmartian flight,

Information has been included on refrigerator maintenance and failure charac~
teristics; however, this is relatively limited primarily becauss of the
limited operating experience available for space based cryogenic refrigera.

tors.,

With the information given in thLS reoort and in ithe handbook the designer
can identify the optimum refrlgeraulon system for his particular application
and can determine the gensitivity of the operating characlteristics to varia-
tions in each element of the system, He can obtain an insight to what areas
of develovment would best profit by additional effort. He can obtain bounds
on operating conditions in order to establish preliminary specifications.

The most importent single function of the material given here is to aid the
designer in determining whether or not an active external refrigerator should

be used for his application.

The data and information given in these reports are not intended to be used
for refrigérator design or for detall designs of heat cxchanger or heat pipe
designs, The procedures outlined for caleculating radiator channel and fin
ions are qulte comprehensive and could be used for detail configuration
definition if the rituati01 demands it. Hewever, the procedures outlined

in the handbook are somewhat simplified and can be used more rapidly.

e e
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2.5 STUDY ORGANIZATION

The study wes initieted by reviewing reports, data sources and development pro-
grams availeble on small cryogenic refrigeratofs. A bibliography was cbbained
from thevNational Bureau of Standards and the pertinent reports were reviewed.
This acn1v1ty was conducted over the first four months of the contracted effort
and & refrlderato¢ systems review r°port was published in May 1970. Following
this effort additional information was cocllected on refrigeration systems and
the data in the report was continuocusly updated and extended. Effort was =2lso
tiated for other elements of a refrigeration system. Power supplies were
reviewsd and descriptive information developed on all types of power supplies
that might be used in conjunction with refrigerators. In some cases, e.g., @
nuclear reactor power source, it is not likely that the power source wcould be
used only for refrigerator operation; however, it was felt that enough descrip-
tive information should be given so that if an application arises the désigﬁer
will have a handy sourcs of information to provide him understanding and in-
sight to the problem areas. He can also ecvaluate ways of integrating the pover
supply requirements with the refrigerator reguirements. Environmental condi-
tiong were evaluated with the effort being aimed st establishing the thermal
environments, mainly because the thermsl environment contributes the greatest
interaction to system tradeoff analyses. Other environments that are eancoun-
tered during terrestrial (ealt, wind, rain transportation, atc.) and ascent
(max. acceleration, vibration, acoustic) operation are generally specified and

little tradeoff interaction is available. ‘

Refrigerator analyses were conducted to develop procedures and methods for eg-
timating cool down times, for estimating performsnce over operating regions
vhere no data presently exists, and for estimating refrigerator characteristics
at various heat rejection temperatures. The approach used for most of these
analyses was te utilize data on existing cryogenic refrigerstcrs and medifying
it by consideration of the ideal performance characteristics. It is very dif-
ficult, and sometimes misleading to predict the performence of a cryogeniz re-
frigerator on analytical procedures alone. To develop methods of accurately

doing this was beyond the scope of this study. However, by careful evaluation

¥
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Investigation of External Refrigerabion Systems for Long Term Cryogenic
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of the operating performance and characteristics of existing snd in-development

refrigerators, a great deal of useful -data and curves were generated.

The failu:e*cﬁaracteristics of the qryogenic'refrigerators were examined,

Most exigfing refrigerators require frequent meintenance intervals and no
refrigerator presently exists that will operate in an umattended space environ-
ment for 6 to 24 months. The effort in evaluating the failure characteristics
was primarily directed toward developing means to permit the designer/plammer
'to estimate overall system weight and reliebility characteristics., 4
convenient measure of system advantages and disadvantagés from a refrigerator
failure point of view is the probability of failure. These probability
numbers, as used in this report, are not meant tb give hard and exact values
because none really exist on these systems. Rather, they are meant to give the
‘user a "feel" for what is required in the way of necessary operating life and/or

redundancy.

An extremelyr large wariahion in operating 1ife of the verious refrigerator
systems is obtained as one coasults various manufacturers. Conzsequently, it
vould be prudent for the user to directly ascertain the expected operating
life of a particular machine for a particular applicabtion after he has
periormed the desired trade-off studies and has obtained some insight to his

requirements and problems.

Analyses of waste heat rejection and heat absorption methods were performed.
The primary emphasis for the waste heat rejection portion was placed on
radiator definition and design. Detailed and simplified procedures were
developed to determine tube and fin size for radistors suitable for rejecting
}he emount of heat and in the environmenté gppropriste to this study. 4
comprehensive diccussion of heat plpe designs waé also prepared and should
provide the user with one of the most up to dats sources of heat pipe informa-

tion available at this time.

2-7
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In order to provide the engineer with information to estimate complete éYstem
performance, methods of transferring heat from the cryogenic tank to the
refrigerator were also investigated. A great deal of time could be devobted
to défininé the exact performance paremeters; however, to stay within the
scoﬁe of this study only sufficient data and material was developed to give
the designer approximate weights and performance characteristics., The use of

cryogenic heat pipes wag also investigated and included in this section.

To facilitate the use of the material in this report a limited amount of
‘cryogen properties data and conversion charts were prepared, In evaluating
the processes involved with intermittent operation of a refrigeration system,
it is necessary to investigate the pressure profiles in cryogen tanks. To
~aid the designer in the computational process a set of pressure~internal
’energy charts were prepared. A considerable amount of effort was required to
put the dabta in this format but having it thus will markedly increase the

speed of calculating intermittent refrigerator operations.

“The convercion wmite are auite comprehensive, especially in the thermodynamics

rarea and should alse facilitate the use of the maberial in this report.

2.6 REPORT CONTENTS

.This repert has been primarily organized in sections according to major
elements of a cryogenic refrigerator system, The sections are:

Summary -

‘Introduction

Refrigerators

Failure Characteristices

Thermal Environments

Tankage and Heat Lezks

Waste Heat Rejection

o 0O O 0o O o o

Heat Absorption

O

Power Supplies

(o]

Cryogen Properties

o Conversion Units
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A major requirement of this study was to préduca a handbook that could be easily
used to quickly evaluate cryogenic refriger&tion systems for space applicabions.
With’this in mind this report was written in terms of sections that would
contribute directly to the handbook.

Thieg report has all of the pertinenf»and detailed information developed and
provides retionale, discussion, limitations, qualifications, and procedurss in
the study. The handbook is an extraction of this report giving only the

pertinent data and procedures required for systems trade-off analyses.

The discussion of refrigerators given in Section 3 is an extension and an
up-dating of the Systems Review Report prepared earlier in this study. Much
of the material presented in the earlier report is given here so that a
complete and comprehensive set of refrigerator and systems data will be
available z2¢ & singls source of material. Also, additicnal ﬁaﬁerial was
developed and became available after the Systems Review Report was prapared
and it was felt that the material would be disjointed and confusiog if

presenved separately.

Section 3 provides the basic information to obtain external autoncmous

refrigerator performances, weight and size.

Following this section Section 4 describes the basic fasilure characteristics
of the refrigerators and develops a means by which the engineer can ectimate

performance-reliability trade offs.

Secticn 5 presents the thermal envircnments and methods of computing average
gn

surface temperatures for cryogenic tanks and heat rates for radiator designs.

i
Ssction 6 provides estimates of cryogen tank weights and vacuum jacket shell

-weights. Also presented arz the heat rates to the cryogenic tanks for various
temporature conditions. These data are presented so the engineexr can obbain
trends and weight increments in conducting trede-off studies and are not

meant to repressnt the uliimate in tank design, welghts snd insulation.
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Section 7 pressnts the information required to determine radiator design end
provides means of estimeting weights of the major elements required to
transport the heat from the refrigerator to the radiator. Heat pipe design

procedures are also given,

Secticn 8 provides information for estimating the weights of the devices
required to transfer heat from the cryogen tank to the refrigerator, Weight
estimates of tank heal exchangers, helium circulation compressors, and cryo-

‘geniec heat pipes are presented.

Section 9 presents data and descriptions of almost all power sources that are
or might be applicable to refrigeration systems evaluations., The power sources
range from batteries to nuclear reactors. This complete spectrum was covered
so that rapid estimatss of a broad range of potential future applications cen

be made without a lengthy search for relevant material.

Section 10 provides & limited amcunt of property data on crycgens. Data on
ha form of prossu

o . N e ® e o un o -
hydrogen, oxygen, flvorins, and nitrogsn

Sk
energy charts have heen providad to aid the engineer in msking rapid heat-
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rressure balences for intermittert refrigerator operatioc:

-~

Section 11 provides a comprehonsive set of units conversion charts. The
engineer can work in whatever units ere familiar to him and rapidly convert

the data to be compatible with other deta normally made available to him.

With the materisl in each of these sections the designer/planncr has the
nscessary information to estimate the performance, weight, and volume of a
complete cryogenic refrigeration system for whatever space application he
may be interested in, A.iarge range of the pertinent paramsters has been
given and this data chould be useful for a large variety of space-oriented

shudies.

21D
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2.7 REMARKS

Generally speaking, non-vented cryogenic refrigeration systems show an advan.
tage over tgg.#énted systems having no self-contained external refrigeration
only:for ldng-term (approximately six months or more) applications. This is
basically caused by additional fixed weight that must be added to the system
for refrigerator power supply and radiators. If a large power supply is avail-
able, and does not have to be added for the ref;igeratox operation, then a

tradeoff might be expected for shorter duration missicns.

The refrigerator operating at cryogenic temperatures does so at relatively
low efficlencies, requiring anywhere from 250 to 5,000 watts of input power
to achieve 10 watts of cooling. Therefore, the power supply and the hest
rejection devices become important, and an associated welght penalty must be

gttached to the system.

At the present time, 1ittle failure characteristic data is available on refrig-
erators that would be applicable to cryogenic and space applications. Before
embarkiog upou a progiram thobs ubilizmes 2 2losed cvels external refrigerator,
one must carefully assess the development situation and the potential refriger-

ator failure rastes.

TheAmaferial developed in this study and presented in the handbook should te
used to review the missions and functions for which cryogenic refrigerators may
have potential applicaticns. Having thus identified the potential applications
and having examined the relative tradeoffs, the refrigeration system resquire-~
ments and characteristics can be roughly specified. The detail characteristics
of the refrigeration system can then be studled and particular design features
such as types of refrigerator, its cocling capacity, its performance, size, and
welght, its heat rejection temperature, its lifetime, the type of heat rejection
system, the type of power supply, and the heat transfer devices can be accurately
specified. System cost and development time can thus be established. A complete
picture of fna refrigeration system will then be available for decisions as to

what type re searnh and development program are regquired to achieve the goals.

N L.OCK~{ZED M*S

<3_»-



LMSC-4981632

Section 3
REFRIGERATORS

3.1 INTRODUCTION

The purpose of this section is to summarize vhe current available information
- on small refrigerator systems that are appliceble to in-space cryogenic cool-
ing operations. Most of the data are applicable to cooling loeds of 1 to 100
watts and cooling temperatures of 20°K to 110°K. To date no closed cycle re-
frigeration syétem has been used in space, although a few elementary short
iife cpen cycle systems have been flewn and a few programs presently underway
- will place closzd cycle refrigerators in space in the nese future. Conée~‘
guently, such systems must be developed and proven for space use, and this
report must necessarily be dirscted towards assembling the date xveeded to
assecs potential performence rather than providing hard duta. The assess-
ment of the possible performance of & refriperator in a given cooling task
in this conbtext will thus depend upon the current pérformancey development

potential and peculiarities of the task.

The enrrent state of refrigerator technology is governed largely by a combi-
nation of techmical performance limitations and preyailing economic market.

The interaction of these influences may be divided into three categories. In
the first would be those purely technical limitations imposed by an inccm-
plete tnderstanding of the basic physical processes, or by fundamental limits
of the processes themselves. Refrigerator designs are based on the best
available heat transfer, fluid flow and materisl property data and an upper limit
.as thermodynamic performance4will be set by the adequacy of these data, the
methods cf'handling the data for design purposes, and the technigques for ob-
taining the performance of actual machines. These limitations are discussed
in the sections describing particular configuration systems. Iﬂ‘a second cate~
gory of infliucnces weuld be the influence of the market on refrigerator tech-

nology. One of the reasons that spoceborze refrigerators are not available is
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that until recently there has been no demand for them. Although a need for

such refrigerators is now emerging it does rot promise to be profitable and
private develbément is unlikely. This can only be remedied by support of the
reffigerator market by research and develocpment programs such as those funded
by various agencies of the Defense Department. These programs effectively permit
Asystems of limited economic appeal to be'developed to their full technical
capabilities. In the third category are those-limitations placed by an inter-
action between market requirements, mechanical design and refrigerator per-
formance. For examp’e; the thermodynamic performance, reliébility and physical
dimensions of commercial refrlgerauors are optimized with respect to terrestrial,
physical, and economic conditions. It is very probable when configured for space
gppileation many ex1st1ng types of refrig&ratmrs would seem far more attractive
than their terrestial versions. The cost of such relatively minor design must

he compared with that of establishing rad¢cally different designs.

Frem & knowledge of the current state of technology one may select a suitable
refrigerator system, deLJ_nQ a program leadiug to the design or development of

4 ~ Ty 5 e e Aot b g
& 3avlsraliory ha,rdume from existing bech O.lu»"y, or aafinsg & Program ol re-

O

search and development on one or more ncw types of refrigeration systems. The
selec tion process must be based upon a2 complete specification of the total
bpace"rait environment in which the refrigerator must operate. Such a speci-
fication must include the following parameters:

o Magnitudes and tempsrature levels of cooling loads

!
o ‘Interface requirements between load and refrigersbor such as permis-

sible level of vibration; whether the refrigerator can be integrated
with the cooling load or whether the heal must be transferred by heat
ipe, convective loop or other thermal link from a remote loecation;
duty cycle, heat fiux and temperature level centrol requirements,

[

ete.

e} Nature of spaceecraft power supply, particularly as defined in terms
of ‘gystem penalties for both primary thermal power and generated
electrical power, since both electrically and thermslly powsrad re-

frigerators exist.



LMSC~ A981632

o Interface requirements between power source and refrigerstor. TFor
electrically powered systems this requirement would be quite simple.
Fg; thermally powered systems it must be decided whether the source
can be integrated with the load or should be located remotely and

heat transferred by some device.

o Interface requirements between refrigefator and spacecraft heat re-
jection systems. Heat must be rejecte& from the refrigerator at
temperatures in the general range of earth ambient temperatures. It
must be transported from the refrigerator to the radiator by some
thermal link,

o Maintenance possibilities. Depending upon the particular mission,
this will range from zero maintenance to a maximum value considerably

less than.that permissible for ground and airborne units.
o Required operational lifetime.

This ﬁ;rtion cof the report is concernei with the refrigerator unit itself.
The subject of interfacing with power supply, cooling load and heat rejection

system are covered in Sections 9, 7 and 8.

The mein body of data relating to refrigerator performance is contained in
Section 3.4 which gives performance and weight characteristics of existing
refrigerators. Several types of refrigerator can be separated into components,
however, and it is appropriate to provide some data on the performance of the
individual components. As an example, thé_compressors used by most terrestrial
Gifford-McMahon/Solvay systems are not weight optimized and if a realistic
assessment of the possible performance of these systems in the space applica-
tion is to be made, possible cumpressor weight reduction must be

estimated. These factors are discussed in Section 3.3.

In Section 3.2 baclkground material is presented relating to some of the basic

thermodyramic cycles used by refrigerators.

LOCKHEED MISSILES & SPACE COMPANY
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‘3,2 BASIC REFRIGERATION CYCLES

3.2.1 General Theory

A refrigerator is a device which sbsorbs heat at one tempersture and rejects
it at a higher temperature. In order to perfofm this operation, an expendi-~
ture of mechanical work is required, as shown in Fig. 3-1. According to the
Second Law of Thermodynamics, this operation must result in a zero or positive

change in entropy. In terms of the Quantities shown in Figure 3-1

9y > % (3-1)
T T
a c

According to the TFirst Law of Thermodynamics

qQ, = aq, +¥W (3-2)
Thus,

W o2aq, [ T . To } (3-3)

T
1 e d

Eq, 31, 3»2 and 3~3 relate to a system of heat source, heat sink, mechanical,
refrigerator and mechanical work source. It is somebimes desirable to inclucde
the work source in the definition of the refrigerator, in which case the situa-
tion shown in Fig. 3-2 applies. In this case the work input required by the
refrigerator ig generated by an engine, which takes heat from a high tempera-
ture source, rejects heat to a lower temperature sink and produces work. For
the whole system the operation must produce, a zZero or positive production of

entropy. If both engine and refrigerator share a common sink then

2 > % o+ L (3-4)
T T T

a
a h c

According to the First Law of Thermodynamics

q, = 9, t4q, (3-5)
thus,
f 1 b
qQ 2 49, T, Ta o T (3-6)
[ T T - T
3~4
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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‘refrigerato;. The per-
férmance of a refrigerator is customerily expressed by its "coefficient of
performanceﬁ”“c.o.p."

c.0.p. = refrigerative effect
powered supplied

This function is a satisfactory basis for COmparison if all systems are of the
type of Fig., 3-1. For most mechanical refrigeraﬁors 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 process whose op-
eration is completely independent of the refrigerator and its. influence may be
neglected for comparison purposes. In the case of heat powered refrigerators
the coefficient of performance is of less value as a standard. Some heat
powered refrigerstors operate by electrical resistancé heating, while others

operate on heat input from a primary source, such as radioisotope or solar

P, ,

coliector. If the heat input, in Eg. 3~6 were to be provided by an elec-

h.‘
trical heater then based upon electrical power consumpbion, Gy s would clearly
be greater then W in Eq. 3-3 and the refrigerator of Tig. 3-1 would be always
superior in ef t¢u10ncy. If, however, the means of obtaining heat and elec-
trical/mechanical power are included in the assessment of power required, then

a different conclusion may possibly be reached.

.

The heat and work interactions implied by the devices shown in Tig. 3-1 and
3-2 are produced by circulating a fluid through the system and causing it to
undergo appropriate processes at the heat source and sink., The First Law of
Thermodynamics can be written for working fluid in a given process as fcllows:

heat addition - increase in internal energy

- work performed
to the fluid of the fluid

* by the fluid

Heat may be transferred from the load to the fluid by causing the latter to
perfora expansion work and replacing this energy with heat from the load
either during or after expansion. Hcat may be transferred from the rluid to

the sink by performing work on the fluid by compressing it and rejecting this

e

energy to the heat sink during or after compression. In either case, the

J_, L

O"E\ri
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system requires a compressor and sink heat exchanger, and an expander and load
heat exchanger. The device of Fig. 3-1 will require a source of mechanical
work whicp Ma& be provided by some type of séparate motor. The device of

Fig. 3-2.prqduces the necessary mechanical work by incorporating a heat engine
within the system. A heat engine is a reversed refrigerator so this system
will require an expander and source heat exchanger and a compressor and heat
sink exchanger in addition to the refrigerator components. These combonents
'are essential to all refrigerators. Very low temperature refrigerators are
distinguished from other refrigerators by the use of a heat exchanger between
the load and sink temperatures. Working fluid flowing from the compressor

to the expander is pre-cooled by fluid returning to the compressor from the
expander., This process permits operation of the refrigerator over a much

-greater temperature differential than could be obtained by a single expansion.

3.2.2 Thermodynamic Cycles

It is desirable tc keep the values of W and q_ in Eq. 3-3 and 3-6, respectively,
zs small as possible with respect to 9 Thezr values will be a minimum when
all cycle processes are reversible, i.e., they produce no overall increase in
entropy. Oycles based upon reversible processes can be conceived but are
impossible to execute in practice. In fact, practicel refrigerstion cycles
are notable for their very high degree of irreversibility, and the design of
successful practical cycles is usually based on expeaitious juggling of the
many sources of performance loss. This characteristic highly irreversible
behavior is traceable to the basic expression for entropy change, dg/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 temp-
eratures., Much more emphasis musth, therefére, be placed upon cold end per-
formance then ambient or hot end performance and the resulting practical
cycles frequently bear little resemblance to texibook ideal cycles. Neverthe-
less, it is useful to review the basic ideal cyecles in order to obtain a
better understending of their fauits and to indicate why the variations shown

in the practical cycles of Section 3.4 are necessary.

(%)
L]
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Carnot Cycle

The Carnot Cycle is the best known reversible cycle, shown on the temperature
entropy diagraﬁ of Fig. 3-3. The compression/cooling and expansion/heating
proéess are accomplished isothermally. The heat transfer processes during
these phases are effected over negligibly small temperature differences, re-
éulting in no overall increase in entropy. The fluid is cooled and heated
between these temperatures by isentropic expansion and compression, respec-
tively. 1In practice, the isothermal processes require an infinitely long
duration if finite gquantities of heat are to be transferred across infinitesimal
temperature differences. It is necessary to run practical machines at rela-
tively 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 temperature difference. The same comment applies'to the expander and
the heat from the cooling load. Another serious limitation of the Carnot
eycle is that the ratio of the minimum sink tempersture to the load temmera-
ture is governed hy the nressnre ratio used in the compression and expansion

processes.

= 2 v (3-7)

This places a severe restriction upon the practical temperature range.

Ericsson Cycle

A second reversible cycle is The Ericsson Cycle, shown in Fig. 3-4 on a temp-
erature~entropy diagram. Compression and ekpansion are performed isothermally
as they are, in the Carnot cycle and the same comments apply. However, heat-
ing and cooling is accomplished at constant pressure in a heat exchanger. If
the exchanger is 100 percent efficient, which is to say that the temperature
difference between the working fluid and exchanger is zero at all points, the
cycle is reversible. The Ericsson 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 trans-

fer in all the compenents. In practical machines the compression and expansion

rd
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processes are performed sc rapidly that they are closer to being adiabatic
than isothermal. The Ericsson cycle then more closcly resembles the non-

reversible Brayton cycle, as shown in Fig. 3-6.

Stirling Cycle

The Stiriing cycle shown in Fig. 3-5 is similar to the BEricsson cycle, with
the major difference being thaet the fluid is ccoled and warmed at constant
volume rather than at constant pressure. It is difficﬁlt though not imposs-
ible, to conceive even ideally a device that would perform this reversible
constant volume heat exchange. Using such a device the Stirling cycle has an

ideal efficiency.

Brayviton Cycle

The Brayton cycle is basically an Ericsson cycle operated rapidly. It de-
.serveg its own name because recognition of this speed of operation requires
that separate heat exchangers be provided downstream of the compressor and
expanders for transferring the heat that in the Fricsson cycle would have been
transferrsd ingide thege cowponents. It is a reasonable gensralization that
most practical refrigerators operats on -cycles which are modifications or
variations of this Brayton cycle becausz of the need to operate at practical
speeds, The principal variations are the use of differing types of compressors,
heal exchangers and expanders, and the use of varying numbers of these com-
ponents to exploit the benefits or avold the problems of non-ideal behavior
of the working fluid and the components themselves.' The Brayton cycle is
non-ideal if heat can only be exchanged with constant temperature sink and

source because of the inevitable presence of finite temperature differences

in the sink and source heat exchangers.

Heal Pouersd Svstem

Fig. 3-7 shows the cycle which would be follewed by a heat powered system such
as that shoun in Fig. 3-2. It is composed of a coupled engine and refrigerator
which both operate on the Brayton cycle. The compressor handies working fluid
for both the refrigerator and the cngine. The power produced by the engine is
equal tc the power required by the refrigerator, This power may be trans-
nitted diresctly through the fluid or may be trznsmitled from ccmponent to

component by mechanical linkages,
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The thefmodynamic cycles described above represent the basic theoretical bossi»
bilities for refrigeration cycles. Tt is impossible in practice %to design a re-
frigerator to operate on any one of the ideal cycles. Practiecal refrigerators
tend to becgme"knoﬁn by the names of the cycles which they most closely approxi-
mate or.b&‘the type of components that they use. It is important to observe

this distinetion. Practical refrigerators are described in Section 3.4.

3.3 BASIC REFRIGERATOR COMPONENTS

The bhasic components of a refrigerator are compressor, eipander or expansion
device, and heat exchangers. Some practical refrigerators exist in which some
or all of these components are incorporated in the same mechanical device, for
example, the Stirling and Vwilleumier refrigerators. Others represent a‘system
.comprised of separable components which may be studied and selected indepen—
dently. In this section, a brief survey is given of the state of development

of these threes types of components.,
3.3.1 Compressors

3.3.1.1 General Congideration: The compressor is the component in which most

or all of %the power required for refrigeration is supplied to the working
fluid. It can be seen from Egq. 3-3 that for very lcw temperature refrigera-
ticn even in the ideal case the compresszive work will be many times the cool-
ing capacity and the compressor is therefore usually the largest and is always
the most heavily stressed component in the system. For many terrestrial re-
frigeration applications the compressor can be located remotely from the heat
exchanger, and need not be Subjected tc much weight and. volume optimization.
The most important requirements of a stationary compressor are that it should

be reaglible and that it should not contaminate the working fluid.

Compressors designed for terrestrial use are thus generally much heavier than
they need to be. Refrigeration cycles usuwally require relatively high com-
pressior ratios and reciprocating mschines are most commonly vsed. Contaminant-
free compression is obtained by using carbon or Teflon piston ringe, or by using

cil lubricated compressor fitted with a very efficient gas cleznup vnit., The

)
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oil-free reciprocating compressors on the market tend to fall into two categories.
There are many relatively high capacity compressors designed for process

plants which-dre characterized by high reliability and low operating cost but
high‘weight and volume. There is also an extensive family of simple drv
lubrlcated compressors of under about 2 h p. capa0¢ty which are designed to be
portabl° and which consist of little more than an electric motor with light-
.weight compression cylinders attached. The weight of these units is largely

that of the motor.

An alternative approach to providing oil-free compressed gas is to use a con-
ventionally lubricated compressor end apply the design effort to removing the
oil from the high pressure discharge stream. If this approachAis acceptable,
it is possible to use hermetically sealed freon compressors, whose weight is
relatively low. The overall operational weight would have to include the
weight of the oil separation equipment, however. Ali other things being esgusl,
the solid lubricated system should show a lighter weight, at the expense of

s shorter lifetime. The oil lubricated systen would be difficult to

modify for use in a mero-g environmsnt.

The possibility of us;ng welded mvtal bellows to seal the space betuesn piston
and cylinder has always been considered an atiractive concept but until re-
cently bellows technology has not besen able to provide the lifetime necessary
to permit design of a competitive unit. At the present time, however, there
are several small capacity bellows compressors on the market which have demon-
strated impressive lifetimes and low unit wéipb This type of compressor is
not yet fully proven nor have all its pOSSLbllltleS been adequately explored,

and it is thus deserving of greater attention.

For relatively high flow rates, rotary dynamic machines are generally found to
be more suitable than reciprocating machines in that the system size and weight
can be reduced considerably for a given throughput. Dynenmic comoreésors raise
fluid pressure by 1ncrea;:n¢ the kinetic energy of the flow strean and thus
converting the kinetic energy to pressure head. This can be aca:eved by a
variety of machine configurations. Generally speaking, rotary Gynemic com-

4

prassors do not provide as much pressure rise per stage as veciprocating
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positive displacement machines and it is thus found that those rotary machines
which provide the highest pressure ratio per stage are the first to become
attractive as flow rates are increased and reciprocating compressors become
less attrgcti#e. With increasing flow rates first the regenerative or drag
compressgf, then centrifugal compressors, then axial compressors would be con-
sidered. The compression efficiency of the regenerative compressor is quite
low, that of the centrifugal compressor is somewhat better while the axial
flow compressor has the highest efficiency of dynamic compressors. Normally,
'drag and centrifugél compressors are not attractive by comparison with posi-~
tive displacement and axial compressors from the point of view of efficiency.
They are, however, compatible with gas bearings and retain considerable appeal

because of tﬁis feature.

Between the fields of application of reciprocating positive displacemenﬁ and
rotary dynamic compressors are rotary positive displacement compressors.
Thig type of compressor can attain compression ratios and efficiencies com~
parable to those obtained in reciprocating compresscrs, but at higher flow
rates. They are, like the reciprocating compressor, quite heavy, and are not
likely cendidates for spaceborne refrigeration syslems, since at the higher

flow rates ges bearing dynemic compressors will be more attractive.

In receat yeérs, more attention has been given to lightweight long-1ife, con-
taminant-free compressors suitable for aircraft and spacecraft use. A number
of experimental compressors exist in the relatively small size range which
eliminate solid seals, bearings or crank shaft. Among these are high speed
rotary compressors using gas bearings; a reciprocating compressor operated by
linear actuator and metallic spring, and using clearance seals; a recipro-
cating compressor with linear actuation, gas springs, clearance seals and
rotary motion for centralization and valve port alignment; and an electio -
dynamically operated free piston compressor. These compressors are ail in the
early development stage.

Vork on heat-powered compressors is in a very early stage of development.
Such ccmpressors may be defined as a single device which compresses a fluid

while sccepting heat from a high temperaturs cource and is ejecting it to a
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lower temperature sink but which does not consume or preduce mechanical work.
Such systems may be rotary or reciprocating in action. They would effectively
congtitute théwﬁpper portioh of Fig. 3-6, in that the thermal compressor con-
stitutes a Brayton cycle engine whose output is exactly sufficient to compress
the working fluid of the refrigerator. Alss, the working £luid is common o
both the engine and the refrigerator.

3.3.1.2 Performance of Practical Compressors: The minimum amount of power

required to compress unit mass of a fluid from a pressure Pl to a pressure P2
is that required by the isothermal process and is equal to RT 1ln (Pz/Pl). The
actual work required is increased by powerlosses in transmitting energy from
the power supply to the working fluid, such as motor losses and friction
losses at bearing and seal surfaces. If the compressor has valves then the
flow pressure losses through these valves will require that the fluid in the
compressor be compressed from a lower to a higher préssure than the corres—
ponding fluid pressures 1n the outside circuit, hence increasing the power
requirenent. Durlng the compression process some heat will be transferred
from the fluid to the walls of the coupresscr, bul 1l will Invariashly be
insufficient to ﬁfeveht the fluid temperatufe from rising and the process will thus
not be reversible and will require nmore power than isothermal compression.
Mo during compression there will be turbulehce within the compression spaces
which will result in further heaﬁing of the fluid by internal friction, and
kence further deviation from the isothermal process. Finally; not all the
fluid compressed will be aveilable in the refrigerstion cycle because there
will be leakage from high to lcw pressure éides through clearance spaces, and
in the case of gas bearing systems a portidn of the flow will be re@uired by

the bearings.

In the case of the thermal éompressor the losses associated with the valves,
leskage, end non~isothermal compression will still be present. The bearing
and seal losses will vsvally be much less since there will be no moving boun-
dary to fnc device through which mechanical work must be transmitted. Since
the thermal compressor is an integrated heat engine and-compressor there will
be heal, losses associated with the heat engine function as well as the com~

pressor funcition.
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The thermodynamic performence of a compressor takes into account all effects
internal to the compressor-and is usually expressed by the isentropic effi-
ciency, Naa? ©F the isothermal efficiency, 7. ‘

is
n,q = ectual work required for compression (3-8)
isentropic work, wie
n .. = actual work required for compression (3-9)
8 Tsothermal work, W, _ |
w.= grr, v |[F2 -
ad = Tl == | Y -1 -1 (3-10)
Y-~1 Pl
W, = RL, In (P2/Pl) (3-11)

The* theoretical isentrobic work of a single stage, compressor is shown on Fig.
3-8. The actual vork of compression ig obtained using Fa. 3-8 and a lmown
value for isgntropic efficiency'ﬁéd. The value of néd'varies with the type
of compressor, fluid end operating conditiors, and cannot be presented in 2

convenisnt

graphical or tabular form bubt representati
for gbod typical designs. For reciprocating compressors an adiabatic effi-
ciency of 0.85 to 0.90 may be assumed. For centrifugal compressors ng can
range from 0.50 and lower for very small units, up to about 0.82 for well de-
signed high capacity machines. Drag or regensrative compressors have ni,
figures characteristicelly less than 0.50. In calculating the required motor
size allowance must be made for motor efficiency, mechanicsl efficiency,

leakage or loss of compreséed fluid, ete.

Having determined the required motor input power Figs. 3-9 and 3-10 may be
consulted to obtain compressor weight and volume, respectively. These figures
were obtained by plotting data for compafatively low weight electricelly
driven compresscrs for terrestrial applications; The data are plotted againgt
input power because a substantial portion of the weight is that of the elec-
tric motor. The weight of the compression components will also vary with
number of compression stages and opersting pressure, but the variations due to

these effects are less than those between different design concepts. The data

S 3-1 - . .
shown for Zefex ( ) aud Gast (3 2).compressors are typical of commercially
3-17
LOCKHEED MISSILES & SPACE COMPANY
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-aveilable, lightweight, oil-free, solid lubricated compressorse. Their range
of>application, as dictated by the market rather than technology, is up to 1
to 2 HP for compression from 14.7 psia to 35-175 psia. They consist of little
more than lightweight compression cylinders attached to conventional low cost
electric motors. The extent to which their weight could be reduced would be
dependent mainly on possible motor lightening and to a much lesser extent on
compression piston>and culinder lightening. Data are also shown for Tecumseh (3-3)
and Bendix-Westinghouse (3-4) hermetically sealed oil-lubricated freon com-
pressors. The weights shown are for the bare compressor, excluding the oil
separation components that would be needed for a low temperature refrigeration
application., The data are gignificant in that some attention has been given

to reducing the weight of this type of compressor. The electric motor is inte-~
grated with the compreséion cylinders in these designs. They are lmown tc be
strong enough to operate as helium compresscrs at pressure levels up to 350

psig oend are offered as part of many split component refrigeratoré. Their

pover range is generally up to about 3 HP, Also plotted in ?2gi§ 3~9 and 3-10
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pressors are not weight optimized and are built in the more conventicnal maonner
of detuachable motor and compréssion cylinders. However, Copeland makes a

range of gimilarly designed compressors from 4#HP to 35 HP and a plot of the .
weight and volume data for these compressors is helpful in showing trends. The
Copeland data show two linear relationships reflecting air cooling for lower

rowers and water cooling for the higher powers.

Also shown on Figs. 3-9 and 3-10 are data for two prototype dry lubricated,
_reciprocating, compressors designed for low weight by U. S. Philips Corporation
and Air Products and Chemicals, Inc, Both these designs show substantial
weight reduction through the use of 400 Hz rather then 600 Hz electric motors.
It can be seen that a very substantial reduction in compressor weight can be

obtained using current technology.

Meaningful data on ths prototype systems mentioned earlier are difficult to
cbtain but en indication of the performance of gas bearing compressors can be

(3-6)

chtained from the following figures. Maddocks reports a gas-nearing
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six-stage centrifugal compressor of 9600 watts input, whose weight in developed
i : (3.7

form would be about 110 1bs., giving a weight of 8.9 1bs./HP. Breckenridge (3-7)

reports a gas-bearing two-stage rotary-reciprocating compressor design of about

72 1bs. and 746 wetts input, giving a weight of 77 lbs/HP at 0.93 HP.

These latter figures are, of course, for single examples of relatively early
development units. They do suggest that gas bearing machinery will tend to

be hesavier than the opfimized conventional designs.
3.3.2 Expanders

3.3.2.1 Configurations: An expander is a device in which a fluid may perform

work against the environment which, in the context of refrigeration system,

méans the environment outside the refrigerator. Two principal types of ex-
panders are.commonly used ~ reciprocating positive displacement and rotary
dynamic. The work produced by these expanders can be transﬁitfed to the environ-
ment mechanically or, in the case of the rotary expander, by generating elec-

tricity at the low temperature and dissipaving it to the external environment.

Thea wand Ara AvmanmAer 3 e ymin 3 o vretrare - ~ 1
The reciorce der i much like o reversed resipreocating commregsor in

operation. Fluid is admitted to an expéhsion'cylinder at high pressure, is
expanded against a piston and is then discharged from the cylinder at low pres—
sure. Rotary dynamic expanders, or turbines, can be constructed in a variety
of ways. For lower flow rates radial impulse turbines are generally used.

For higher flow rates axial impulse and radisl reaction turbines appear su-

(3-8)

perior., A survey of individual applications suggests that the range

of flow rates and cobling loads covered by this report is best handled by
radisl impulse machines. The flow rates usually encountered in relatively
small capacity turbines are usually so low that even with radial impulse tur-
binss partial admission must be used. In a pure impulse turbine the pressure
head of the working fluid is converted entirely to kinetic energy in the inlet
nozzles and the turbine wheel operates essentially like a Pelton wheel to
remove the kinetic energy. Reaction turbines require a static pressure differ-
ential across the wheel since part of the expansion is performed in the wheel
bassages. As gize is reduced it becomes increasgingly difficult to maintain

[ ¢ . . . -
this pressure head. The axial turbines, both impulse and reaction, have a
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genersally higher flow capacity than radial turbines and are thus to be found
in high flow applications.-

3.3.2.1 Performance of Practical Fxpanders: Representative unit data for

expander weight and voiume are difficult to obtain since few have been built
by'comﬁarison with compressors. Hdwever, practical refrigerator systems

Show values of coefficient of performsnce of about 1/20 at 100°K to 1/200 at
20°K so that the expander power will be between 5 and 0.5% of the compresscr
power. Thus its unit weight and volume need not be known to as high a degree
of accuracy as thbse for the compressors. In order to obtain a conservative
estimate of the order of magnitude of size of expanders it is suggested that
the following approximations be made. Compressors and expanders are both power
transmissioﬁ devices and it is proposed that the assumption be made that the
system size per unit power transmitted are the same for both ftypes of devices
at a given value of transmitted power. Expander weight and volume should thus
be estimated from Figs. 3-9 and 3-10, in vwhich case the abscissa will refer

to expander power rather than compressor power. This gross rule of thumb is
proposed solely to serve the immediate requiremenis of this report and

should no% be used out of this context without extreme caution.

t is important to know the isentropic efficiency of the expander in order to

perform a cycle analysis because the efficiency of the expander will have a
great bearing on the overall system size and weighﬁ. The remarks and equations
relating to compressor work and efficiency apply tc the expansion process. The
loss mechanisms are the same, with one important exception. In the compressor,
heat transfer from the hot fluid to the compressor walls during compression will
tend to increase compression efficiency. In the expander the wallg will be
warmer than the fluid and heat transfer from them to the expanding fluid will
tend to decrease expansion efficiency. Data for isentropic efficiency of
reciprocaling expansion engines and overasll efficiency (including electric
generator) for radial impulse turbines are showm in Fige. 3-11 and 3-12. The
data are to be regarded as showing the roﬁgh order of magnitude and the itrends,
rather than exact information, since each expandér is designed for a different
application. Eff{iciency is hot a function of pressure ratio or oubtpubt pri-

marily and these parameters have bsen selected only for graphic convenlence.-
3-23
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3.3.3 Heat Exchangers

3.3.3.1 General Consideration.

There are three principal types of heat exchangers in a refrigerator system -
the compressor affer-cooler, the cooling load exchanger and the main heat ex-
changer in which heat is exchanged between the working fluid streams passing
to and from the expander. The performance of these three types of exchangers
influences refrigeration systems in differing ways. The most important heat
exchanger is the main exchanger because it must operate over the relatively
large temperature range of load temperature to sink temperature. The two
principal configurations used for this exchanger are the counterflow heat ex-

.changer (Fig. 3-13) and the regenerative heat exchanger (Fig. 3-14).

3.3.3.2 Counterflow Heat Exchangers
In the counterflow heat exchanger the high pressure and low pressurefflﬁid
‘streams pass continuously through separate flow channels which are in thermal
contact. Heat is transferred from the warm iigh pressure fluid through the
charnsl walls to the cooler low pressure fluid. At each point in the exchanger
the properties and parameters of the 'fluid flows arg constant with time. The
counterflow heat exchanger has the disadvantage that fluid containment and
heat transfer are accomplished in the same channels. This leads to less effi-
cient use of materials bf construction and increased weight per unit heat
transfer area. Miniaturization is difficuit for this reason. The counterflow
exchanger does not, however, depend upon the specific heat of the walls for
its operation and thus can operate at all temperatures. It is alsc consider-

ably easier to design, since its performance is not time dependent.

3.3.3.3 Regenerative Heat Exchangers

In the regenerative heat exchanger, the warmer high pressure stream and the
cooler low'pressure stream flow alternately in opposite directions through
the same flow chammel. Initially, the warm high pressure fluid flows through
the sxchanger giving up its heat to the exchanger walls. After a period of
time the high pressure flow is discontinued and cold low pressure fluid is
passed through.the exchanger in the opposite direction, picking up heat from

the exchanger walls. After a similar period the cold low pressure flow is

3-25
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stopped and the warm high pressure flow resumes. This type of exchanger
achlevms its heat transfer by temporary heat storage on the exchanger walls
rather than heat transfer through the walls of the flow chamnels. The heat
transfer avea per unit volume cen be increased considerably since the transfer
area has no structural responsibility such as maintaining separation of the
flows. Materials such as fine screen or small spheres can be used to pack

the regenerator to provide heat storage capacity. At low temperatures the
epecific heat of solids falls off very markedly, however, and the thermal
storage capacity of practical regenerators becomes very small. Refrigerators
using regenerative exchangers currently have a lower limit of operation of
about 7OK, with poor performance due to this effect appearing below about 20°K.
The intermittent nature of the flow in the regenerator tends to reduce the
rate of heat axchanger fouling. A disadvantage of the‘regenerator is that its
oneratlng pressure mst vary CJCllCally and losgses. are introduced because this
precess camnot be performed reversibly. TFor this reason, regenerative ex-
changers are best applied to systems in which the ewchanger is in constant
compunication with a reciprocating expander and, in come cases, a reciprocating
compressor, we that the cyclic pressure variation is at least accomplished
smoothly., Alternatively, the flow reversal would have to be performed by
valve operation, resulting in large losses due to sudden expansion of either

the inflowing high pressure stream or the outflowing regenerator contents.

3.2.3.4 Heat Exchanger Design

It is impossible to present generalized heat:exchanger performance data in
the manner that is possible for compressors and expanders. This iz because
heat exzchanger performance is not limited by natural phenomena so much as by
system optinmization criteria. Heat exchangers can be built to virtually any
de ired degree of efficiency as long as the weight ,Avolume and pressure loss
penalties can be paid. There is a virtual infinity of possible heat transfer
surfaces, each with its own heat transfer and precsure drop characteristics

and, many materials of construction may be considered. For actual degsign data
s &
the literature must be consulted, for oxample Kays and London, "Compact leat

Exchangers? (McGraw Hill, 1954;.
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It was noted above that regenerative heat exchangers are often used in systems
in which the expander and heat exchanger are built as a unit. A system em-
ploying such an expander-exchanger combination requires only a compressor to

form a complete refrigeration system.

Some weight and volume data for practical exchanger-expanders are presented in
Figs. 3-15 and 3-16. They refer to several different types of expansion pro-
cess but a degree of correlation which is satisfactory for the present pur-~
poses is apparent., It may be assumed that the weight and volume figures could
be reduced somewhat by careful design, but not by a large factor. Although
these expanders are not necessarily flight items, their weight has been quite
low so as to minimize heat leakage. Most of the weight lies in the drive
mechanism. Figs. 3-15 and 3-16 show clearly the rapid rise in weight and
volume with decreasing operating temperature. Fig. 3-17 is a lese satisfactory

correlation of weight against cooling power for various tempsratures.

The weight and volume of split component refrigeration systsms can be found
from the component datz. For a given cooling load and teumperature the weight
and volume of the expander can be found from Figs. 3-15 to 3-17. The com-

prsssor power required is found from the cocefficieant of performance given in

w0

ection 3,44 The compressor weight and volume is found from Figs. 3-9 and 3-10.

3.3.4 Motors

A limited survey was made of the weight of electric motors. The results are
shown in Fig, 3-18, where the specific weight is shown as a function of the
power input. Data are ghown for both 60 cycle and 400 cycle AC motors. Fairly
extensive data was readily available on 60 cycle motors up to 50 h.p. and 400
cycle motors up to 1 h.p. No attempt was made to differentiate between units
whose use reguired weight optimization and those which did no®. As shoun in
the figure, the 400 cycle units represent a substantial weight improvement
over the 60 cycle units and this edvantage is utilized on a preponderance of
flight designed refrigerators. Comparison of the motor weights Wigh the light~
weight compressers shows that a substentizl fraction of the compressor weight

iz a result of the electric motor.
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3.4 EXISTING REFRIGERATOR SYSTEMS

This section describes practical refrigeration cycles which vse the thermody-
namic principléé and the components described in the previous sections. The
cyclés selected for discussion were limited to those which it was felt had po-
tential for satisfying the requirements of this study, i.e., potential for long
ﬁerm operation, low weight and volume and high thermal efficiency. The data on
operating characteristics of the various units has been obtained from an exten-
sive search of the literature and from contacts énd discussions with the

companies and agencies engaged in the production and develoﬁment of the units.

Although most cycles are basically related to the Brayton cyecle, their prac-~
tical execution has led to a wide variety of machine econfigurations. Mest
refrigeration systems 6an, however, be placed into one of two subgroups whose
members are closely velated. These systems are as follows: those employing
counterflow heat exchangers and those employing regeucrative heat exchangers
(see Fig. 3-19). If counterflow exchangers are used then the working #luid
ilow rate at any point in the refrigeration system is consiant wilh Lime, The
working fluid flows at constant rate and direction through all the system com-
ponents. These components can hence be designed for continous steady state
operation at prescribable conditions. This category includes Claude, Joule-
“homson, and orthodox Brayton cycle systems. On the other hand those systems
which employ regenerative heat exchangers must make gome provision for inter-
mittently reversing the direction of flow and alternately compresgsing and de-
compressihg the working fluid in the regenérator. This can be performed in a
refrigerator in which the cycle processes are executed succegsively in differ-
ent 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 gpaces.

It is noted that the work of compression can always be reduced by multistaging
in those systems which use separate compressors. The efficiency of expansion
can similarly be improved by multistage expansion. The efficiency of heat
exéhange may be improved by what might be referred to as muliistage heal ex-

change by splitting the exchanger intc sectiong to reduce the temperature
3-33
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range. Between heat exchange stagss the temperatures of the two streams are
brought together by supplying refrigerétion at this point by means of an
intermediate expansion engine. The additional refrigeration required for staging
the heat exghanger.can be supplied by expanding a portion of the working fluid

at the chbéen interstage point. Likewise cooling of external loads at inter-

. mediate températures can be achieved by expanding working fluid at that tempera-
ture. The possibility of staged compression or expansion, or expansion at more
than one temperature level introduces complexiby and arbitrariness to the basie
‘cycle types and so-such possibilities will be noted but not discussed further

in this report.

3.4.1 The Stirling Cycle Refrigerator _

It was noted earlier that these refrigerators which are commonly called Stirling
refrigerators do not in practice operate on the ideal Stirling cyels. Due to
‘the speed of operation heat carmot be transferred to and from the working

spaces fast encugh to permit isothermal compression'and expansion. 4As a result
these processes are carried oub under conditions closer to adiabatic and the
necessary healt trausfer is effecled 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

regenerative healt exchangers.

In the refrigeration application heat exchangers are used to exchange heat
between high and low pressure gas stireams meaning thét the single flow passage
in the regenerator must be alternately pressurized and depressurized. This
could be achieved by using a conﬁinuously operating compressor and expander,
ballast tanks or dual regenerators, and reversing valves between compressor
and regenerstor and expahder and éompressor. Such a system would incur sub-
stantial losses due to irreversible suddenvcompression and ekpansion when the
valves were switched and due to the pressure drop through the valves. The
practical Stirling refrigerator avoids these losses because the regenerator
is in cowmmunication with the expander and compressor ab all times, resulting
in smooth and therefore less irreversiblie pressure cycling in the regenerator

and elimination of flow losses through the valves.

CLOCKHEED MISSILES & SPACE COMPANY
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3.4.1.1 Operation

The operation of a Stirling refrigersator is shown in Fig 3-20.

In positionyl“fﬁe working fIuid occupies the ambient space, after-cooler and
regeﬁerator. 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 increments of
both pistons. During this process heat of compression is rejected to the
after cooler and the fluid temperature is reduced to the cold end temperature
in the rsgenerator. With the fluid now occupying the cold s?ace, load heat
exchangers, end regenerator the fluid is expanded by outward movement of the
expander piston, 3 to 4. The fluid is returned from the cold end to the
ambient end at constant volume by equel movement of both pistons. During
this transfer the eneréy lost in ekpansion is replaced in the load exchanger
and the temperature is raised to the ambient lemperature in the regenerator,

This cycle can equally well be executed using just one piston to perform both

expansion and coxmpression Uroces e, and using a passive displacer to move the

-, Lo - m o et ~ amem o ] 1 3 s P L T Lo e ot
fiuia from one space to another. 018 wJL.__bal”aLlOu of refrigerator 1s shown

n Fig. 3-21.

;...

In practice, it is not practical to move either the two pistons or thes piston
and di placer in the intermittent manner shown. It is customary to drive both
components from the same crank shaft for practical convenience. Both com-
ponents are thus continually in motion but the cycle can be satisfactorily
executed by phasing the piston or dlsplacer motions such that 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 dis tribvuted through several te mperature regimes

during compression and expansicrn, it is impossible to show the steady state

cycle processes.on a temperature entrepy diegrem in the conventional way. It

is also very'difficult to perform a relisbie thermal analyses of this type of

system withou?t resort to quite complex digitsal ané/br analog computationsal

-

t°c5n10ue s. For approximate engineering analysls purposes simplified repre-
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sentation of the processes can be made which provide a more accessible if less

reliable method.

The detaileg_aﬁélysis of a practical Stirling refrigerator requires that the
processes 5ccurring in the varicus lecations of the machine be characterized
by a set of partial differential equations. There are five major locations;
the compression space, after-cooler, regenerator, load exchanger, and expansion
space. Within these regions there will be propgfty variations which can be
allowed for by averaging or by subdivision of the region. Iquations are
written to characterize the mass and heat flow rates into these regions and
subdivisions in terms of pressure and temperature differentials, fluid proper-
ties and gystem geometry. The equations ars then solved for the boundary
conditions of total mass conservation, given load and after-cooler temperature
and given compressor and expander displacement, speed and phase relationship.
Such a system of eguations can only be solved by numefical'techniques on a
digital computer, or by analog methods. This approach has been extensively

(3-71)

developed by Finkelstein . Tt has been found that solution by these methods
quite Aifficult because of the length of time required both to write a pro-

gran and then to solve the problem on the computer. As time progresses it is
likely that improved numerical technigues will be found to reduce the amcunt

of machine time, but currently this exact analysis approach is usually re-~

jected in favor of the more convenient approximate approach.

In the spproximate analysis the performance of the refrigerator is assessed

by writing ths cooling capacity of the msachine, q,s @8

q, =ﬂ Pdv - Zlosses

Hereg.:#g Pdv is the gross work performed by the cold end of the refrigerator,
equal to the gross cooling capacity. The losses due to the various undesir-
able mechanisms which introduce heat from the environment to the cold end and
reduce the effective cocling capacity are considered to be analytiéally sep-

‘arable effects. The work input to the ambient end, W, is

W= ;gg Pdv

s [e)
3--3G
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The terms J#r Pdv and J?r Pdv can be evaluated by writing mass and energy con-
servation equations for the working spaces. In the simplest case these equar
tions can be solved by assuming isothermal conditions in the spaces and modi-
fying the answer by means of an empirical constant to allow for non-isothermal
behaviér.‘ This so-called Schmidt analysis permits analytic expressions to be
written for the integrals. The separable loss mechanisms are generally ac-v

cephbed tc be as follows:

a) Heat conduction from ambient to cold end by conduction through
the structural wembers.

b) Heat transfer by radiation and convection from the ambient en-

vironment.

¢) Heat transfer from the ambient end to the cold end due to the

relative motion of the displacer or expander and cylinder walls.
d) Heat flux into the cold space due te regenerator inefficiency,

e) Heat loss due fo f‘"f"'ice_.

of the clearance spaces. |
f) DNon-ideal heat transfer in the load and after-cooler exchangers.

These losses can be assessed by performing simple individual engineering
analyses of the mechanisms, asswning that they are decoupled from each other.
Generalized expression for these loss mechanisms cannct be written because the
most appropriate analytical model may be different from one case to another.

M example of this procedure is given by Gifford (3-51).

The analysis based upon decoupled loss mechanisms is a great deal easier to use
then the complex analysis but it carnct allow for the strong interaction that

may occur between the loss mechanisms, particularly a), ¢), e) and heat trans-
fer within‘fhe working spaces. This method will continue to be used until the

complex analysis can be made more available and lecs costly in computer time

3.4.1.2 Companies Engaged in Production end Developmsnt of Stirling Refrigerators

o

The following companies are pr and developnent of
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U. S. Philips Corporation
Malaker Corporation
Hughes Aircraft Corporation

U, 8. Phillips: Phillips was the pioneer in development of the Stixling

refrigerator, having built their first machine in 1954 for the purpose
of air liquification, Initial research on the Stirling cycle as a re-
frigeration device was initiated in 1945 by Philliips, and in 1950 the
first drops of liquid air were obtained from a Stirling-cycle refrig-
erator. Additional history on the development of the Stirling refrig-

erztor at Phillips is given in Refs. 3-9 to 3-12.

Presently, Phillips produces a variety of Stirling cycle machines for
laboratory and industrial use as well as miniature units for aircraft
use., The miniature flight units,designated "Cryogem', include models
42100 and 42151 which are two stage units which provide cooling in the
range of 1 watt at 250K and 2 watts at 20°K. These units are intended
i1y for sircrat't usage in coulliug infra-red detectors and as such -

provide lower refrigeration capgbility than required for this study.

Of particular interest for long-term cryogénic storage reguirements is
Prillips Model A-20 “nyogenerator.“ This unit appears to be the only
one vwhich provides 20°K refrigeration at levels near 100 watts. Other
available production units generally provide 1L10 watts of refrigeration
at that temperature, or else are very large, heavy industrial units. The
unit is a two-stage machine based on the Phillips-Stirling cycle and pro-
_vides refrigeration at two temperature levels, one over the 60-90°K range
and the second stage between 15 and 30°K. This unit has the potential of
cooling two different cyrogens at the two temperature levels. Conceivably
all two-stage Stirling cjcles have this capability. However, develcpment
along these lines has not been pursued in many units, Different arrange-
ments of the A-20 cryogenerator have heen selected by Phillips for various
ﬁsages including gss liguification and experiment cooling. The weight of
this wnit is epproximately 660 1bs. Discussions wi;h Phillips indicate

that this weight could be reduced to the neighborhood of 200 -~ 302 1bs

AL
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by redesigning the base plate and converting to a 400 cycle motor. The
unit, of course, is not capable of operation in space because of its wet
- lube é}stem, however, it does provide 2 data point for weight estimates

‘at the higher cooling levels.

Malaker Corporation: Malaker has been engaged in the development of
Stirling cycle refrigerators since the l950fs. The majority of their
research and development has been applied to the Stirling cycle and has
been concentrated on small units. Mslaker has produced units with very
high thermal efficiencies, and is actively engaged in additional develop-
ment and modification of their units. Some of their earlier work under
contract to WPAFB is reported in Ref. 3-17. Recent work of interest here
has been devoted to the modification of one of their units to make it
adaptable tc space operation (Designated Model 8S-I). The primary modi--
fications consist of providing an all welded case around the units to
allow larger temperature excursion during operation without freezing up
the existing O-ring seals and leaﬁing the working gas. Malaker has con-
centrated on miniature units for laboratory use, for aircraft support

and various field uscs. They have not built large industrial units.
Units are available for cooling down to approximately 15°K'in two stages

ahd to near 60°K in a single sﬁége.

Hughes Aircraft Corporation: Hughes Aircraft Corporation produces Stir-

ling cycle machines for various uses., The majority of their units manu~
factured to date are for infrared cooiing on aircraft. Refrigeration
units are not commercially available from HAC but essentially provide a

support function for in-house activities.

One of the prototype models >13) provides 15W ab 80°K and therefore falls
within the study range, while the other units provide only a few watts.
HAC is extensively engaged in research and development on the Vuilleumier

eycle unit and these activities are digcussed in another seetion (3.4.2.2)

3.4.1.3 Aralysis of Stirling Cycle Data
Data has been assembled on the characteristics of the Stirling refrigerators

as shown in Table 3-1.
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Manufacture: Mzlakeyr Corp.- Malake’r Corp. Malaker Corp. Malaker Corp.
Trade Nane Cryomite Cryomite Cryomite Cryomite
Model Mark VII-C Mark XIV-A. Mark VII-R Mark XX
1.D. Number 1 2 ' 3 4
Refrigeration Range 17.5 - 80%K 44 - 100°%K 40 ~ 125% 40 - 120%
Cycle Stirling Stirling tirling 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%K 45K 40°K 40°%%
Cool-~Down Time 8 min 7 min 3.8 min 7.4 min
Expander RPM NI NI NI KNI
Volts-Phase-Frequency 208 - 3/4 - LOO/6C 208 - 3 - 400 208 - 3 - 400 208 - 3 - 400
Cooling Means Air or Vater Air Air Air or Liquid
Ambient Temp Regmts
Required Attitude Any ) Any Any Any
Cryostat Dimensions 4.8"D x 11.5"L 2,9"D x 13"L 6 1/2"D x 23 1/2"L 19" x 18% x 15 1/2"
Compressor Dimensions ) ' .
Systen Volume 209 in.” 86 in.” 781 in.> 1500 in.”
System Weight 15.5 1b 5,5 1b 40 1b 65 1b
HTBF 40,000 hr " 40,000 kr 40,000 hr 40,000 bl
Maintenance Interval 1.000 hr 1,000 be 1,800 1,000 nr
System Cost $5,195 49,000 $17,500 $24,000

rRei‘rigera’r,;’mn

Power Input
1 5°K< cop

# Carnct

Lb/Watt,

LIn.B/Watt

(Refrigeration 1 watt

Power Input 4804
2OOKJ copP . 00208

% Carnot Eff. 2.92%

Lb/Watt 15.5

| In. 2 fitatt 209 ;

(Refrigeration 17.7 2.8U 60U 1109

Power Input 395W 108W 1220 1990W
7% § S0P ' L0448 0259 L0492 .0553

% Carnot 13% 7.5% 14.3% 16%

Lb/att 0.876 1.97 0.667 0.591

L 1n.2/Watt 11.81 6.8 13.6 13.6

(Refrigeration 23.7 51 904 1644

Pover Input 395 iy 1220% 18604
11005"4 cop 073 L0522 L0738 ,0833

% Cernot 12.6% 8,25% 1175 14%

Lb/Uatt 0.654 1.10 C.L45 0.3%26

T3 akt 8.2 17.2 2.7 9.15
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er Corp. Phillips Lab, P};illips Lab, Hughes Aireraft Phillips Lab. Malaker. Cery,
ite None . Prototype Prototype Cryogen Cryomite .
pod A-20 X-20 ' 42100 Mark XV
5T 6 7 1- 8 2- 58
120% - 12 ~ 300%K 12 - 300% 45°% up 20%K up 54 - 106°%
ing Stirling Stirling Stirling Stirling Stirling
= Helium Helium Helium Helium Helivm
; 427 psia NI NI 125 psig NI
S NI NI NI NI
12°K 12%% 45°k 20%% 54%%
in 40 min 15 min 3 min 12 min 8 min
1450 - 1750 1750 NI j
3 - 400 400 - 3 - 50/60 2000 VA - 3 .- 50/60 115 - 3 - 400 208 - 3 -~ 400 24V DC
v Liguid 198 gul/hr HO - Air or Liquid Lir or Liquid Air Adir
-55 to +71°C
) Any (g = 0) Any Any Any
18" x 15 1/2" 43.5" x 37.4" % 19,77 4D x 7.5"L 8" x 6" x 6" 5.87" x 4.81" x 10,9" 2.9"D x 12, 9%
18.56" x 13.8" » 33" .
in. 15,000 in.” 119 in.? 66 in.>
660 1o 112 1b 10 1b 12 1 5 To
o i ‘ NI , NI 1000 40,000 b
- hr 500 hr 4,000 hr 560 hr 1000 hr
Q0 NI NI NI $9,000
20U 54
23004 - 17504
.0024 .00286
L 5% 5.4%
33.0 22.4
100 100 W e 25% \
8300U 1750W 350
.0121 .00572 .0029 i
17% g% 3.2% ;
6.60 11.2 12 _
) ' 119 LI
364 W i
] 17501 5004 29.5K
2 L0206 0280 G2
2 8.1% 9.9
i 3.32 0.715 5 +
66
NI To
5.5
0,
11%
. 2.62
- form va o vt e e 8 e e e = S SRR S /

ORI e N
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Existiug Stirling Cyéie Réfrigerators

.+ Labe Melaker Corp. Malaker Corp. Malaker Corp. Phillips Lab. Phillips Lab.
- Cryomite Cryomite* Prototype Miero-Cryogen
Mark XV Mark XVII-1 Mark XVI-3 ‘
2-5 i 3-8 4-3 5-9 [
3 54 - 100°K 77°K 77 - 110°K 7 - 300%K 40-300°K
2 Stirling Stirling . Stirling Stirling Stirling
‘Heliwa Heliun Helium Helium Helium
" NI NI I 6 atm 8.5 ATM
NI NI NI 3.7 atm 4.5 ATM
54°K 54°K 77°K 7°K 40°K
8 min 9 min 7 min 15 min 3 min
' 600 RPM_ 1800 RPM
3 - 400 24V TG 24V DC 24V DG 320-3-60 2/, VDC
Air Air Air Water Air or liguid
-55°C to 75°C
Any Any Any Any Any
& 481" % 109" 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% % 8
3 66 in.> g8 in.? . 137 in.? 128 ir
5 1b 13 1b 10 1b 35 1b 3 1b
40,000 hr 40,000 hr 40,000 hr
1000 hr 1000 bhe 1000 hr 256 Lo 500 Ta
$9,000 ’ $4,;000 to $6,500
{
e 1.3W (est.)
700U
00186
26.9
.S «
1M Lo 8.2 1.50
. 29. 5% 2804 2084 9OW
034 .015 .039 L0167
9.9% 4.35% 11.3% 4.8%
5 3702 1.22 2.0
N &6 20.4 16.7 85.5
1.94 12,54
29.5 1954
064, .06/
11% 11.1%
2.63 0.8
4.7 11.0
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The parameters of the various units are tabulated in Table 3-1 for the seven
units. The tabulation also includes the calculations which were made to pro-

vide the basis of the curves which are plotted.

Figs. 3-22 through 3-26 present the cooling capacity as a function of the
temperature for the individual units. Also included is the power input vs.

temperature where available.

Fig. 3-27 presents the coefficient of performance (C.0.P.) of the units as a
function of net refrigeration provided. The data is presented at four temp-
eratures of interest: 15°K, 20°K (LH,), 77°K (LN,) and 110°K. The 20°K and
110°K temperatures represent the lower and upper limits of the study and the
77°K point is a éonvenient intermediate temperature at which operating data

is commonly reported. -15°K is the minimm temperature at which data was avail-
able. The data at, the four temperatures was curve fit as shown on Fig. 3-27.
In general, the curve fitting was done so that the curve represented mwaximum

performance {(highest value of C.0.P.)}.

Fig. 3-28 preéents the C.0.P. as a function offtemperature. The Carmot effi-
ciency is also showm for comparison; nd reprecgents the maxirum theoretical
performance of the Stirling cycle. Curve fits are also shown for 100 watt
and 5 watt capacity, and were obtained from the previous figure. The figures,
as expected, show a pronounced effect of both temperature and capacity. It
is interesting to note that the slope of the 5 and 100 walt curves are nearly

parallel tc the slope of the Carnot C.0.P. vs. temperature,

- Fig. 3-29 shows the percent Carnot efficiency which the units have achieved as
a function of refrigeration capacity. The units provided from 6% to a maximum
cf 20% of the theorstical efficiency, and thic is the best performance of any

. of the cycles as will be seen in later sections.

Fig. 3-30 presents the specific weight of the systems as a function of cocling
- . . . o) 0. A -
capacity. The data are fitted with Jines at 77 X and 110K ag for the C.0.7,
. . , . O . \ .

data. The data at higher cooling rates at 207K is for heavy ground based units

- L. . . R . . O,
only, and an estimated woeight for flight weight wnites is shown at 20 XK. The
s £ g 7

\
~
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Fig. 3-28 COEFFICIENT OF PERFORMANCE VERSUS TEMPERATURE (STIRLING CYCLE)
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]
marmer of obtaining this estimated weight curve is described in Section 3.6.

It is shown here for comparison.with the data points for existing units.

Fig. 3-31 shows the data points plotted as specific weight vs. temperature,
with lines at 5 watt and 100 watt capacity. The capacity lines were obtained
by cross-plotting the result of the previous plot. The results show the ex-

pected strong dependence on both capacity and temperature.

Fig. 3-32 shows the specific volume of the various units vs. cooling capacity

at the three temperatures selected.
3.4,2 The Vudilleumier Refrigerator

3.4.2.1 Operation

The Vuilleumier (VM) refrigerator is in essence a practical Stirling refrigerator
in which compression and expansion of the working fluid is effected thermelly
ingstead of mechanically. This modification is best illustrated in connection
with the Stirling reféigeratcr configuration of Fig. 3-21. The working piston
of the Stirling refrigerator can be removed and replaced by a thermal compressor/
expander consisting of a hot space, ambient space regensrative heatl exchanger
and digplacer. The cycle of opérationg shown in Fig. 3~33 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
end, causing fluid to move from ambient to hot spaces as constant volume, re-
sulting in an increase in system pressure and hence compression of the fluid
remeining in the embient 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 ambient space,
hereby expanding 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 thé exchangers are similar to those in the Stirling re-
frigerator."In eddition to the load and after-cocoler heat exchangers, however,
there is also a power heat exchanger required at the hot end through which the
energy required to compress the fluid is supplied. As nofed in Section 3.2

.

vice

0]

fhis energy will be higher than the actual work of compression since the d
gy g mp

is in essence s combined engine and compressor, and thus the supplied energy
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must be greater than the compressive work by a factor equal tc the reciprocal

of the efficiency of the implied engine.

In practice the intermittent movement of the displacers is achieved by driving
both of them from the same crankshaft but displaced in phase 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 analysis of the VM refrigerator is very similar to that of the Stirling
refrigerator and all comments made in Section 3.4.1 on this subject apply. Two
analytical approaches are possible as in the Stirling case. The VM refrigerator
is a constant volume device whereas the Stirling refrigerator changes overall

volume at a prescribed rate. Otherwise the same general approach is employed.

In the case of the approximate analysis exactly the same approach is followed
in analyzing the hot end as for the cold end, in that the heat input is equal
to the gross work performed at the hot end plus the heat leakage to the ambisnt

space, In the Vi refrigerator power is supplied as thermal rather than mz-

Som.a s A 41 1 .
- - - - R e T ey AT AT ~
% % ~ Ldladtd & u\.iz.au..g R e o 2 I T TN ]

ot
q, ;jﬁ; Pdv + :z:losseg

Hers, égh Pdv is the gross work performed at the hot end and the losses repre-

(&

g oitwran b
S given ¥

gent the additional heat which has to be supplied to make good the heat lost by
varicus mechanisms to the environment. The loss mechanisms are gqualitatively

identical to those occurring in the cold end and listed in Section 3.4.7.

3.4.2.2 Companies Engaged in the Development of Vuilleumier Refrigeratowrs.

VM refrigerators exist only as prototypes with somewhat smaller cooling capa-
cities than in the context of thés study. Large size units-are currently being
designed. Several companies are engaged in the development of miniature units
"in the range of 0.1 to 2 watts, houever, and several prototype units have been
built and tested. Many of these units are being developed witk the expres

geal of long term orbital operation. The VM cycle has certain potential ad-
vantages over other cycles considered which make it sufficiently interesting

to explore for this application, even though ite suitability for larger outputs
has nrot been established. The follouwing list summarizes the development sfforts

known to be currently underwsy:

3-58
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Hughes‘Aircraft Company Inc.: Hughes has been actively engaged in the devel-

opment of the VM cycle for gt lsast 3 years. Their activities include the
fabrication and testing of five prototype umnits. HAC is preparing to put one
of their VM'prototype units in space for extended orbital use in the near‘
future. -Some of the prototype models developed were under contract to Air

. Force Flight Dynamics Laboratory, WPAFB, during the'period March 1967 to
April 1968 (Contract F33615-67-C-1532) (3-19). '

Philips Laboratories: Philips Laboratories has built two small prototype

"units recently and has successfully tested these. The units have been buiit
with the application of military infrared systems in mind, utilizing the

quiet operation to advantage (3-18).

AiResearch Ménufacturing_Co.: AiResearch presently is engaged in a contract
(NAS 5-21096) with NASA/Goddard SFC to develop and test a VM cryogenic refri-
gerator for approximately 5W cooling at 75°K for space-flight usage. The

lifetime goal of the system is 2 years to 5 years.

RCA: ROA has been developing a breadboard unit. under a company-sponsored
program in conjunction with their studies in ICICLE (Integrated Cryogenic
Isotope Cooling Engine) for NASA/Goddard SFC.

Submarine Systems (Division of Sterling Electronics): Submarine Systems has

recently entered the VM development area. The principal man responsible for
this work is Kennsth Cowans, formerly with Hughes Aircraft Company. Work on
VM units includes programs under contract to WPAFB for development of a space
flight unit and Ft. Belvoir in the area of night vision, Contracts
F33615-70-C~1130 and DASK 02-70-C-0436, respectively. These contracts call
for development, fabrication and testing of VM units. In addition, a three
stage unit is being built and tested under contract to WPAFB. The unit was
designed to operate down to 5?K. ' '

Recently Wright Patterson AFB has funded Hughes and Phillips Laboratories to
build larger VM refrigerators of cooling capacities of 2 watts at 15%k plus
40 wetts at 35°K.

3.4.2.3 Mnalysis of Data on Units

Data on prototype units from Hughes and Phillips were the only information

available on this recently developed unit. Tune data for six Hughes prototype

0
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units and two Philips protobtype units are presented in Tabie 3-2.

In drawing the curve fits for the various parameters, the characteristic
shape of the curves was based on the more extensive data of the Stirling
units, to which the VM cycle is closely related, in areas where specific

. data on the VM units were lacking.

The coefficient of performance of these units~is plotted as a function of
refrigeration capacity in Figure 3-3kL. Asvshowh, the cooling capacity only
gees to 2 watts, substantially below the requirements of this study. Figure
3-35 presents the C.0.P. as a function of the refrigeration temperature, and
Figure 3-36 presents the percent Carnot efficiency, as a function of refri-
geration capacity, showing efficiencies in the range of 1 to 4% for the small

prototype units.

Figures 3-37 through 3-39 present the data on specific weight and specific

voluine for the VM system.

It should be anticipated that since the units are prototype and the develop~
ment history is quite limited, significant improvemenis wmay e Lorthcecming
in the performance of units based on this cycle. The comparison between the

performance of this cycle and others is discussed in Section 3.6.
3*h.3' The Joule-Thomson Refrigerator
3.h.3.1 Operation

" The practical Joule-Thomson refrigerator is shoﬁn in Figure 3-40. The cycle
is identical to the Brayton cycle of Figu%e 3-50 except for one important
modification. The expansion process, 4 to 5, is accomplished by isenthalpic
expansion through a throttling valve rather than by expansion in a work pro-
ducing de#ice. Since no expansiocn work is produced, no heat additioﬁ is
required in the load exchanger to replenish the lost internal 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 : ,
- (ng - bs)
(h6 - hk>

where m is the working fluid mass flow rate, and h is enthalpy.

[ T
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Manufacturer

Hughes Aircraft

Hughes Aire

Trade Name

Hughes Aircraft

7

127

Model Prototype Prototype Prototype
1I.D. Number 11 12 13
Refrigeration. Range = 77°K = 77°K 15K - 75%
Cycle Vuilleumier Vuilleumier Vuilleumier
Working Fluid Heliuwe Heliuvm 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 VDO 28 VDO 28 VDO
Cooling Means Air Adr Liguid
Ambient Temp Regmbe -55%C 4o 715G
. Reguired Attitude Any Any Any
Cryostat Dimensions To15 2 T.i5 x B 6.5 x 5.7 x 5.1 30.5 2 15.4
’Compressor Dimensions
Systen Volume 410 in.” 190 in.” 1,110 in.’
System Weight. o 5.75 1b
MTEF 5,000 hr goal
Maintenance Interval 3,000 hr goal 1,000 hr 10,000 hr g
‘Refrigeraticn 0.15W at 15
Power Input 370U
Near4 cop .000405
20°K { % Carnot 0.77%
Lb/Watt
| 1n. 3 Matt 16,700
(Refrigeration 0.6W 1.5W
Pover Input 60W 200W
77OK4 COP 01 .0075
" 1% Carnot 2.9% 2.2%
Lb/Watt 3.83
L In.Juiats 653

(1) Same units at two differont operating conditions
{2 T REned on 73505 anbient
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. Table 3-:
ighes Aireraft Hughes Aircraft Hughes Aircraft Phillips Lab. PLillips Lab, i
Prototype
rototype Prototype XZJJSSO-lOd . Prototype Prototype(l) Pro
3 14 | 15 16 17 18
5K - 75°K 25 - 75°%K 30 - 75% 77 - 200°K 7:%k 5
uilloymier Vuilleumier Vuilleumier Vuilleumier Vuilleumier Vard
eli*.{ i Helium Helium Helium Helium Hel
400 psi 23 atm 30 atm LG
16°K 70°K
0 min 30 min 30 min
240 450 600 &0
13 Ve 115 - 3 ~ 40C 28 VDG
JAgudd Liquid Liguid Air Air A3
Ay Ay Any Any Any | &
10.5 x 13.6 = 7.8 7.5 x 9.5 x 10" 10.5 x 13.6 x 7.8" 12x8x 16.5 x 7.1 x 7.1" 1l
1,170 in.” 712 in.> 600 in,” 580 in.” 820 in.” 2
18.1 1b 10.3 1b 15 1b s
10,00G hr goal 1,000 hr 10,000 hr goal 800 hrs +
0.15% at 15%K 2W at 25%K 0.4W at 20°K ' demonstrated
370W " 1,200 550U '
G0 ) .00167 .00073
0,770 1.84 0.66%
45
16,700 365 2780
(2nd Stage) -
6W 0.5W 1w :
500W 70W 120W
(1st Stage) .00715 .00€33 -
| 2.07% 2,92
20.6 15
1,160 €20
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Table 3-2 Ixisting Vuilleumier Prototype R’e/frigerators (8mall Units)
]

i

lips Lab. Phillips Lab. ‘Hughes Aircraft
'. P/N X447525-100
trnell) (1 ‘
sotype Prototype Prototype
o 18 19
K - 77°K 77°K
Lleumier Vuilleumier Vuilleunier
fwn /L.. Helium . Helium
atm L 40 atm 600 psi charge press.
64°K
7 min
600 600
28 VDG
Air ‘ ' Air
Any Any
5x 7.1 x 7.1° 16.5 x 7.1 x 7.3
) in.> 820 in.- 108 in.”
ib 151 _ 3.4 1b incl, inverter
744 hr +
2 ’ 1.6¥
OW 191w 1634
0833 .105 .00983
(7\%(2) 307%(2)- 2.85%
; 7.5 2.12
0 410 67.5

S 3=01
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A heat balance on the main heat exchanger yields

by - hg = b3 - Iy

Hence: .
e m (by - hg) (3-12)

_For g, to be positive, (bh/ap)T3 must be negative.

With a 100 percent efficient main heat exchanger
Ty = T3 and the maximum value of 4o is given by
G (max) = m [H(PyT3) - n(Pary)] (3-13)
With less than 100 percent efficiency, g, is given by
Q, = m lh(PlTl) - h(P2T3)];. (3-11)
As Ty is reduced due to less efficient heat exchange, h (PTp) will decrease
‘and g, will eventually become zero. The  performance of a Joule-Thomson system

is therefore limited by the sign and magnitude of (Bh/BP)T , and by the ability

of the main heat exchanger to permit utilization of this effect.

For the present application only nitrogen has both & negative valug of (5h/59§3
at normal ambient temperatures and is still a vapor in the temperature range
:of interest. Those fluids which condense at temperatures lower than nitrcgen
-— neon, hydrogen, and helium -~ can be used for very low temperature Joule-

* Thomson reffigerators if T3 is reduced to a point where (Bb/aP)T is negative.
This can be done by preccoling the fluld using another type of refrigeration
system.’ Thus, Joule-Thomson systems can be used in double or triple cascade
to obtain cooling in the range of liquidihydrogen or liauid helium tempera-

tures, as shown in Figure 3-41.

The coolling capacity, d,, of a single-stage Joule-Thomson system is given by

Qe = W (113_-h3) (3-15)
The power required, W, is given by
W o= m (b - b3) (3-16)
3-70
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The significant parameters for assessing tﬁe performance of a Joule;Thomson
refrigerator are the compression ratio, the gas properties at the warm'éend,

and the heat exchanger effectivepess. Dean and Mann (3-20) present values of
W/qc as a function of these quantities for J-T refrigerators using nitrogen,
hydrogen, and helium as working fluid. Availsble data on closed-cycle sys-
tems is sparse and generally limited to a few watts of cooling. The parameters
of larger J-T units, in the range of this study, may be obtained by combining
the data from this study with the physical dimensions, capacity, and effiéiency

of practical compressors, and heat exchangers, from Section 3.3.
3.4.3.2 Manufacturers of Joule-Thomson Refrigerators

The following companies are, or have been, engaged in production and develop-

ment of J-T refrigerator systems:

Air Products and Chemicals, Inc.
AiResearch Manufacturing Co.
Santa Barbara Résearch Center
Hymatic Engineering Company Ltd.

e

Toe wajoriiy of J-T unlbte preduccd by thece companies zre open-cyele syshems,
in which the'working fluid is supplied by a high-pressure stored gas source.
In this usage, only relatively short cooling periods are available. J-T
units have been used in space in variousAapplications, but their principal
advantage is in providing short-term cooling (i.e., minutes or -hours) after
extended durations in space. For example, a two-stage J-T unit was supplied

by Air Products for cooling of an infrared system on the Mariner missions.

Data on existing closed-cycle J-T units are quite sparse, and there appsar

to be no production models availablie which meet the refrigeration reguirements
of this study. The performanpe of the closed-cycle J-T system is keyed toc the
compressor, and data in Seetion 3.3 can be vtilized to make fairly close esti-
mates of the performance which would be expected from closed;cycle J-1 systems

in fhe range of 5 - 10C watts.

LOCHHEED MISSILES & SFPFACE COMPANY
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AiBegearch Manufaeturing Co g AiResesrch makes several

closed-cycle units primarily for use In azircraft. These units use No as
the working fluid, and are therefore limited to a lower temperature of T5°K.

These units provide cooling up to 5 watts.

Air Products and Chemicals Inc:  APCI produces a wide

variety of open-cycle J-T units. _In‘addition, fhey produce two closed-
cycle J-T units, one a single-stage unit to provide ZW at 77°K, and a

two-stage unit which supplies 0.35.W at 23°K.

Santa Barbara Research Center:  SBRC has produced a variety of

open-~cycle J-T refrigerators and also has produced a single, closed-cycle
J-T unit for aircraft use. It is believed that they are not active in the

development of closed-cycle J-T systems at this time.

Hymatic Engineering Co., Ltd.: Hymatic BEngineering Company spscilalizes in

open-cycle~-type J-T coolers for infrared detectors. Hymatic has been engaged
to 3 small degree in closed-cycle J-T syctems.

! I~ - Aam | 3
has produced secveral units

[

Hughes Aircraft Companys: Hughes .

- T R
ILne pasy Lo

=

ccoling systems on aircralft, but is not now engsged in development of J-T units,

and doss not produce a unit which is generally available to industry.

.

304e3.3 Discussion of Data on J-T Units

Characteristics of Existing Joule-Thomson Refrigerators Data have been
assembled on the characteristics of closed-cycle J-T systems made by five
companies. None of these units produces the degree of refrigeration reguired
in this study; however, the data are useful in assessing the relative per-

formance of units.

Complete data on some units were not available, and primarily cover the near
TT7°K temperature range vwhere a single-stage unit with Np as the working fluid
can be used. Exceptions to this are the two-stege units produced by Air Pro-

ducts which provide cooling to approximately 23°K, and a unit produced by

Ui

Fairchild Stratos Corp. The largest cocling capacity of the units i
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The data on the closed-cycle systems are tabulatéd in Table 3-3. The COP of
existing closed-cycle units is presented in Fig. 3-42 and 3-43. The ideal per-
formance of a J-T unit operating at near optimum pressure (2400 psi) is also
shown for comparison at 75o to 95°K. The system which provides the highest
thermodynamicfberformancé (No. 26) delivers about 25% of the ideal performance
of the J-T cycle.

A curve fit of the data points was made only at 77°K, and is shown in Fig. 3-43.

Although the maximum theoretical performance of'the J-T system is not given by
the Carnot effieicncy, the % Carnot efficiency vs refrigeration capacity ic
shown in Fig. 3-44 so that it may be compared with other cycles on the same
basis. The plot shows that the J-T systems considered produce approximately
2% of the Carnot efficiency. A considerable improvement should be experienced
for units of greater capacity; however, data were not available for large

closed-cycle units.

Figure 3-45 shows the specific weight of the units as a function of refrigeration
capacity at 77°K only. Figure 3-46 presents the specific volume of three units

for which system volume was available.
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term space opsration. becaunse of its low efficiency and highly loaded compressor
will not be considered further. It has been included because of its wide usage
and hence the need to satisfy the curiosity of those not familiar with its
disadvantages.

3.4.4 Split Component Regenerator Refrigerators (Gifford-MclMshon, Solvay,

and Taconis) ;

The pracfical Stirling and WM refrigeratoré achieve compression, expansicn, and
heat transfer processes in a single mechanical unit; hoWever, refrigerators can
be built which use regensrative exchangers in which the compression, expansion,
and heat exchange components are completely separate, if switching valves and
surge volumes are used to isolate the time-dependent operation of the exchanger
from the operation of the compressor and expander. Valving introduces irreversi-
- bility which causes more harm to system efficiency if it occurs at the cold end
then at the ambient end. It is therefore possible to conceive a partially split
refrigeration system in which the main regenerstive heat exchanger, load exchanger

and erpsnder operate as one unit, and the compressor as another.
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Manufacturer Garrett AiResearch Garrett AiResearch Air Py
Trade Name Hone Nore None '
Model 133488 144406 3-80-!
I.D. Number 2 22 23 -
Refrigeration Range 1 2=77% "\\’g'??oK 2 77"
Cycle J-T J-T J-T
Working Fluid N2 N2 N.2
High Pressure 155 atm 176 atm
Low Pressure 1 atm 1 atm
Minimum Temperature 75°K . 7 5OK 75°K
Cool-Down Time 12 min 6.5 min 5 min!
Compressor RPM 3,850
Volts-Phase-Frequency 115/208 - 3 - 400 115/208 - 3 - 400 3
Cooling Means Air Aiy Air
Ambient Temp. Regmts. -40°C to 56°C -40°C to 71°%C
Reguired Attitude © Any Any
Cryostat Dimensions ;
- Compressor, Dimensions 6,5"D x 12", 51 & ,
(3-stage) (2-st:
Cryostat We.
Compressor Wt. E
System Wt. 22.5 1b 19.5 1b 13 1!
Compressor Volume I
Cryostat Volume L
Systen Volume 500 1n,” (est.) 0.45 ££.° (777 1n.%)
MTEF 1,000 hr est 2,000 hr est ‘t
‘Maintenance Interval ;300 and 500 hr 400 hr 500 L’
System Cost $9,000 $8,000 $9’OOIS
(Resrigeration ‘ L
Power Input 4
2% J GOP ;
250K % Carnot 4
Lb/Vatt :
| 1.2 att
fRefrigeration 5 34 2V
Power Input 6501 4500 600%
w0 J 6OF .0C77 .0067 L0023
% Carnot 2.23% 1.9% 0.9
Lb/Watt 4.5 6.5 9
 In.? 100 259
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Table 3-3 Clesed Cycle Joule-Themson Refrigerators (Small Units)

Air Products

Santz Bartars
Research Centor

. i
Hughes Alreraft |

i

‘Fairenild

Stratos Corp.

None None Prototype Prototype
J-30-3560
2, 25 26 27
- 23% 2 79% 77°K = 30%
- J-T J-T J-T J-T
1*32 and He N2 . 2*!2 N2 and He
) 75K 75%% 23%K
5 min 5 min 50 min
3,850
Aix Air Air
10 7D x 12.5%L
. 16 1b 41 52 b '
2 0.35 £t.> (603 in.> 1765 in.>
200 hr 500 hr
— $10,000 $15,244
0.35% (23%K) 0.54 (25%K)
;L0500 1,000W -
o\ 0.000333 : .00050
[ 0.4% £
104
. 3,520
50 124
3264 7504
015 0.016
le 5% 5,55
3.2 3.32
121

G-

75






FRECEDING PAGE BLANK NOT FILMED

LMSC-A981632
0.1 - — _ |
Z Z
s 4
éﬁaf, ;fhm\\h_ IDEAL J-T
o . - (W, @ P, = 2400 psi)
/ ‘ DR
/ _ fég’/“ ESTIMATED FOR 100 WATTS.
/] ;
4L / l ‘
8.7 T 11
G 1~
/ GZJ .
/ e psTIMATED FOR
| : /) / 5 WATTS
v 021
~ / 7l |O22
B 2 5
& / /
= 1/ /
o — »
=
5 : !f ©23
= 4 7
2 4 y
B £ 4
& K4
=]
&)
: /
)
s .
B f/
y
& .00t i
7 ;
027
|
D24
.0001
10 160 1600

¥, A - 0,
TEAPERATURE, °K

FIG. 3-42, COP VERSUS TEMPERATURE FOR JOULE-THOMSON CLOSED GYCLE SYSTEAS

LOCKHEED MISSILES & SPACE COMPANY



SHALEES TI0L0 CESOI0 NOSHOHI-ETNOL ¥OL XLLIOVAVO SASHHEA *3°0°0 €Y-€ *9ta

NOTLVEEDIUARY SILITM

& 0°00T 0'0T 0'T 1*
= T68L9 S Y7 € 2 T68L9 S ¥V € ¢ 16849 S ¥ € = T
g T
MWW
=
o
z AI,0F 4
¢ ,%EMMMN £
7| O .
) +\ - {
]
G ~ 5, 521G L S
w. 9
. NL
M 3
& 6
T
1ol
z v 4
€ pd ¢
€2V La”
i = 7
c ; \ p
g 2 9
: A2V
m (A L~ m
6 — 6
1 vu\kw T
L#
v“ﬁ
L+ FAY
.@Nﬁw& L ﬂ .
4

0
TC00 0

100°0

PUT)

i

R

torn
i,

i
'

TGERATION /POW

RT

1

T

COP (RE

3-78

COMPANY

SPACE-

',4'3,,
ol



LMSC/A981632

Q2K
A%k

£ 25

1T BEFFICIENCY

4
A}

PERCENT CARN
N

£00

G2/,

1 2 3 4 5 6 7
WATTS REFRIGERATION

Fig. 3~44 PERCENT CARNOT EFFICIENCY FOR JOULE-THOMSON SYSTE4S

LOCKHEED MISSILES & SPACE COMPANY



LMSC- 4981632

(= Lo
™

NOLLVHHDINIHY

LLVM/SD

1

™ 4

L

HOIIM OIJIDHJIS

GERATION

REFRI

s

WAT

380

[




LMSC- 4981632

= o~

NOLLVEADIdI HY .H.H§$\m. ‘NI ‘“FIWATOA DIA10AJS

00

’

WATTS REFRIGERATION

ty

apaci

mson Unils Vs C

Thos

P

losed Cvcle Joule~

¢ Volume of C

1

. 3-46 Specif.

3
i

I

iPANY

I3

CCh

=3

LOCKHEED I



IMSG-AQB1632

Such a system has many practical advantagq% in that separation of compéhents
is-achieved, but no low température valving is required. Valves and surge
tanks are used only at the ambient end. This arrangement permits many areas
design freedom by comparison with the Stirliﬁg or VM refrigerator. The com-
pressor and heat exchanger-expander interface requirements are confinsd to
working fluid flow rates and pressures. The type of compressor uséd:to
supply the working fluid at these rates and pressure can be seléctéd opti;

mally from.gll possible types - dynamic, positive displacement, or thermal.

The exchanger-expander unit will be very similar to the cold end of a Stir-
ling or a VM refrigerator. With separation, however, there 1s greater freedom
of choice of displacer drive and means of extracting expansion work. Xy chang-
ing the valve timing, the shape of the P-V diagram can be influenced to some

degree.

In recent years, this split component system has gained a great deal of pop-
ularity. By separating the expander from the compressor, it is péssible to

cecnstruct a system consisting of a simple lightweight compact cooling unith

e

wileh can be more casily integrated with the Lload, and e compressor  which
can be located remotely and connectéd t0 the expander with long flexible lines
carrying thz high- and low—pressure working fluid. Because of this remote
location, the compressor désign can be optiﬁized for convenience and relia-
bility rather than compactness; Because of the use of valves, the fluid flow
is unidirectional and oil separators and filters can be inserted in the gas
supply lines, permitting the use of reliable and pro#en oil-lubricated com-

pressors instead of solid lubricated compressors.

It was noped above that this type of refrigerator permits many design varia-
tions to be considered within the same basic concept. Bécause of this char-
acteristic and the commercial atiractiveness of the system, there are many

varieties of split-component refrigerators on the market. These systems ave
basically the same in that they nearly all use modified hermetically-sealed
freon compressors, so that the system variations are confined to the methcd

of oparating the exchanger-cxpander unit. However, for reasons of comrerciszl

r

i
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advertising and pateat Justification, plus a certain amountvof peﬁahtf&,i

a profusion of names has been applied to the individual expander types.

They include Taconis, Solvay, and Gifford—McMahon, with and without the
adjective "modified." There seems to be some Justification for crediting'
Taconis,with first appreciating the full possibilities of this type expander,
although many bersons have ﬁroposed devices usiﬁg regensrators all the way
back to Robert Stirling and earlier. It is outside the scope of this report
to establish the correct name for this family of devices. However, ther

- is a tendency to confuse expansion processes with thermodynamic cycles, and

_this point-should be noted.
3.4.4.1 Operation

There are twc major techniques for operating exchanger-expsnders. One tech-
nique is exemplified by the basic Solvay process. In Figure 3-47 the expan-
-der consists of an expansion piston comnected to the working fluid and the
inlet and exhaust valves through a regenerator. In position 1 the inlet
valve is open and the exhause closed. The rczznerator and other void volumes
are filled to the higher pressure. IFrom 1 1o 2, the piston moves outword

and working fluid enters the cylinder afiter first being cooled in the regenera-~
ter. At point 2, the inlet valve is closed and the fluid pressure falls until
the piston reaches its outermost position. At position 3, the exhause valve
is opened end the fluid in the system expands irreversibly to point 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 exhause valve is
closed and the piston continues to move until it reaches the innermost posi-
tion at 6. At position 6, the inlet valve is opened and the fluid in the
system is compressed irreversibly from 6 to 1. The valve timing points 2

and 5 can be selected such that compression and expansion are reversible,
‘i.e., position 3 and 4, and 6 and 1 are identical. Alterndtively, 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.

LOCKHEED MISSILES & SPACE COMPANY
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In the Sclvay process the work of expansion/ can be extracted mechanically by
connecting the piston to a crank mechanisms Alternatively, the opposite end
of the expansion piston can be operated as a compression piston whieh consumes
the expansion work either as work of compreséion, or in the form of heat, by

causing fluid to pass through a throttle valve and heat exchanger.

The other significant expansion technique is the Taconié process (Fig 3-148).
The system consists of a cylinder containing a movable displacer. Working.
filulid can be introdﬁced or rejected from the system via inlet and exhaust
valves which communicate directly with the ambient temperature end of the
cylinder, and with the cold end through a regenerative heat exchanger. In
position 1, the inlet valve is open, the exhaust valve is closed, and the dis-
' placer is at the cold end. The ambient space and the regenerator contain
high-pressure working fluid. From 1 to 2, the displacer is moved from the
cold end to the ambient end, and the cold space fills with high-pressure fluid.
+t point 2, the inlet valve closes and the displacer continues moving until it
reaches the ambient end at 3. lThe pressure at 3 is lower than at 2 by virtue
of the cooling which occurs when fluid is transferred from smbient to cold
Spacaes. AL 3, the exbans y
to 4. At point L, the displacer is @oved back towards the cold end, expelling
low-pressure fluid, until the exhaust valvé is closed at 5. From 5 to 6, the
fiuid is compressed by displacement-fran cold to ambient spaces. At 6, the
displacer is at the cold end and the inlet valve is opened, compressing 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 1s extracted from the system by

a somevhat devious route. When the inlet valve 1s opened- the working fluid
performs work as it flows into the expander to compress the fluid in the ambi.- "~
.ent space. When this fluid is displaced to the cold en® the heat of COMpPress—
sion 1is deposited in the regenerator. During the exhaust phase, this heat is

picked up by the exhausting fluid and removed Trom the system.

LOCKHEED MISSHES & - SPASE COMPANY
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The variations upon the Solvay and Taconils process usvally invelve valve tim-
ing, method of operation of displacer or piston, and geometric configura-

tion.

The thermal ~analysis of the Taconis process is very similar to that of the
Stlrllng and VM refrigerator in that remarks relating 4o the complex (dirfer-

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 equstions and the spécified inlet and exhaust
fluid pressures. The work required by the overall cycle comprising com-
pressor and exchanger-expander is equal to the work needed to compress the

fluid consumed by the expander.

The toundary conditions for the differential method for the Solvay prccess
analysis will be the motion of the working piston, as governsd by the crank
nmechanism or the dynsmics of the free piéton—compﬂéssor srrangement, and the

inlet and exhaust valve timings and fluld inlet and exhaust.
3.h.4.2 Manufacturers of Systems

The following compsnies are engaged in the manufacture and development of
systems which incorporate separabte expanders and compressors in conjunction

with regenerators.

Cryogenic Technology, Inc.
Cryomech Inc. |

Air Products and Chemicals
British Oxygen Co., Litd.

The Welch Scientific Company
U.Sf Philips Corporation

Crycgenic Technology, Inc.: Cryogenic Technology, Inc., evolved from Arthur

D. Littie, Ine., originally. Tn 1967, an outgrowth of the activity of ADL
vas established as 500 Inccrporated, a subsidiary of ADL, whose purpese was
to produce and merket low-temperature equipment. The company name wvas later

chenged to Cryogenic Technology, Tné.; and established and operated as a
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. separate company. CTI did the pioneering/work in the development of units

of this type. Their units have been used since 1559 to provide cooling for
amplifiers. BSeveral hundred units of this type have been placed in use and
CTI has the largest backlog of experience in this area. CTL produces a
standard line of approximately 15 units based on the Gifford-McMahan system,
which provide cooling from approximately lOOK o 1500K at capacities of

from 1 to 100 watts. Like other manufacturers they utilize freon compressors
which have been developed for aircraft service. Some of their units are
utilized in aircraft, and these are lightweight, compact units. Extensive

data on the system performance is available from CTI, primarily due to their

long operating history and this data is readily available

Crycmech, Inc: Cryomech, Inc. is a small company which was started in 1964
by Dr. W. E. Gifford. Dr. Gifford is a well-known, recognized auth-

ority in the field of cryocgenic refrigeration and did much of the e r;v de-
velopment of the system which bears his name. Cryomech has a standard line
of seven Gifford-McMahon refrigerators which provide cooling from T7.5°K
(i rdman cen“ératulﬁ) to 200K at "a*e" from éppreximately~s.b t£C LU WotTo.

a
The system uses a standard oil lu brlcated modified freon compressor.

Al Prouucts and Chemicals, Inc: APCI has recently introduced a new cryo-

genic refrigerator system based on the modified Solvay system. APCT manu~
facturers four units at present, which include a militarized versionutilizing
& dry-lubricated compressor. These units provide cocling of 1 to 30 watts

o o
over a temperature range from 12 K to 20C K.

British Oxygen Co., Ltd.: British Oxygen manufacturers a Taconis system unit

which has a capacity of 1.5 watts at 16°K.
H

The Welch Scientific Company: Welch Scientific Company makes a Gifford-

McMahon system unit which uses compressed air as the working fluid. The unit
is not appliceble to requirements here since it is open cycle and does not
vrovide lov encugh tempersture using air as the working fluid. Tt is

closely related to the CTI line of refrigerators.
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U.S. Philips Corp: Philips has recently fabricated a Solvay system
which was designed for use-in aircraft and delivers O.4 wabtts at 20%K. It

utilizes a dry lubrication compressor and is WeLghh optimized.

3.k k., 3 Discussion of Data on Unis

The parameters and operating data for cryogenic refrigerators based on the
Gifford-McMahon, modified Solvay and modified Taconis systems are tabulated’
in Table 3-L. Most of the availeble units are tabulated, regardiess of

cooling level.

Figs. 3-h9 through 3-53 present net refrigeration capacity vs. temperature
for the individual units. Most of the units provide additional cooling on
the first stage at approximately TTOK and this feature could be convenient
for application to wvehicle systems which utiiize fuel and oxidizer that re-
quire cooling at two temperatures. Data on first stage refrigeration are
presented where available. In most cases the first stage cooling exceeds . -
the second sﬁage (1ower temperature) cooling. Most manufacturers do not
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Second stage cooling rates are reducpd &s heat loads are introduced on the
first stage. This effect is shown in Fig. 3—51_whlch presents data for
Cryomech GBO2. o

The coefficient of performance of the various machines are presented in
Figs. 3-54 to 3-56 vs. refrigeration and temperature. The data are curve
fit using the technique as described for the Stirling cycle. The highest
values for C.0.P. are shown by the Cryomech units. The minimum tempera-
ture achieved by the various units is approximately TOK. The machines
which provide the data on C.0.P. represent a substential amount of exper-
ience, and it is not expected that large improvements in thermal perforn-
"ance will be forthcoming in the near future, al%hough'some improvements

will almost certainly evolve.

Figs. 2-57 and 3-58 present the system weight per watl of refrigeration
(specific weight) ve. temperature and cooling capacity. The data clearly

show the effect of both cooling capacity and temperature level. As in the

LOCKHEED MISSILES & SPACE COMPANY
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Table 3-4 Existing Gifford-YMcMohon Refrigerators
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!
other cycles the curve fits were made tﬁrough the "best" points (i.e.,

highest C.0.P. and minimum specific weight ).

Unlike the C.0.P. data it is eipected that substantial weight reduction
could be made in the systems by selecting éompressor units which are opti-
mized for minimum weight. Data from units Nos. 31-8 and 35-S are for flight
weight—dry lube compressors and clearly show the weight improvement which
can be obtained.” Section 3.3.1 diécusses the various compressors avail-
able and indicates the relative weight gains which appear obtainable in the
compressor unit. Included in Fig. 5-37 is the estimated weight of flight
optimized systems at 20°K and TTéK. These systems would use non-lubricated
compressors as do units Nos. 3145 and 35-S. The technique of estimating
these weights if fully described in SectionﬂB—é, the primary purpose of this

section being to"preéent data on existing units.

Fig. 3-59 presents the specific volume of the systems (InS/Watt) and the

curve fits at the three temperatures. It is expected that large reductions
in the specific volume of the units would likewise be achieved by optimiza-
4=

Aarm AR LA acammaAacmn A Pav oMmnaa 110a
da\sLd L bt \f\l&llﬁ_—hl— Nr b2 b o e e S ke A e

The percent Carnct efficiency is 'presented in Fig. 3-60 2nd shows that the
units provide from 1 to T% Carnot efficiency, vhich is substantially below
that achieved with the most efficient cycle considered here, the Stirling

cycle, which provides from 10 to 20% in the same operating range.

In spite of this shortcoming the G-M and similar cycles provide a high
degree of flexibility due to the separable components and more importantly
currently provide the longest unattended lifetime for the refrigerators

which fall within this study.

3.4.5.  Brayton/Claude Cycles
3.4.5.1 Operation

Brayton Refrigerator: A practical Brayton cycle refrigerator is shown in

Fig. 3-6l. Gas is compressed with some increase in entropy from 1 to 2.
The heat of compression is rejected to the zmbient temperature heat sink

in an after-cooler from 2 to 3. The high pressure fluid is cooled from 3

3-1C3
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to 4 in the main heat exchanger. The pressure at I is slightly less then 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 the load heat exchénger. The fluid is warmed from 6 to 1 in the
main heat exchanger as it returns to the inlet side of the compressorL The
pressure éﬁ 4 is slightly higher then at 1 because of pressure losses in the

heat éxchangers;

Analysis of the cycle is performed by selecting high énd low fluid pressurés,
load and sink temperatures, and either choosing mass flow rates and component
dimensions from which efficiencies can be determined (as described in Sec-
tion 3.3), or assuming efficiencies from which required component dimensions
may be found in a separate calculation (as described in Section 3.2). The
analysis begins by assuming a value for T, and hence, h_, is found from the

2

assumed or calculated compressor isenbropic efficiency,nisc

Nige = B (Pe’sl) - by (3-17)
hy-hy

T2 is found from h2 and P2°

m —
T, = T (By,h,)
P3 is found from the assumed or calculated after-ccoler loss co-

efficient Kﬁ

P, = P, -(PE * P\ K (3-18)

h3 is found from the assumed or calculated after cooler effectiveness

T € T2, and the sink temperature Ta

e, = __ ool (3-19)
hy, - h (P3515)

LOCKHEED MISSILES & SPACE COMPANY
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T, is found from the fiuid eguation of state

3

hh is found from the assumed or calculated main heat exchanger

effectiveness, €

€g T by -y (3-20) .
h3 - h6

Ph is found from the assumed or calculated main heat exchanger high pressure

gide pressure loss coefficient, Kﬁh

= - -o1)
P, P3 (P3 + Pl(_) K (3-21)
2

Th is found from the fluid equation of state

rp = 'T‘ (‘htig.: P:l)

3
1
-

Ps is found from an assumed expander pressure ratio
PO is found from the assumed or calculated load heat exchanger

pressure loss coefficient, Kt

Py = P, - (?6; Ps)'KL (3-22)

5

|
* h_ is found from the assumed or.calculated expander isentropic
efficienéy, 1 :

isc.
Mge 5 (3-23)
isc - 3-23
h& - h (P, Sh)
is found from the fluid equation of state

%5

'?5 - T (PS, hs)
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h6 is found from the assumed or /calculated load heat exchanger

efficiency, ¢

he - h (3-24)

T6 is found from the fluid equation of state
T = T(Pé, h6)

Pl is found from the assumed or calculated main heat exchanger

low pressure side loss ccefficient, K

me
| p p ]
P, = B - ( M )Kﬁe (3-25)

1]

hl is found from the assumed or calculated main heat exchanger effectiveness
6 .
m

c - by - g (3-26)
“h, -n
m 3 6

Tl is found from the fluid equation of state

T, =T (Pl’ hl)

The calculsted values of Pl and Tl will not, in general, agree with the as-
sunied values. Adjustments are made in the assumed expander pressure ratio
and the cycle is recalculatedvusing the new Tl. The process 1s repeated
until a consistent set of figﬁres is obtained. If component efficiencies
rather than dimensions were assumed then the component sizes and flov rates

required to provide this performence must then be determined.

The cooling capacity of the refrigervabor, g, is the heat absorbed by the

load heat exchanger.
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The power required by the refrigerator, W, is the work of compression
W= m [hz - hl'] (3-28)

It is apparent that the analysis of continuous flow Brayton Cycle refrig—
erators'i; relatively straightforvard. Performance data can be prepared
quite readily as a function of component efficiencies and the results of
two extensive parametric studies are reported in the literature (3-2;) (3'22).
Muhlenhaupt and Strobridge present calculated values of W/qc for a wide

range of expander and exchanger efficiencies and helium, hydrogen and nitro-
gen workihg fluids. A total of 66 charts are presented for W/qc as a func-
tion of Pe, each presented for a range of three other cycle parameters.
Wilson and D'Arbeloff (3“23) present a similar‘rénge of calculated perform-
ance data with cdmponent efficiencies as parameters. These data are calcu-
lated for helium, hydrogen, and neon as working fluids. The effects of
multiple stage compression, multiple stage expansions and the use of inter-
mediate temperature expansion stages to improve apparent éffectiveness are

shown.

The dimensions and‘performance'characteristics of a practical Brayton cycle
refrigerators may thus be determined by combining the parametric system
performance data of these two studies with the physical dimensions, capacity,

and efficiecy of practical compressors, heat exchangers and expanders.

The Claude Refrigeration Cycle: As the operating temperature of the Braytoa

refrigerator is lowered, point 5, (Fig. 3-61) will enter the two-phase region
of the working fluid, and the fluid will leave the expander as a two-phase
migture. Up to the present time, it has not been considered good engineer-
ing practice to permit expanders to cperate in the twe phase region because
of' possible mechanical dsmage to the expander. For refrigeration at temp-
erabures 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.

3-110
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As explained in Section 3.4.3, this process will not produce net refrigera-
tion unless the value of (J h/:}P)T.is negative at the effective sink temp-
 erature. For helium, hydrogen and neon this means that the effective sink
tgmperaturéjﬁust 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 Braytéﬁ c&cle refrigerator. It is designed

so that the two systems share the same working fluids.

Fig. 3-62 shows a practical Claude cycle. Thé'cycle closely resembles the
Brayton and Joule-Thomson cycles, Figs. 3-61 and 3-40,and the cycle des-
cription is similar. The difference is that uﬁon reaching point 4 the flow
divide and a portion of the flow is expanded as in a Brayton refrigerator and
is returned to the compressor via a combined load and precobling exchanger,
and the main exchangers. The remaining portion of the stream at L is passed
through the other side of the load/precoollng refrlgerator and is cooled to
T&a'. The system h-h( -h = 5, =5y =5~ 6 is a standard Joule-Thomson refrig-
erator and functions 11ke the system 3-4-5-6-1 in Fig. 3-40. ‘The fluid is
cooled in the main Joulé—Thomson heat ' exchanger, 4a to kb, after which it

is expanded isenthalpically to Sa. From 58 to 5b, the fluid is warmed in
the Joule-Thbmébn load heat exchanger and then is reheated in the main ex-
yehanger to point 5 where the two flows are united and pass back to the com-

pressor via the load/precooling exchanger and main exchanger.

" It can be seen that the Claude cycle is essenﬁially more complex and less
efficient than the Brayton cycle inasmuch as a Joule-Thomson refrigerator
has been added and that because of this fhe cooling effect at the load is
produced by isenthalpic expansion, which @roduces a greater increase in
entropy than even the most inefficient expander. Recently a reciprocating
expandervhas been operated successfully in the two~-phase region (3~24).

If it proves possible to dévelop expander technology to the point where
such expanders become generally avallable, the technical aavantage of the

Claude cycle would be eliminated.

3-111
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The Claﬁde cycle can be analyzed in a manner analogous to the Brayton-cycle
and Joule-Thomson-cycle analyses. For the temperature range of interest to
this program, 20°K - 100°K, the possible working fluids are helium, necn, hy-
drogen, and/niﬁrogén. Because of the low condensation temperature of heliﬁm,
there is #o necessity for adding a Joule-Thomson'stage to a helium Brayton
refrigerator; 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 T5°K
to 85°K range, where its efficiency would be higher than that of a single-

‘stage Joule-Thomson system.

An extensive parametric study of a helium Claude-cycle réfrigerator for use

in the temperature range of 4.2°K is presented by Muhlenhaupt and Strobridge
(3-22). The temperature range of this refrigerator is below the range of
current interest, and although the technique of snalysis would be applicable
ﬁo hydrogen, neon, or nitrogen system, the data are of no direct interest.
Hovever, the data do show. that the’efficiency passes through a maximum with
increasing magﬁitude ot high pressure, and thot the optimum pressure is higher

than that found for
3.4.5.2 Companies Engaged in Brayton/Claude Cycle Refrigerator Development

The following compznies have been engaged in research and development activi-
ties associated with a miniature Brayton-cycle refrigerator. Unlike activities
on many of the other cycles, nearly all work in this area has been government-

funded.

General Electric Company
AiRsearch Manufacturing Company
Arthur D. Little, Ine.

Hymatic DEngineering Co., Ltd.

In addition to these companies, whosc activities have been directed toward
miniature units for aircraft and space usage, the following companies have

built large-capacity industrial units, using the Clsude and Brayton cycle:

Linde British Oxygen Cryoproducts

L'Air Liquide CVI Corporation

National Bureau of Standards Sulzer Brothers Limited
313
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AiResearch Manufacturing Co,: AiResearch began activities on the design and

development of a miniature non- rec1procatlng closed-cyele cryogenic cooler

in 1962 under contract to WPAFB (AFOL(695)-313), and AT 04(695)-146. The
objective of this contract was to develop a refrigerator with a cooling capa-
-city of approximately 2 watts at 77°K which would be suitable for use with
space-based infrared sensor devices. The work conducted on this system resulted
in the fabrication of a non-reciprocating systém based on the Brayton cycle and
using nitrogen as the working fluid. The system parameters for this unit are
shown in Table 3-5 (No. L0).

Long-term unattended operation, one of the goals of‘this effort, was not
demonstrated, the actual run time of the unit heing limited to approximately
TOO hours. The work on this unit terminated in March 1967. A second develop-
ment contract carried on at Garrett was begun in February 196k, and ended in
Decemﬁer 1965. This effort was funded by U.S.Army Satellite Communications
Agency under Contract DA-36-O39-AM¢-30725. The program objective was the
development of a helium refrigerator s&stem suitable for cobling lov-noise
amplifiers at 4.2°K. The work accomplished under this contract consisted of
component feasibilit& studies. A working model was not built under this con-

ﬁract. (Reference 3-25) T

A thlrd effort by Garrett was funded by WPAFB during the period April 1964 to
October 1968.  The obgectlve was to develop a turbomachinery-type closed-cycle
refrigeration system to provide 1 W of cooling at 3.6°K for a continuous oper-
ating period of 10,000 hours minimum in a space component environment. Fabri-
cation and testing was conducted during this contract; however, a complete
prototype unit was not fabricated. (Reference 3-26) This work was done under

Contract AF33(615)-1015.

Arthur D. Little, Inc. Arthur D. Little, Inc., began their activities on

Brayton-cycle systems in mid-1962. Their activities, like Garrett's, have
been funded by WPAFB3/and the objective of their initial work wos the develop-
ment of a refrigeratf“ to provide 2 watts of cooling at 77°K in & space environ-

ment. Work in this area was completed in May 1967 sand resulted in the fabricatior

s > - 3 i aohtueishi mod
and testing of a development model. In additicn to this, a lightuwelght model

LOCKHEED MISSILES & SIPACE COMPANY
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was constructed but not tested. Further information on this development ef-

fort is contained in Reference 3-27.

Additional work was performed by A, D. Little under contract te WPAFB from
July 1966 to October 1968, on Brayton-cycle refrigeration (3-28). The design
cbjectives of this study were to provide 1 watt of refrigeration at 3.6°K.
The system was to operate in space, and had an operating lifetime goal of
10,000 hours. The major components of the refrigérator system were bullt and

tested; however, a complete working model of the system was not built.

General Electric General Electric has investigated small cryogenic refrig-

eration units based on the Brayton cycle for a period of approximately 5 years.
These activities have been conducted vsing in-house funds, and, more recently,
under contract to WPAFB. ILike Garrett and A. D. Little, two cryogenic refrig-
eration systems have been investigated. The first unit designed and built wes
an 80°K refrigerator. This was a prototype unit which was tested. Test data
on this unitwere noé reported;' As a result of this testing, a compact T7°K

unit was designed.

in sddition, 2 second unit Tor cooling ab H.h4
ponents were tested. General Electric has published various papers on their
development effort (Ref. 3-30, 3-31, 3-33, 3-34) and presented operating data
on components. Extensive testing of a complete refrigeration system was not

accomplished in these programs.

Hymatic Engineering Hymatic Engineering has developed a prototype Brayton-

cycle unit which produces 0.3w at 28°K. Additional information on their acti-
vities is not available at this time. The available parameters of their proto-

.type model are listed in Table 3-5 along with the other Brayton-cycle units.

Other companies produce large érayton- and Claude-cycle units for much higher
refrigeration rates, and at generally lower temperatures (= 4°K). These com-
‘panies vere included in the list, and limited data on the parameters of these
units can be found in Reference 3-29. Additional information on available mini-
oture gas bearing cryogenic turbines with low to moderste flowrate 1s presented

in Reference 3-30, which includes the results of a survey of these units.

3-115
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3.4.5.3 Discussion of Data for Brayton/Claude Systems

Deta have been assembled on the various protoiype'units which operate on the
Brayton cycle, and are presented in Table 3-5. '

All of‘%hese units are prototype units, and a complete list of operating
¢haracteristics was not available, but available data are indicated in

Table 3-5.

Figures 3-63 and 3-64 present the C.0.P. and specific weight data as a func-
tion of refrigerétion témperature. Since experimental data on these units are

severely limited, predicted performance data are also shown from two sources

(3-25, 3-31).

LOCKHEED MISSILES & SPACE COMPANY
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6.1

O

POINT CALCUTATIONS

FOR 1 WATT (REF 3-25F

O DATA POINTS ON
PROTOTYPE UNITS

0.01

0 100w
H 20w
4 15w

0.001

COP (REFRIGERATION/POWER INPUT)

SO0 D we

(-4

Ld

0.00

Fig. 3-63 Thermodyna
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3.5 ADDITIONAL OPERATING DATA

Several areas are of interest to the designer ofAspacecraft refrigeration sys-
tems in which 1ittle or no experimental data is available and analytical'pré-
~dictions are outside the scope of this contract. In these areas what little
information that is available ﬁas collected and présented. In addition,
analytical procedures are suggested which will yield first rough estimates of -

the effects of these parameters on system performance.
3.5.1 Cooldown Time of Refrigerators

Data have been included, where svailable, on the cooldown-times of the variocus
refrigerators in the data tabulations. The cooldown times of the units speci-
fied by the maﬁufacturers are generally for conditions of nminimum heat load and
little or no mass attached to the cold head of the unit. The primary usage of
tﬁe small units has been in ceooling infrared detectors in which the mass of the
focal plane asgembly unit is small, generally in the'range of 50-100 gms. 1In
addition, the heal load to the cold finger is winimirzed to levels often in th

area of 100-200 mw. As a resull, most of the data avail: on cooldownn of the
A

[¢\]

5
XN

clused cyecle units is for thosge conditions where the heat to be removed is

minimal.

Py

For other applications where the mass to be cooled is substantielly higher and
vhere intermittent operation is desirable, the time for the refrigerator to cool
down to its required operating condition can be an imﬁortant design considera-
tion. One examplé is an IR telescope where the barrel and optical elements,
which represent a significant wmass, must be cooled. Another is the case of in-
termittent refrigeration of propellant tanks in which it is desired to eliminate
venting of the tank., In this case, heat exchanger elements and/or secondary
fluid coolant systems mist be cooled down teo operating conditions prior to effi-
cient propellant refrigerstion.

The required information to determine the ccoldoun rate for varicus systems is
the net refrigeration as a function of temperature for the unit being considered.
If this information ie available, then = transient snalysis can be mzde which

cecounts for both external heat inpubs and heat removel from items being cocled.

thicrtunstely, most of the manufacturers spocify refrigeration rate versus
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temperature only in the general region of the operabting temperatures, and
cooling rates up &t higher temperaturss near 200°K to- 300°K are ’

not generally available., It is felt that analysis techniques of predicting
cooldown ratés are extremely complex and not suitable. A discussion of analy-

tical techniques for cool-down prediction is described in Ref. 3-67.

In order to form a rough gulde in estimating the general cooldown characteris-
tics of various refrigerators Figs. 3-65 and 3-66 were prepared. They show

the cocling rate at temperature (T) rormalized to the cooling rate al a specific
temperature of interest as a function of temperature. As expected, the vari-
cus units show a wide variation. It is suggested that in order to meke an

order of magnitude estimate the conservative or lower curves be used for de--
sign tradeoff purposes. It should be noted that a lengthy extrapolation of

data to 300°K is required for all.units except a Stirling unit for which data

~0 .
to 2527K was obtained.

A useful technique in obtaining general cocldown data is to obtain the time
required to cool two different masses on the end of the cold finger to a de-
sired temperature. The cooldown time is proportional to the mssa abtbached to
the cold finger, and this proportionally can be determined from the twe measure~
ments. Data obtained in this manmer is normally for initial temperatures of
3OOOK and limits the utility of the data when lower initial temperatures exish,
for evemple, on a space application. An example of this type of data is shown
in Fig. 3-67. The cocldown time versus mass of copper is shown for various
units, primarily for the Cryogenic Technology Inc. units for which this data
is available, and for a single Stirling unit. The cooldown time is naturally
a strong function of the steady state cooling rate and the minimum tempera-
ture. Figure 3-67 is shown only as an illustration, unfortunately sufficient
data is not available to generate general curves of this nature for design
purposes. This data is for a mass of copper at the cold finger; copper is
normelly utilized to minimize temperature gradients in the cooled block. The

- heat removed in ccoling copper from 300°K to 40°K is 12,700 J/1b as noted on

Fig., 3-o7.
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3.5.2 Effect of Heat Rejection Temperature on Refrigerator Performence

Refrigeration systems in use at this time reject heat at temperatures near
ambient’(*«BQOoK). Thig is due primarily to the convenience of rejecting the
waste heat‘by air or water circulation to tﬁe atmosphere. No systems are .
known which reject heat at temperatures significantly different than this.

It is felt that significent efforts would be required to develop systems which
operate at temperatures substantially different from ambient. Lower tempera-
tures leading to 1mp"oved thermal LfflClency may require modified sealing
technlques.for the working gas (rubber O-rings are used in most present sys-
tems) and wear characteristics of rubbing surfaces would undoubtedly change
with temperatures. Let it suffice to say that this area has not been explored

to a significant degree.

The advantage of reducing the heat rejection temperature of the refrigerator
is to improve the thermalyperformance‘ The thermal performance of the ideal

Carnot. cycle is given by:

T
refrigeration output _ C.0.P. = =
r i - Ul.U,i, = T T
power input h o
As indicated in the previous sections the actual performance of operating

systems is a fraction of-thé Carrot performance. In order to make system trade-
off studies where it is desired to study the effect of variations in the heat
rejection temperature it is recommended that the aétual performance (COP) of a
unit being considered at ambient temperature be modified, according toc the

Carnot efficiency for various temperatures.

O~ -
(COP), = (COP) 300K - T, (3-29)

o .

h 300°K T -7

h c
For a given cooling rate, the required power input can be reduced by rejecting
heat at a lowver temperature as given by the Carnot relationship. Contrarily,
an incrsaced healt rejection temperature requires greater power input than the
~0 X . oy

3207k besc point, but leads Lo a morce efficient, lighter radiator for waste

heat rejection.
3-125
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Data correlations for refrigeration systems and compressors investigated in

this contract ‘indicate that the weight and sive of these units can be correlated
as a funntlon of their power input. Other 1nvest1gdtors have shown this cor-
relation (Ref. 3-68). An example of this correlation for the units considered

‘is presented in Fig. 3-72.

Figures 3-72 and 3-77 may be used to find the change in refrigeration system

weight and volume as a result of a change in the heat rejection temparature.

. In summary, the following procedure is recommended to perform tradeoff studies

for a perturbation of hest rejection (radiator) temperature:

(1) Establish the characteristics (i.e., cooling load, welght, 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).

“Determine the power input for the new rejection tewperature.

N
W
o

(4) Find the new weight and size of the unit for the new pewer input

vtilizing Figs, 3-72 and 3-77.

Some studies have been performed to determine the effect of the heat rejection
%emperature on the total system weight (refrlgerator, pover supply, and radia-
tor) and the results have iﬁdicated the oppimum to be near 300°K and fairly
flat (Ref. 3-69, 3-70) for the particular conditions assumed. For other con-

ditions the effect of heat rejection temperature may be more significant.
3.6 SUMMARY OF PERFORMANCE DATA FOR VARIOUS CYCLES

In thies section the weight, size and power requirements of the various cycles
considered is pressented. In general, the cheracteristics are included for
‘cooling in the range of 5-100 watts at 20°K to 110°K which is the rangs of
parameters specified by"NASA/MSC. 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. A partial 1list of
the areas of zpplication of cryogenic cooling, and the general range of para-
meters ig chovn in Table 3-6.
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Table 3-6

AREAS OF APPLICATION OF
CRYOGENIC COOLIRG

LMSC-A 981632

Temperature Cooling
Application Requirements Requirements
K
1. Extra terrestrial propellant 20 to 110 5 to 100
reliquefaction (contract
application)
2. Masers 2 to 5 1
Parametric amplifiers 20 to 78 1te?2
4. Super conducting circuits 4.2 to 12 0.5 to 2
5. Superconduecting applications 2 to 1o 1
6. ray detector devices 77 to 120 0.2 to 1
. Infrared devices 77 te 4.2 0.1 to 2
3--127
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The performance curves which follow are primarily a result of an extensive
literature survey which was conducted during the contractual period, in which
the perfcrmaﬁée data of verious units was obtained. The operating character-
istics cf specific units which are operating or have been proposed are tabu-
lated in Section 3.4. In curve fitting the data from existing uvnits the
intended use of the unit was taken into consideration, since it is the purpose
of this study to present date for units applicable to spaceflight in which |
weight, volume, and required input power are at a premium. Data for umits
vhich are intended for application where weight and volume ére not important
were modified where possible for space use or discarded in obtaining the curves
which follow. The source of data utilized to meke the curve fits follows in

order of preference,

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

use. (Section 3.4)

2. Fredicted performence characteristics for space-flight systems from de-

tailed studies by potential manufacturers.

3. Characteristics predicted by LMSC based upon more general data, on in.
dividual componentsg; for example compressor, and crycstat weights were

added for some cycles to obtain system weights.

In general, all three techniques.were utilized to obtain the performance curves,
but where possible the methods were selected in order of preference. Congider-
‘ation of the maturity of the development of the‘cycles was also made. Tor ex-
ample, the Vuilleumier and small Braytbn c&cles machines have not reached the
same state of maturity in their development as the Stirling and Gifford-
McMahon units. This consideration led to some instances 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 performence curves for ease of reading, however they are shown in
Section 3.4. '

It shovld be apparent from these comments that some significant extrapclations
vere required in making thess curve fits and the authors judgment was used in

many cases, For these reasons it is suggested that the following performance
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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.
3.6.1 Coefficient of Performance vs. Cooling Load

An indication of the tbermal efficiency of the refrigerator is given by the
coefficient of performance (COP) defined as the net refrigeration produced
divided by the input pbwer

Q

ref.

Qs

input

copP =

Figure 3-68 shows the COP data for five different'cycles at 209K as a function
of the net refrigeration produced. In general, a large amount of applicable
data was available for the wvarious units. An exception was that of the
Brayton cycle where prédicted pérformance data was utilized. Data for large
industrial units at higher cooling capacities are also shown, and the‘results

of a previous study for the Stirling unit shows good ccmparison.

The value of COP for a reversible_(Carqot) refrigerator is given by

C

Th - Tc

cop =

where ‘I‘c is the temperature at which cooling-takes place and Th is the temper-
ature of the surroundings (300°K for these units). The approach of the real
refrigerators to the ideal (Carnot) performance can be seen by comparison with

the COP for the Carnot engine of 0.0715.

The adverse effects of miniaturization are easily seen from . Figure 3-68., The
COP decreases substantially as tﬁe unit becomes smaller. This is due to the
fact that relatively higher heat leaks are present for the smaller units be-
cause of the unfavorable area to volume ratios, and some components of the
system become more difficult to fabricate efficiently in small size. Frictional

losses are also proportionally higher.

The relative efficiency of the various cycles has been fairly well established

with the exception of the Brayhton cycle for which only predictions were svailable
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in the range of interest here, t is expecﬁed that if the performance of
actual Brayton units is obtaired, the values may be somewhat lower than shown
since inefficiencies are generally higher than predicted. Performance for the
Joule Thompéon unit is shown only in the area of 0.4 W where data is available,
predictions or extrapclations were not made, since the interest in a J-T unit

for application in this area is limited.

Data for various units operating at 4.20K is also shown in Figure 3-68 and is
taken from reference 3-68. No attempt was made to show the relative performance
of various cycles at this temperature, the eurve bLeing included only as a

rough guide.

The units shown on the dotted curve represent for the most part ground based
units where weight optimization was not perforﬁed. An edditional curve is
shown for lightweight turbomachinery refrigerators at 4.29K, some of which
were daveloped spec%fically for space flight. These reductions in weight are
achieved with some loss in efficiency. As shown, the lightweight units are

less efficient than the others.

figure 3-89 shous CUP data for the vericuse cycles al ]
which the majority of data is available. The same observations hold; the
curve for the Brayton cycle isAbased on prediction plus one experimental
point and the agreement with a previous study at higher cooling loads is
satisfactory. The value for COP are substantially higher than at 209K, and
this is shown by the expression for the Carnot performance.

3.6.2 Coefficient of Performance vs. Temperature

4

Figure 3-70 and.3—71 show the effect of temperature on the COP at two cooling
"loads, 5W and 100W which correspond to the range of parameters for the study.
The variation of COP with temperature is governed by two brimary effects:

(1) The COP begins to decrease rapidly as the minimum temperature for the
-particular cycle is approached. For example, as approximately 120K is ap-
preoached for the Stirling unit;'the COP begins rapidly decreasing due to the
rapidly decreasing specific heat of the regenerator material and correspond-
ing loss of sfficiency. The approximate minimm temperature achieved by the

various cycles are indicated on the curves. (2) The curves generally parallel
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the Carnot efficiency curve at temperatures substantially higher than their

minimum values, as shown on. the figures.

Also shown is the performance of 4020K Claude and G;M units which both employ
a Joule—ThomSon expansion circuit to reach 4.20K; the normal boiling point of
helium,

3.6.3 Refrigerator Weight vs Power Input

The weight of most machinery can be correlated quite successfully with the

" power input to the unit providing units with common design ground rules are
utilized. For example, if the machinery is designed for space-flight where
weight is & premium then this common basis will provide a consistent correla-
tion. Data for compressors, motors, and complete refrigeration units was
correlated on this basis. The complete results for compressors and motors

" are presented in Section 3.3. TFigure 3-72 presents the correlation for
refrigeration system weight as a function of input power. Some of the data
for 400 Hz motors and dry lubricated compressors is also indicated in the
wclp discern the relative contribution of the different components
to make up the total system weight. In‘fitting curves through the data,
various cycles are indicated, and no differentiation was made as to cycle
gxcept for those cycles employing rotating machinery. These machines were
considered éeparately from those employing reciprocating machinery. The
curve fits were made through minimum weight systemslrather than through the
mean of the data to indicate the expected best weight that is currently

attainable for weight optimized systems.

Data points are shown for units which sre obviously designed for ground use
with no weight minimization as flagged points, and are shown for general

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

The curves presented in Figufe 3-72 can be utiiized in predicting weights

of various units for which specific weight data is not available, and this

technique wae used in some instances where importent data was lacking. The

data also show the importance of obtaining a high cosfficient of performance

in order to minimize weight, - For the higher power inputs, 1little data on
1

welght optimized systems was available, and some extrapolations were necessary

LOCHHEEZD MISSILES & SPACTE COMPANY
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to cover the desired range. For the BraytoA cycle systems employing turbo-
machinery 8 combination of prédicted values and a few experimental pointé

were used.

The results show a weight advantage for the-turbomachinery units for power

inputs in excess of about 800-900 watts.
3.6.4 Weight vs Cooling Capacity

Figure 3-73 shous the comparison of weights for the various cycles at 200K,
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
“welghts vs power input. As might be expected the lower weight cycles are
those with the highest thermal performance (COP) values, the Stiriing units
being the lightest weight systems, while the Brayton cycle shows a relatively
improved positibn at the higher cooling rate. Comparison with a previdus
study (Réf. 3-41) at higher cooling rates is again shown. The weight of heavy
units for ground use {oil lubricated éompressorg etc.) is shown for the G.M.,
Taconis and Solvay units for comparison with what is eipected for a weight
optimized unit for those cycles. \Weight optimized versions of the Solvay and
G.M. ¢ycle units have been built and are operating.in the cooling range near

one watt.

In addition, a curve is shown for lightweight Claude cycle refrigerators at
4.2°K, This curve is based primarily on predicted values and requires experi-

mental verification before it can be used with any degree of confidence.

Al of the curves show a reduction in specific weight as the refrigeration

level is increased. This tendency 1is primarily a consequence of the varia-
) ‘

tion of the coefficient of performance vs cooling rate, and the character of

the curves is similar to the COP vg refrigeration curves.

Figure 3-74 shows the specific weight data for the 77°K cooling level. More
opsrating daia on actual units was available for thic case than at 20°K. The
same gereral comments are applicable to this curve as for the 20°K case. The

weight of the units is substantially less than at 200K,
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3.6.5 Weight vs Temperature .
The specific weight vs temperature is shown in Figures 3-75 and 3-76 for
cooling levels of 5 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 efficiency rapidly decreases, while at the higher temperature the
slope becomes nearlj constant. These curves can bs utilized to make estimates
of weight regquirements at intermediate temperatures. Additional cross—plotting
will be necessary to assess weight penalties at other cooling rates than the

5 watts and 100 watits selected here.

a4,

LOCTKHEED MISSILES & 3PACE COMPANY



100

o

IFIC WEIGHT, LBS/WATT @ 5 W COOLING

[&
&

LMSC-A981632

— FLIGHT WEIGHT GM, SOLVAY, TACONIS

£
“’4?'
I
(@]
<
L»d
4

STIRLING -

VUILLEUMIER —/

/ \ \x;“ﬂ
N {:s

10

0., 100

i . 5

-
al

{

FIG, 375 OSUMMARY OF REFRIGERATOR WBIGHTS V3.
TRAPERATURE AT § WATT COOLING CAPACITY

RSV

150



IM3C-~A981632

\‘% \ ~— FLIGHT WEIGHT GM,
<~ TACONIS, SOLVAY

o 1 M W0

| \ . — — STIRLING
) \ \\/ .

L
\\/ \ _~VUTLLEUMIER
\ 4 “

IGHT, LBS/WATIT @ 100W COOLING

o

o

Q‘\
TN

\x\ AN /= JOULE~THOMAOR
™ N /!

&
W G
y -é‘v"ip\

J’“'f‘ i
ﬁl’

SPECIFIC W

A

O 3 VD

STIRLING W —

Ot

S e e
\\ f'ﬁ{;/ | ‘ff /
A LY

~
iy NERN
BRAYTON ] ;

N
\2

A 5 6 7 2 9 100 150
TEMPERATURE °K '

Figurs 3-76 Summary of Refrigerator Weights vs.
Temperaturs st 100 Watt Cooling Capacity

3"'153

LOCHHESID MISSILES & SPACE COMPANY



IMSC-A981652

©3.6.6 System Volume .

The volume of the refrigeration systems showed the greatest spread and least
correlation of the various paramelers. One reason for this is that volume
data were not readily available for most units. Reported data did not specify
if actual (displaced) volume was reported or if the volume envelope was speci-
fied. In the majority of cases the drawings of the units were utilized to
calculate the volumes. The system volumes for specific units are presented

in the tables. OSome cycles are inherently more compact than others. For
example, the Stirling cycle can be conveniently fabricated in a single unit
and lends itself to compact packaging. The Solvay cycle or Gifford-McMahon -
may consist of two or three separable units (compressor, cryostat, valve
assembly) in which the overall volume is somewhat higher. The Solvay or
Gifford-McMahon unit, on the other hand, offers greater flexibility since the
cryostat is quite small and can be more easily integrated into a cryogenic
systen, while the vompressor can be mounted in a remote location, connected

to the cryosfat only by the gas supply and return lines.

- Ao b g
U un_&_umc Qaoa Were G

volume vs power input. The result showed excessive scatter. A more successful
correlation is shown in Figure 3-77 which shows the system density as a func-
tion 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 bs due to the greater use of lightweight materials such

as aluminum in place of the more commonly utilized steel.

2. The lightweight Stiriing 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 cther

units.

LOCKHEED MISSILES & SPACE COMPANMY
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3. The aata appear to show a reduction in density with increased weight. -
A possible explanation for this is that the larger units were spsci-
fically intended for terrestrial use in which the design goals were
ease of installétion and servicing of components. A greater potential

for volume reduction therefore exists for the large units.

It is suggested that in the absence of betier volume data for a unit the two
density lines shown 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 3-77 in the absence

of more specific data on units.

3.6.7 System Volume vs Cooling Rate

Figures 3-78 and 3-79 present the curve fits for specific volume as a function
of cooling rate at 20°K and 77°K for the cycles considered. The general
character of the curves is again similar to the COP end weight curves. The
volume curves represent the largest uncertainty of the various parameters and
a subatantial reduction in volume should be obtainable with prbper design
fechniques. Most of the units have provisions for either air or water cooling ’
included in the volumes, which may be eliminated, or at least reduced for

space application. T

-

3.6.8 System Volume vs Temperature

Figures 3-80 and 3-8l present a cross plot of the data for specific volume as
a function of temperéture at cooling rates of 5 and 100 watts. The same
generai considerations govern the character of these curves as for the COP and

weight data.
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(Flight Dynamics Lab)

AFFDL (FDFE)

Wright-Patterson AFB, Chio L5433
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San Carlos. Calif.
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Section‘ b

FAIIURE CHARACTERISTICS OF REFRIGERATORS

h,1  INTRODUCTION

The inclusion of a refrigerator ass an essential component of a space vehicle
will reduce the operational reliability of the vehicle, since the refrigerator
religbility will inevitably be less than 1.0. In order to make a quantitative
assessment of the overall reliability of the space vehicle a figure must be
assigned to this relisbility. To determine the reliability one must first
define what is meant by failure, and then cbtain data for failure rate as s
function of time. It is also desirable to know quantitatively how the refrig-
erator falls so as to know how the space vehicle will funcﬁion after failure.
For example, e failure by explosion has a considerably different influence on
the system than a feilure due to reduction of performance to an unsatisfactory

? .

level.

Failure rate data may be generated by two principal techrnidues. - Failure rate

- - o - . ~ LT L K- 3 e ‘e T P
cg2n e precligerel 8T The deslgn stage 1ronm a Lnowiedge O the stress levelts L

i e

the various elements of a machine,;and actual operaticnal performance data for
similar types of elements uséd in other}types of machine. The failure rate
data generated this way will apply to the developed machine and will not ac-
count for the higher infantilé failure rate inevitable with a new device. The
more satisfactory way, and ultimately the only reliable way to obtain failure
rate data, is from actual experience with the particﬁlar refrigerator of interest
operating under load and envirommental conditions identical to those of the
planned duty. At the present time it may be stated categorically that using
this definition there are no . operational failure rate data for spaceborne
refrigerators. However, it is necessary for the spacecraft designer to have
some idea of the lifetime that could be expected from a devéloped refrigerator
of a pafticular type, and so an estimate must be made. Such an estimate must
be based, on the one hand, upon operational data for currently available re-
frigerators in various non-space applicstions and speculation upon how such
systems would perform in a redesigned, fully developed spocellight form; and,

on the other hand, upen the projeched religbility that it 1s hoped will

L -1
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ultimately be obtained from the various spaceflight configured prototype sys-
tems currently being developed. It was hoped that discussion of 1ifetime POS-
sibilities with persons either in the commercial refrigerator business or in-
volved with.the sponsoring and execution of-refrigerator development programs
would :gsult in some reportable consensus as to the development potential of
the vaiiouS'systems for the space application. This was not the case. While
it is generally conceded that fully developed gas~bearing Brayton-cycle systems
will ultimately show the longest lifetimes, there is much disagreement over the
. relative development potential of the closely related family of Stirling,
GiffordebMahon/Solvay and Vuilleumier refrigerators. The writers of this re-
port are obviously less qualified to judge performance potential of particular
refrigerators than those intimately involved with their developmernt. However,
as noted above, an opinion mist be expressed. It is hoped, that the opinion

presented will have some value because of its objectivity.

In the first of the following secticns, the refrigerators are discussed from
the viewpoint of reliebility. In the second section, a brief discussion of
relizbility theory ic presented to show. how refrigerator failure rate data

may be related to a system study.
42 RELIABILITY TERMINOLOGY

The relisbility of a system is defined as the probability that the system will
provide a specified performance level for a specified time in a specified
operational environment. Failure of a system can be due to random effects

such as gradual propagation of background defects, unusually high stress
concentration due to sample-to-sample varistion, or unanticipated excursions

of the environment, etc., which will result in eventual and unpredictable
sudden failure of a component. Failure can also occur by gradual systematlc
wear or other types of degradation of compornents which results in a gradual and
enticipated fall of system performance. It follows that failure can be defined
as a fall in performance below a specified level, either abruptly due to a loss
of system or component integrity, or graduslly due to systematic degradation.
The fundamental informstion needed in order to caleulate the reliability of a
system is the characteristic failure rate, A, of this type of system, 25 a

function of time. The problem of failure can be viewed from at least two
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standpoints. One might be concerned with operating a particular system over
a long period and would consicder replacing worn or broken parts periodically.
replécemenﬁj i.e., the meantime-between failures, MIBF. On the cther hand,
one might be concerned with estimating the useful life of an arbitrary system
chosen at random from many production sampies for which no maintenance or’
repair is planned, In this case the important.information is the average
time to the first failure of a group of systems, i.e., the mean-time-to-
failure, MI'TF., In the case of spacecraft usage it will be assumed that no
maintenance or repair will be possible. Thus, the desired information will
be of the second kind. ‘

The failure rate of systems in a given sample can bz defined in two ways.
The instantaneous failure rate, K(t), is the fractional failure rate at time

1.

t. The average failure rate, A (t), is defined as

Y fracti iginal sample failed al time
A(t) = raction of original sample failed a t 41
t
e .
By definition the relationshin betusen ) and ) is as fallous
1 f ,
= - + ~2
I o }\(t)du &

Téghniques for predicting )\(t) for untested systems based upon the
perforﬁance of similar components or on a knowledge of the stresses in the
individual components have been devised. However, in the final analysis
failure rate data should be obtained by ob§erving the bshevior of actual

gystems in the operational environment,

Once A(t) is known, the number of systems from a given sample remsining
“
operative at time t, denoted by N, is obtained by integrating the failure

rate equation

- an

il A(t)N 4-3
N rt 0
No = exp jo A(t;at/ b4,

I G 3 e 3

NO is the number of systems at sero time. { A{t) is assw

to be finite at zers time).
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The probability that a system will still befoperative a time t is the relia-

bilify R and is equal to the fraction of components that remain at this time
t
- e
N
No (4-5)

The average lifetime of a component or mean-time-to-failure, MITF, is a func-

tion of time and is given by

MITF = -—
A(t) (4-6)
The MIFF defined by equation 4-6 is useful in that it expresses reliability

‘in terms of a time quantity which increases as reliability incresses.

k.3 FAITURE RATE PATTERNS

Most engineering systems show failure rate patterns similar in general form
to Figure 4-1, known as the "bathtub cwve". At early times 3 (t) decreases
ith time, rellectioy Ivlant morislity or the weeding nut of systems with
material, mamufacturing, and 1nspecc}on faults, etec. These faults may be
eliminated before service by ihspection and by a running-in period. The
failure rate then tends to flatten out to a value more or less constant with
time. During this period failure occurs randomly. If some components are
subject to wear or other processes of degriadation, then at extended times, the
failure rate will begin to rise once more. Most systéms incorporate scme de-
gradable terms. It has become common engineering practice to admit this fact
'at the design phase and to concentrate wear, etc. on a few inexpensive easily
removable components which can be replaced at a time just before A(t) begins
to increase. The failure_rate;can thus be maintained at a constant level for
an indefinite time if periodic replacement of degraded parts is permissible.
For terrvestrial systems subject to wear it isusual to quote the system relia-
bility as MIBF with preventive meintenance. It is importent to bear this fact

in mind when considering space gpplications.
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It has been found from experience that the reliability of many engineering
systems can be expressed satisfactorily by the so-called Weibull distribution.
It is inappfaériate to become involved in the fallure theory in the present
coﬁtext. However, the Weibull failure rate distribution function is a simple
expression which can be made to represeht infant, constant, and adult failure
-rates by the variation of a singlevparameter. The function is thus useful in
making a point that the form of the variation-of failure rate with time is
very important in determining reliability figurés from mean time to failure
data. The Weibull failure distribution function is: '
M) =2 &7 (4-7)
tc
where t, and b are constants. +t. is the characteristic life and b 1s an
exponent whose value can be modified to express thg'different types of time
dependence of A. If b is less than uﬁity, A(t)lfalls with time, giving
the infant mortality curve. If b 1is equal to unity, ) is constant, and if
b is greater then unity, the rising or adult mortality curve is cobtained.
These types of behavior are shown qualitatively in Figure 4-2a. TInlegretion
of Equation 4.7 gives the relisbility.

R(t) = exp | - (t/%,)°] (4-8)

The reliability of a given system cannot be prédicted until failure rate data
are obtsined and plotted on special log-log versus log graph paper to find te
and b. However, for the purposes of thisireport, an estimate of the form of
failure rate data can be made in order to show trends and permit the mzking
of rough order of magnitude approximations. Figure 4~2b shows qualitatively
he inecidence of failure, F, plotted against time for several values of b.

F is given by

F = A+) R(t) (4-9)
Figure 4--2a shows that values of ©t greater than unity correspend to an adult
mortality rete such as would be expecled from the wearing out of besrings and

seals. 1t csn be showan for B>l the time at which F iz a mazximum, ig
. 7w TV
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given by

| b, = b, = (4-10)

Systems which fail due to random effects such as mechanical failure would have
b= 1. Figure 4-3 shows R(t) equation 4-8 plotted for values of b of 1.0 and
'3.44. The value of b = 3./4 is shown solely because it gives a symmetrical

curve for F, It has no experimental significanée.

The ordinate of Figure 4~3 is the ratio of MITF te operating life, which has
been termed the "life ratio" for brevity.

For the case of b =1, tm and tc are identical and the MITF of the system is
equal to tc. For b = 3.44, the MITF is equal to tm’ It is noted again that
the figure 3.44 was selected solely to demonstrate the influence of b. In an
actual case b must be found from experimental data. The curves illustrate the
point that if failure is due to wear rather than random effects, then a higher
reliability can be predicted for a given life ratio for times less than the
MITF, but lewer celisbility at higher 1 imee. Pfactical.systems are gener-
ally subject to infant, random, and aduvlt types of failure, and it is to be
expected that a practicel failure rate egunation should include at least three

]

components, as follows:

3 .
b, b, -1
i i
Alt) =Z — ¢t (h11)
i=l Te.
i
by < 1
bo e 1
b3 > 1
4T
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4,3.1  Use of Redundancy

In order to increase the probability that the service demanded from a system
for a'giveﬁJ;eriod is obtained, redundént systems can be used. In the cooling
situétion parallel redundancy in which more than 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 be excessive. Series
» redundancy, houever, appears to offer a very siénificant increase in reliabiiity.
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 4-3. Suppose an operational lifetime of 4,000 hours
is required from a unit whose MTIF is 4,000 hours. Using the curve for b= 3.4k
a reliability of C.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
MTTF unit on & 2,000-hour task is found té be 0.95. Since both must coperate
to perform the mission the overall reliebility is 0.90. Such an analysis is
somewhat oversimplified, but an approximate comparison of multi-unit systems

can be made in this menner.

L.h  FAIIURE RATE OF REFRIGERATORS

A refrigerator is basically a reversed heabt engine, and its construction is
essentially similar to that of gas compre%sors and heat engines. More care

must be taken with the thermodynamic design of a refrigerator than a prime mover
if a respectable efficiency is to be gained, but the mechanical features of
motors, seals, and bearings and rotary or positive dieplacement expanders and/or
compressors are generally comon to both. This family of devices usually em-
ploys bearing and sealing features which are subject to wear. The wear is con-
fined to components which can be replaced with little effort. Wear is generally
" minimized by the use of liquid lubricant between rubbing swrfaces. Continuous
reliable opération of these devices usually requires maintenance of optimum
lubricant quality and periodic replacement of wearing parts. The life of such
devices is usually specified as a cevrtain number of hours, provided the neces-

sary periodic maintencnce is performed.
4~-10
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For the general family of thermodynamic machines with wet lubricated surfaces
and seals, the following general order of maintenance-free lifetimes can be

expected.

Prototypes; small, heavily loaded high-speed machines 30 — 300 hrs

Aircraftfaﬁd automobile engines, compressors, many
types of "average"-sized machines S 300 —3,000 hrs

Simple, large, slow, conservatively designed, gener-
ously lubricated machines 3,000 ~30,000 hrs

* Conventional refrigerators of small to average size designed using conventional
bearing and seal techniques would fall within the second category, and would
thus be expected to have lifetimes of the order of 300 to 3,000 hours if re-
frigeratdr technology is, on the whole, as well developed as other forms of
thermcdynamic devices. This is, in fact, the case. It may be cobserved, there-
-fore, that long-lived refrigerators can be obtained by either further develop-
ment or better use of conventional technology, or by using a radically new tech-
nology. The refrigerators of interest to this study fall into one or other of
these categories. The Stirling, Vuilleumier, ané split-gystem Gifford-McMahon
or Solvey refrigerators are currently designed using cpnventional technology.
Refrigerators using gas bearings and operating on the Brayton cycle are being

developed in an attempt to provide the necessary nev technology.

In terrestrial use, most refrigerators are operated with periocdic preventive
maintenance. The reliability of the refrigerators is given as a certain num-
ber of hours mean-time-between-failures, with specified maintenance intervals.
In this context, failure implies breakage of a component. In the spaceflight
application it will be virtually impossible to perfoérm maintenance and a con-
ventional refrigerator would presumably suffer a gradual reduction of perform-
ance with time gs the specified maintensnce interval is exceeded. Failure
-shoﬁld thus be defined as reduction of performance below an acceptable level
either by gradual degradation or by abrupt breaskage or seizuvre. Few data are
available on the degradation rate of urmaintained conventional refrigerators.
Bven if Eﬁey were available, they would he of litile applicability. The use
of  preventive mgintenance is a cost-effectbive manner of providing economical
refrigerators for terrestrial use. It may be assumed that all conventional

bo11
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refrigerators could be designed so as fo reduce the rate of wear on those.
components whigh are normally replaced during terrestrial maintenance. The
conbrbversy”gﬁrrounding thé suitability of applying éonventional technology
refrigerators to space use lies in assessing What the ultimate performance

and reliability of these redesigned refrigerators would be.
holh.1 Conventional Technology Refrigerators

The Stirling, Vuilleumier and split-system Gifford-McMahon/Solvay refrigerators
are closely related, not only by their use of coanventional téchnology, but ip
the actual components required. The original, best developed, and most effi-
cient of these systems is the Stirling refrigerator. The impdrtant features of
the Stirling refrigerator from the reliability standpolint are:

. electric motor bearings and brushes

.. drive train, including gearing and crank mechanism

. lubrication system for motor and drive train

. moving seals between high-pressure working spaces and crankcase

on the working piston(s) and/or displacer drive
. regene;gtor matrix
.  housing '

Tﬁe useful lifetime of these machines is strongly influenced by the moving
geals.' If these seals are not 100 percent effective, contaminants such as
lubricant and desorbed gas can migrate into the working spaces and can plug
the regenerator or bind moving parts by co?densing in the colder regions.

The migraﬁion rate could be lowered by lowering the crankcase operating pres-
sure, but this will increase the stress in the seals. Assuming that conven-

tional seals (i.e., less than verfect) are used, the problem can be minimized

by using dry lubrication in the crankcase, and by taking special pains to bole

of

out the components within the crankcase before assembly to reduce oubgzsging

€

L ot
S FENREY

The use of dry lubrication will result in a shorter lifetime for the ke
The crankecase can also become contaminated by wear particles from the meiar

A R a Y Y

brushes. A typical Stirling refrigerator can thus be subject to periorrnnoc
gyt :"_f’ -

degradetion due to regenerator contamination, wear of seals, wear of Lrushes,

or bearing failure. Other modes of failure are possible, of course, St
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structural failure, electrical insulatbtion bfeakdown, etc., but these are far
léss likely to occur. Stirling refrigerstors are generally operated with
routine preventive maintenance, which includes replacement of the brushes,
replacement of the contaminated working fluid,‘and bearing and seal replace-
ment. There are no comprehensive data available upon the maxinufi allowsble
time between maintenance ts prevent & “substantial" degradation‘innperformance.
Discussions with manufacturers of Stirling refrigerators suggest that this
period may be &as low as 300 hours for spall refrigerators e the capacity cf

1 watt at T7°K to more than 4,000 hours for l@rger size ﬁnits of 100 watts at
20°K. The time between maintenance of d-Stirling refrigerator can clearly be
extended by the development of suitable brushless mobors for those units which
‘operate on DeCo, and the use ofrpbsitive seals,'suéh as the rolling diaphragnm,
which would permit the use of a wet crankcase lubricant. Both these areas are

currently being investigated.

1 .
A Stirling refrigerator can fail graduslly due to regenerator or seal degrada-
tion. In this case service will not ceasc when the performence fzlls below the

raquired lavel. me refrigeration will eomtinue ta he nrovided. The refrig-
erator could fail due to internal mechanical breakage on seizure, in which case
no harm would be done to surrounding systems, but service would stop and the
refrigerator would act as a passive heat leak. If the outer housing fails,
some damage may be caused to‘adjacent systems, but this is unlikely since the

working fiuid is inert and housing failure is not likely tc be explosive.

For the purposes of this report it is necessary to estimate the reliability

that might reasonably be expected from a specially built, extensively tested
Stirling refrigerator utilizing the best in current and near-future technological
developments. It is suggested that the following figures for refrigeration in
the range of 5 watts at 100°K %o 100 watts at 20°K be used as indicated in the
table below. -

Lifetime 6f Stirling Refrigerators (Estimated)

5 watts at 100°K 100 watts at 20°K
Optimistie 2,000 6,000
Conservative ©1,000 3,000
ho1g



For better information on z specific application, it 1s recommended that a
2

refrigerator manufacturer -z contacted.

The Gifford-McMahon and Scivay refrigerators are related to the Stirling re-
frigerator as follows: Trz compressor is detached from the expander and two
sets of valves are used to isolate their operation from each other. The com-
pressor/caﬁ.be located at zome distance from the expander, gas being supplied
via long connecting lines. ‘The compressor is generally oil-lubricated and
entrained oil is removed from the compressed gas stream by a simple filtering
system in the delivery line. The operating speeds of the compressor and ex-
pander can be different, und one compressor can be used to drive several ex-
pandérs. Those features of split-system refrigeration which influence the

degradation of performancc are as follows:

. Compresscr and expander drive motor tearings and brushes
. Iubrication system for compressor and expander drives

. Moving seals on compressor piston and expander drive

. Drive train on compressor and expander

.  Regenerator matrix

TTvaed ey
. dededd VAN b o oty

These.features are of the same type as those on the Stirling refrigerator.

The qualibative comments regarding the influence of the failure mode on adja-
cent systems that were made for the Stiriing refrigerator apply also to the
split systems. However, lhe presence of an unidirectional gas flow in the
supply lines permits the use of oil and particulister matter filters which both
protect the expander and pérmit the use of an oil-lubricated compressor in
terrestrial applications. The compressor can therefore be expected to have a
longer lifetime. The use of different operating speeds permits uses of a slower
moving expander with corrospondingly longer seal life. The presence of valves
adds a source of wear, bul the time between valve replacement can be made as
long as that for the other wear components. The result is that for small size
refrigerators manufactureys are able to specify times between maintenance cf
about 3,000 hours. This rainbenance interval is based upon the requirements

of the expander. On the svaceflight application; the coil-lubricated compressor

cannot be used, and dry-.uiricated comprassors must be developed. A dry-lubricated

L1k
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compressor is essentially similar to the working piston and drive mechanism

of the Stirling refrigerator, and the same comments regarding motor, lubrica-
tion, andvseéié can be made. The compressor sould be a somewhat simpler device
butinot markedly so. The best of currently available dry-lubricated helium
compressors have times between maintenance of about 2,000 ~ 5,000 hours. These
.compressors are well past the prototype stage, but have not yet had anything:
approaching the usage of the oil-lubricated compressors. This suggests that

in the range of cooling powers of interest here; the expected lifetimes of fully

developzd spaceflight-qualified refrigerators should be in the following ranges.

Lifetime of Split System Refrigerators (Estimated)

5 watts at 100°K 100 watts at 20°K
Optimistic: 4,000 6,000
Conservative: 2,000 L ,000

For further speecific information, a manufacturer should be contacted.

The Vuilleumier (VM) refrigerator has been developed solely for specific appli-
cations. There is no production history and experience as there is with the
Stirling and split-system refrigérators; The VM refrigerator appears attractive
because it can use a primary source of power, and because it has certain mechan-
ical features which would appear to give it a potentially longer life than the
Stirling'refrigerator. Most VM refrigeragﬁrs have been powered electrically
vhich significantly reduces the thermal attractiveness. Development of this
refrigerator is thus currently based upon its promise of longer lifetime. How-
ever, as in the case of the Stirling and split systems, the VM includes many
wearing surfaces and seems more likely to fail due to degrading processes than
because of abrupt failure. Those aspects of VM design which affect reliabiliﬁy
are as followss

. Drive mobtor bearings and brushes

. Drive btrain lubrication

LOCKHEED MISSH.ES & SPACE COMPANY
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. Moving seals
. Cold end renenerator .

. Housing

Again, the éomments made regarding the impact of failure modes ¢n adjacent

systems apply.

The VM refrigerator can be designed with fully enclosed motor driven by magnetic
coupling, in which case there are no heavily loaded moviﬁg seals. In this con-
figuration, however, the motor and drive train bearings must be dry lubricated.
An alternative VM configuration employs a separate wet-lubricated crankcase
which drives the displacer through relatively heavily loaded moving seals. In
the latter case, brushed or brushless motors can be used. On the first config-
‘uration the VM refrigerator has an advantage over the Stirling refrigerator in
that there are no heavily loaded moving seals, but the drive mechanism must be
dry lubricated. In the second configuration, loaded moving seals are necessary,
‘but the use of a seﬁarate crankcase permits wet lubrication and also permits the
refrigerétor to drive itself by sultably sizing the connecting rods. This will
minimize electric motor loading. waéver, the comments regarding seals applied
to the Stirling refrigerator apply here. The choice bebween configurations
would seem to be based upon whether %ear of the dry—lubricated bearings would
degrade the system performance more or less rapidly than working fluid contom-
iration through the seals from the wet-lubricated crankcase. If a long-life

100 percent effective seal such as a rolling diaphragm can be de&eloped, then
the separate crankcase configuration would appear to be more attractive. In
any event, it appears as if the basic mechanical design choices are‘similar in
kind in both the VM and Stirling refrigerators, although the relative scuteness

-of the problem areas differs.

VM refrigerators currently exist only in prototype form. Accumulated experience

on particular machines does not exceed 1,000 to 2,000 hours.

It does not seem that the advantages which the VM is claimed to have over the
Stirling refrigerator are of first order significance. The differences betwsen

the cystems are not basic, but are of degree of loading on similar componente.

h.16 -
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It is suggested, therefore, that until the VM has been developed to a point
where the advanbtages of the lower degree of loading have been proven, its time
between maintenance should fe assumed about equal to that of a comparable Stir-
ling reffige:atora The estimated useful life of a VM refrigerator designed and

developed for a specific spaceflight mission is, then, as follows:

Lifetime of Vuilleumier Refrigerators (Estimated)

5 watts at 100°K 100 watts at 20°K
Optimistic 2,000 6,000
Conservative 1,000 3,000

It is again noted that the figures given for the Stirling, Gifford-McMahon/Solvay:

and Vuilleumier refrigerators are highly speculative, and are intended to provide

the spacecreft designer with rough order of magnitude information. They have
.been estimated by surveying present technology and making an intelligent guess

as to the general order of magnitude cf lifetimes that could be anticipated.

The figures should be revised at the earliest opportunity by contact with indi-

viduals working in this fheld. No conccnsus cpinion should be zniiclpated; Livw-
ever.
hoh.2 Advanced Technology Refrigerators

In conventional designs of refrigerators, the degradatioﬁ of certain componen%s
due to wear 1s accepted and allowed for. The usefu} life of these refrigerators,
defined as time between replacement of work or contaminated parts, is generally
governed by the life of the wearing parts rather than by mechanical failure.

The lifetime can therefore usually be substantially extended by eliminating
wearing surfaces through the use of gas bearings and aerodynamic seals. Design
studies have demonstrated that the Brayton cyele is more compatible with gas
.borne components than the Stirling, Vullleumier, Gifford-McMahon, and Solvay
cycles, which must use periodic Gisplacement machinery with low void volume.
Development work is being conducted on two different approsches to the exploi-

tion cof gas gearings. COne system developed by General Electric Company and

.
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such machines is relatively well undefstood and the application of gas bearing
technology tqﬁpure rotary‘machines is straightforvard. However, with diminish-
ing~éapaci€§(the efficiency of rotary machinery decreases, and reciprocating
devices become more attractive. Arthur D. I;ttle, Inc., have developed a rotary
free piston device in which gas borne shafts both rotate and oscillate to pro-
vide frictionless expansion and compfession pistons. Rebound forces are ab-
sorbed by gas springs, and power is transmitted to and from the shafts electro-

magnetically.
These systems consist of the following principal components:

. Gas bearings for expander and compressor

. Several electrodynamic devices such as motors, generators,
or linear actuators

. Counter flow heat exchangers

. Outer housing

Gas bearings will fail if mebtal-to-metal contact is made. This can be produced
Uy ¢ leading, or by the intrusion of particulate matter. The bearingé
can be designed for adequate rigidity and dynemic stability, but the random
generation of particulate matter in the system is less easy to control. The
heat exchangers are relatively complex in construction, and present a possible
source of breakage and contamination. The housing i1s a relatively simple com-
ponent but nevertheless would present a possibie source of leskage and stress

concentration.

These géé bearing systems are all in the éarly prototype stage, and no meaning-
ful failure rate data are available. As érobotype systems they will require
very extensive development before their useful life failure rate is established.
However, the potential relisbility of both systems can be assessed by breaking
the system down»into its components and using existing dats for gimilar compon-

4.

nts. Using this technigue, and assuming.constant failure rate (random effects)

14

=0

t can e shown that the MITF of these gas-bearing systems in fully developed

2.,

form, should be in the range of ab least 20,000 to 30,000 hours. This figure is

for developed systems and acsumes a constant failure rate. A case could be argued

Tor the occurrence of infantile fsilure modes Tor this type of refrigerator

.18
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because of its inherent mechanical complexit# in terms of construction details
and consequent difficulty of manufacture and‘inspection. Also, electrical com-
ponents can degrade with time and there is the problem common to all very low
temperature éystems of leakage of the working fluid. Thus, the quoted MITF
figures are at present no more than speculative. No prototype system has run

more than a fraction of these times.

It is possible for the performance of these gas-bearing Brayton-cycle refriger-
ators to suffer a loss in performance below specified level by gradual degrad-
ation due to contamination of loss of working fiuid. It seems more likely, how~
ever, that most failures will be abrupt, due either to purely random effects or
to *the contamination eventually becoming sufficient to feil the gas bearings,
Even though mich larger forces are invelved in thesé systemg than the Stirling,
Gifford-McMahon/Solvay and Vuilleumier refrigerators, explosive failure does:
not seem likely. The impact of failure upon adjacent systemsbis thus likely

to be abrupt loss of service while the refrigeration system becomes a passive

heat lesk intoc the propellant tank.

4.5 DISCUS

It is not possible to provide paramet%ic reliability data for spaceflight ap;
plication. It is difficult even to provide typical data for existing systems
which are relevant to the space application. The intent of this section was to
cutline the general state of technology as it applies to spaceflight applica-
tions, and to indicate to the spacecraft designer the order of magnitude of
lifetimes that might be expected from different types if they were subjected

to an extensive development program. Some degree of oversimplification was in-
treduced in order to avoid overall confusion. Specific refrigeration informa-
tion relating to a particular missicn may be gained by contacting manufacturers.
It is hoped that enough information has been presented to permit the formla-

‘{ion of intelligent questions.

Practical refrigerators have been grouped inte two categories for reliability
discussion purpoces. The Vuilleumier refrigerator has been developed relative-
ly recently as part of a general U.S. Alr Force-funded program to develop loug-

life refrigerators, which has included the gas~bearing systems. It bears a

4~19
LOCKHEED MISSILES & SPACE COMPANY



IMSC~A981632

closer family resemblance to the Stirling and Gifford-McMahon/Solvay systems,
however, and in the first instance its performance should be measured against

these systems.

It is not_thé‘intent of this section to pass judgment on the relative merits
of diffefént.refrigeration systems., Obviously this cannot be done with present
information. It is realized that the proponents of particular systems may take
issue with the quoted figures, but such issue must be based on potential,
rather than actual, performance; and the spacecraft designer must be provided
'wiﬁh rough order of magnitude data with which to make the larger decision of

whether or not an active system is desirable.

Sufficient relisbility theory has been presented’tovindicate the type of relie~
bility data that must be obtained before an estimate of mission reliability can
be msde, It was shown that the nature of the variation of failure rate with

time is of critical importance in determining this reliability,

4~20
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Section 5
THERMAL ENVIRONMENTS

5.1 DEFINITION OF THERMAL ENVIRONMENT PARAMETERS

The objectlive of defining psrameters describing refrigerator system thermal
environments is to enable the system deslgnsr to maske rapid preliminary
estimctes of average spacecraft surface temperaiures and rediator hest re-
Jection limlts for a range of possible missions. For the purposs 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-~
-gorbed heat fluxes for three mission groups. These groups are planetary
orbit operations, Martian end Lunar surface operations, and desp space

operation, such sz translunar or trensmertian flight.

The environmental parameters for these cases can be derived by considering

the definition of the average net heat filux radiated by a surface in gpace

ufr on oap aiviess plenelary suwcface, A goeoeral sipression for Whis guanti iy
may be written i
Net radiated _ Emitted Absorbed Solar Net Absorbed (5-1)
Flux Deunzsity Flux Density Flux Density Plesnetary or
Lunar Flux
Density

where the flux densities are regarded es steady-state values or are éverageé
over an appropriate time intervsl (such as an orbital period for an orbiting
vehicle). It has been assumed that no thermal interchange occurs between

the surfaqe in question and other portions of the spacecraft. Symbolically,

equation (5-1)can be writtsn

et
____Anet = Gy 4 _ Gy - Gp, Watts/th (5-2)
af
where
op = oe, {5.-3)
5.1
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Gy = agFGy -(5-4)
and
Gp = 0€IF§Té for lunar or planetary surface (5-52)
operation
= 3 a F
Gp 1P * %afPaCs  for orbital or near- (5-5b)
planet operaticn
" where
6 = Stefan-Boltzman Constant = 0.5267 x 10~8 W/Ftik%
€1 = Infrared Emlttance
ag = Solar Absorptance
Fg = View Factor for sclar radiation
Gg = Solar Irradiation flux density, W/Ft?
Fp = View Factor to planet surface
Tp = Planet temperature, %K
Rp = Planct Infrarcd Radicsity, W/ Fi~
FPS = Time Average view factor for planet-reflected
solar radiation
Pp = Planet Albedo

An upper limit of 500 W/Ft2 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 s known surface temperature, or the equili-

brium surface temperature 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
from the sun). The view factor to the sun for a flat surface is the cosine
of the angle betwsen the outward normal to the surface and a line to the
sun, The view factor for curved surfaces is the ratio of ths arsa projected

in the directlon of ths sun to the totel surfacs area., The solar irrediance

ALOCHREED MISBSILES & SPACE MTARNY

)
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is given by

Ce = =12~ , W/rt? (5-6)
P

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

Values of solar absorptance and infrared emittance are tabulated in Table
5-1 for a variety of materials. Also shown are valucs of thsse propsrties
after vacuum and simulated solar radlation exposure for 1000 equivalent sun
hours (ESH).

5.3 PLARETARY HEAT FLUX

Eveluation 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 ususlly straight forward.
View factors from vertical and herizontal surfaces to an adjacent lunar or
planetary surface are shown in Fig. 5-1. View factors to a hill and to &
crater are plotted as a function of elevation angle to the top of the hill
or crater. The hill is assumed to be of infinite extent in the direction
parallél to the vertical side AV of the vehicle. The crater is assumed to

be circular, surrounding the surface AV.

In order to determine Gp for a radiating surface passing or orbiting near

a planetary surface the terms in (5-5b) must be evaluéted, The view factor
from a flat surface to the visible portlon of a planet, Fp, can be evaluated
psing the data of Ref. 5-1. Referring to the geometry illustrated in

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

i

1. FEntire Planet Visible from Surface

4
For this case 7.\*"?’ = =5, where

A= Angle between surface normal and & line to the planet

center
¢ = gin(R/H)
R = Planet radlus
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H = Dlstance from plenet, center to spacecraft gurface

The view factor is given by
= (B
o= (g

2. Part of Planet Visible

For this cass

I o_ s +
and the view factor is given in Fig. 5-2.

.Average values of planetary radius, surface radiosity, and reflectance
(albedo) are given in Table 5-2 for Earth's moon and the planets. Also

showvn in Table 5-2 are slUrface temperature ranges for each of the planets.
Values of lunar surface temperature are shown in Fig. 5-3 as a function of
sun elevation 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 1s obtained by integration of an instantaneous view factor.

Thus,

27

- 1 r

Fog = 7o [ Fpg (€)dO (5-7)
0

where @ is the orbit position angle measured as shown in Fig. 5-5.
The value of the view factor Fpg (6) may be approximated by the relation

Fpg, = Cp cos B~ cos® (5-8)

where f§ is the angle between the orbit plane end a line to the sun, and CR
is a reflection coefficient given in TFig. 5-6.
5.4 TEMPERATURE OF NEAR-EARTHE SATELLITES

ented by the levels experi-~

(¢}
m

Extremes in irredistion of a satellits are repr

enced on the six sidss of a cube which alwers keeps the seme oids facing the-

57
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Earth, as shown here below., In ths noon orbit 11lustrated, for which thse

EARTH - SUN LINE
2

1L.VERTICAL LEADING SURFACE
2 VERTICAL TRAILING SURFACE
3. VERTICAL SIDF. (FACING SUN WHEN B =90 deg)
4 HORIZONTAL SURFACE TOWARDS EARTH

5. HORIZONTAL SURFACE AWAY FROM EARTH

6. VERTICAL 5I0E (PARALLEL TO 3}

Oriented Cube in Noon Orbit

orbit solar inciéence anglé, B , is zero, the satelliite passes through the
Farth's shadow. As a result the various faces of the satellite are sub-
jected to widely varying incident heat fluxes. When f = 90° (the twilight
orbit, which is elways normal to the Earth—Sﬁn line), there are no time
variations in the incident fluxesl Average orbital temperastures have bsen
computed for sach face of the cube, assuming they are thermally isolated
from each other. These time-~average temperatures are shown in Fige, 5-7
through 5-10, for orbits with g = 0° and 8 = 90° and various orbital
altitudes and surface cptlcal properties.

For a spherical tank covered with high performance insulation, the average
surface temperature can be approximated by computing the aversage of the asix

surface temperatures of the cuba.

LOCIKHIED MISTHILES & SPACE COMPANY
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§
Utilizing the data and methods outlined in this section the average surface
temperature of an insulated tank was computed for several different space

conditions. The conditions and temperatures are shown in Table 5-3.

Table 5-3
' EQUTLIBRIUM TANK SURFACE TEMPERATURES

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

Circular, polar orbit

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

(Tv) 60% Sunlit Orbit - T 204°K {365°R)
(Orbit plane parallel to sun's rays)

Case II -~ Lunar Surface Operation

(ITa) Tunar Noon (Sun Overhead) - T = 330°K (595°R)
(IIb) Lunar Night (Just before dawn) - T = B87°K (157°R)

1

Case IIT - Deep Space Operation ( 2 A.U.)

o

(IITa) Unshielded Tank - T
(IIIb) Shielded Tank - T

-

131°K (236°R)
80°K (144°R)

' 0.10
0.80

External Solar Absorptance

Infrared Emittance

Wo Internal Heat Dissipation

Spheriéal Tank

PaYal’d) - R o = 7 = T al=e ey ALY
LOCKHEED MISSILES & SPATE COMPANY



5-1 .

5-2

5Lk

IMSC-A981632

REFERENCES

Cuﬁhingham, Fo Go, "Power Input to a Small Flat Plate from a Diffusely
Radiating Sphere, with Applications to Earth Satellites,"” NASA TN D-710,
1961. '

Lucas, J« We, et al, "Lunar Surface Temperatures and Thermal Character-
istics," Surveyor V Mission Report, Technical Report 32-1246, Jet
Propulsion Laboratory, Pasadena, California, 1 November 1967.

Lucas, J. W, et al, "Lunar Surface Temperature and Thermal Character-
istics,"” Surveyor VI Mission Report, Technical Report 32-1262, Jet

Propulsion ILaboratory, Pasadena, Californis.

DeVaucouleurs, Ge, "The Physical Enviromment on Mars,” Physics and

- Medicine of the Upper Atmosphere and Space, 0.O. Benson and

H. Strughold, Eds., John Wiley & Somns, Inc., New York, 1960.

Lockheed Missiles & Space Co., "Space Materials Handbook," C. G. Goetzel
and Jo B. Singletary, Eds., Contract AF OL(64T)-673, January 1962.
H



IMSC-~-AC81632

Section A
TANKAGE AND HBEAT LEAKS

6.1  INTRODUCTION

The crjageps will be stored in pressure vessels of various sizes and locations
dependent upon the application. In this study, tank volumes of 20 to 200 ft3
were to be considered and the shape of the tanks were hemisphical domes with

cylindrical midsections. The data presented in this section has been extended

slightly to tanks having volumes up to 280 ft3.

The emphasis has heen
placed on single-walled tanks having multilayer insulation. However weights
have been included for a vacuum jacket shells capable of withstanding 15 psi

erushing pressure.

To aid the designer or planner in computing the entire system weight for
refrigeration ﬁrade-off studies, tank volumes, surface area, weights and heat
transfer have been included. The tank weights afe approximete and are mainly
intended to provide weight increments for the trade studies. The heat rale

to the tanks are based on a reasonable average for a large variety of
multilayer insulations and supports. The heat rates through the multilayer
insulation are based on calorimeter tests and modified by a factor of 2.8 to
account for applications to real tanks. This modification was based on tests
of a 109 inch dismeter ellipsoid hydrogen tank tested at LMSC large cryogenic

vacuum chamber.
6.2 TANK VOIIJME AND SURFACE AREA

The tank volume and surface area have been plotted parametrically as a function
of diameter, D, and length of the cylindrical section to diameter ratio, L/R
The tanks are spherical and cylindrical with hemispherical ends. The curves
are shown in Figures 6-1 and 6-2. These same curves can be used to estimaté
the volume and surface area of a vacuum jacket by simply adding the vacuum
annulus dimension to the pressure vessel diameter aand reading the volume and

area fcr the sppropriate L/D,
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6.3 - WEIGHT ESTIMATE OF CRYOGEN TANKS

Figure 6-3 can be used to estimate the weights of propellant tanks, spherical
or cylindrical with hemispheroidal heads. The curves shown are for aluminum
tanks with a maximum operating pressure of 100 psi and a design allowable

tensile stress of 40,000 psi. The following assumptions were made:

(l) The hemispheres.used to fabricate the spherical tanks and the heads of
the cylindrical tanks are one-plece with weld lands provided for
aséembly. If a gore construction is contemplated, additional 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 account 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, baffles, access covers and

sumps are not included in the weighits shown in the Iigure.

(3) The minimum weight curve is baséd on a minimum Qall thickness of 0.0LO
in. and is shown for aluminum spherical tanks only. The varistion of
minimu weights between spherical and cylindrical tanks of the same
volume is small if it is assumed the cylinder wall thicknesé to be

twice that of the hemispherical heads.

The formulas used to evaluate the tank weights are as follovs:

Ws = 0.785 PP (03 + 3.82 D)
'} .
P 3
We = 0.785 & 2(2)p + b+ 3.82 D°
wvhere:
Ws = Weight of spherical tanks, lbs
We = Weight of cylindrical tanks with hemispherical heads? Ibs
P = maximum operating pressure, psi

6-4

&5
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j

Density of tank wall material, 1b/:'m3

o = Tank wall material design allowable tensile stress, psi
D = Internal diameter of tank, in, .
L = TILength of cylindrical section of tahk, in.

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

When the volume and % 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 an

and material densities other than .101 Ib/in3‘use the following formula:

pa . k0,000 . s

Wa = W(chart) x o ¥ ~om x Lo
vhere:
Wa = Actual weight of tank, 1bs.
pa = Actual tank maximum cpereting pressura, poi
o = Jctual material design allowable tensile stress, psi
Pa = Actual tank material density, Ib/in3

In all cases, but especially ﬁhen the propellent density is high and the

tank is submitted to high g-loads, the hydraulic head has to be added to the
ullage pressure to determine the maximum operabing 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. For preliminary estimates this

term can be omitted.

The tarnk material design allowable tensile stress is the ultimate tensile
stress -of the material in the final formed condition corrected by the

folloving factors:
(1) Safety factor depending on manned or unmanned missions.

(2) fTemperature correction factor depending on maximum end minimum

temperatures of the ‘tank walls.
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(3) Discontinuity factor for thickness variations.

(&) Manﬁ%acturing tolerance factor dictates by the fabrication processes.

(5) Mismatch factor for welds only.
The design allowable used to compute the tank weights was 40,000 psi which
is well below the ultimate stress. )

6.3.1 Tank Support System Weights

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

4.5 g's forward and 1.0 g aft_ and a lateral load of * 0.3 g's.

6.3.2 Baffles

The weight of baffles can be estimated betﬁeen 2% of the tank weight for a
100 psi operating pressure for low density liquids and spherical tanks and

. T ,
10% for high density liquids and long cylindrical tank withAﬁ ratio or 4.
6.3.3 Vacuum Jackets

Figure 6-5 shows the estimated weights of aluminum self supporting vacuum
Jackets for spherical and cylindrical tanks. - The weights are for vacuum

Jackets without reinforcing rings and the following formulas were used:

For spheres: (%)2 = -685 E%

For cylinders: (-]—1;-)3 = K E—;ch

shere;: _

t = Thickness of shell, in.

D = Internal diameter of shell, in.

p = Critical external pressure, psi

Eeg = Com@ression modulus of elasticity of shell material, psi

67
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weight savings can be obtained by incorporating stiffining rings to cylindrical
shelle having Pigh.%-ratios, and by using honeycomb shells, but the weight

evaluations’ﬁ% such designs are not in the scope of this study.

Seme new concepts of flexible vacuum jackets.in which the vacuum shell is
‘alloved to deflect against supports attached to the tank wall or against non-
crushable thermal insulation can achieve still greater weight savings. Data

cn such concepts are not available at the present time.
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 diameter of 19.5 inches and a design maximum pressure
of 150 psi. A handhold access ring and cover with an opening of 8.0-in-dia-
meter. adds about 5.0 1b to the tanks.

6.4 Hest Leak to Tanks

In order to estimate the heat load that a refrigerator system would have to
be desigred for, estimates of heat transfer rates to the propellant tanks
have been made. The heat leaks are generally broken up into three groups:
fhe leak through the insulation; the leak through the supports; and the leak

through lines and instrumentation.
6.4 1 Heat Leak through Insulation

Several insulatioh systems have been under study over the last few years
(References 6-1 and 6-2). For cryogenic tanks in & space enviromment it

has been shown that multilayer insulation is among the better performers.
One of the disadvantages of multilayer 1s the susceptibility to variations
in performance due to compressive pressures and resultant insulation thick-
ness variation for a given number of shields and spacers. In a recent study
conducted for NASA/IeRC (Ref. 6-3) several types of multilayer insulation
vere eveluated. The results of those tests are summarized in Figure 6-6.

t

the ordinate shows the insulation performsnce as measured by a term consis-

e

ting of insulaticon weight and boiloff weight (nssuming 21l heal transfer

610
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Figure 6-6 Total Unit Weight as a Function of Actual-to-Design Layer Density

Ratio for Four Multilayer Insulations
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results in boiloff). The abscissa shows the ratio of the actual to design

layer density. As can be seen, a wideg range of performance for any singie design
condition can exist. A good candidate for insulation performence is a
double-goldized mylar with silk net spacers. It gi&es good performance, as

well as qeléfively low performance variation. Therefore, for estimates of

heat tfénsfer, this type of insulation was selected.

Analytical investigations of double-goldized mylar/silk net,coupled with
empirical data from calorimeter tests (Ref 6-3 ) have been employed to develop

- a relationship for the heat transfer as given by

: k.51
. gp [k37x 10" (n)3-27 mu(Tp-Te) | 6.7 x 1073 (Tyg-T %51y }
4= Ng + 1 Ng
where: '
q = hest rate Watts/Ft2
T - Iayer Density No./in
Ny = DNumber of Layers
Ty = Hot Boundary Temp (°R)
Te. - Ocld Boundery Temp {°R)
™ = Eﬂﬁ%ﬁ&; (°Rr)

This relatipnship contains a multiplying factor of 2.8 to account for the

desradation of the multilayer when it is applied to large tanks. This allows

=3y

or fasteners, seams, and thermal degradation around supports. The value of
2.8 vas determined as a result of thermal tests conducted on a 109-inch-dia-=
meter elipsoidal hydrogen tank in the IMSC cryogenic flight simulator. Util-
izing this equation, heat rates were computed for several hot and cold boun-
dary temperatures and are shown in Figure 6-T7. This curve can be guickly used
to determiné the heat rate through the insulation if the total surface area
“and surface Temperatures are known. The surface temperatures can be estimated
from the procedures and data given in Section 5.0 if the surface is exposed

to the external enviromment. If the tank is enclosed within a vehicle, the
envifonmental condiditions of the vehicle are fequired. To attempt to estimate

the thermal enviromment of the large varicty of conditions that may exist
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within a vehicle 1s beyond the scope of this study. However; in most instances
rough estimates can be obtained by cvaluating the type of equipment that is in

the vicinity of the tank.

Because of the wide spread in thermal performance values assoclated with even
the best multilayer insulation systems, various alternate insulation concepts
have been investigated that will, hopefully, improve the thermal predictability

and narrcw the heat flux performance band.

One concept which is currently being tested b& Lockheed substitutes low-emit-
tance, 80-micron, hollow glass spheres for the multi layers. The major idea

of the concept is to contain the spheres in a flexible vacuum Jjacket design

éo that compressive pressures imposed by atmospﬁeric pressure and self-compres-
sion due to gravity during groundhold will markedly decrease and approach zero
in orbit. The sphero acting like an incompressible fluid, will have minimal
contact pressure in the welghtless environment of space, reducing the solid
conduction hcat component to a low or negligibie value. (The hard, perfect
spheres conhach-emch aother only at a point under the low forces associated with
orbital drag, on the order of 10-6 g, or electrootatic forces.) It is expected
that the solid conductbance component of the spheres will decrease on the order
of J_O)+ for a decrease in compressive load of 106 (i.e., from L g to 10-6 g).
This reduction indicates the solid conduction value will be negligible in a
weightless (10'6 g) enviromment. Heat transfer is then governed by radiation

assuming sphere movement (convection) is minimal at low-g.

ther potential advantages of the system, such as high compressive strength
(for flexible vacuum jacket use) are shown in Table 6-1. The thermal predic-
tability value of £ 10% shovm is based on the estimated accuracy of IR trans-
mittance measurements that are ourrently being made (solid conduction heat

- transfer is assumed to be negligible).

Since this concept has not been developed to the extent that multilayer insula-
tion has, it is recommended that the heat rate given for the multileyer be used

for refrigeration tradecff studies.

6=14, "
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TABILE 6-1
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-TYPICAL PROPERTIES OF ALUMINIZED, LOW-EMITTANCE MICRO-SPHERES

Thermal Conductivity, BIU/hr ft°R %
530 to 140°R, 1-g, nc mechanical load
(Based on flat plate heat transfer test)

40O to -40° R, 0-g, no mechanical load
(Based on IR transmittance tests,

0 solid conduction assumption; additional
work will be done to optimize sphere size)

Thermal Predictability

Isotropic (no thermal degradation

at penetrations)

Min. Bulk Density. 1b/ft3 (commercially
available; lower densities can be cobtained
on a development basis)

Maximum Temperature Capability, °F

Meteoroid Protection

Compressive Strength psi
(Compressive Vacuum Jacket Appllﬂatlon)

Cost Dollars/1b

Installation Complexity around
Complex Shapes (supports, plumbing)

Compatible with O, or Hy leaking
from propellant tanks

Nuclear Radiation Threshold
Damage Level rads (c)

sk

9 x 1072

1.k x 1077 ,
(Prelim. data)

t 10% (estimated)

Yes

L
900 (higher if gold
is used)

Excellent
(approximates theo-
retical optimum of

a powder)

> 500
10

Low

Yes

55 x 108

Aluminized sphere samples with a bulk density of 10.9 lb/ft3 vere
tested. Lower density spheres will be tested later.
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6. 4.2 Heat Leak Through Supports

Simple relationships can be developed to estimate the heat leak to a cryogen
tank by compuﬁing the crossectional area required for the tank supports and
estimating the solid conduction heat transfer. However, this approach gener-
5lly results in much lower heat leak than is.actually obtained in tests or as
a result of detailed énalysis which takes into sccount the radiation terms
and the strut detail design and length. Therefore, several studies and tests
performed over the years have been utilized to estimate the heat transfer to
the cryogen tank. The data have been reviewed and normaliied o 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

low heat leak support. For each case the design conditions include require-
ments for launch and ascent loads. The data 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

] - g N EN
ToUnah .

nydrogen aewav thah,; Aug o the nature of the dssign, required the supports

l2sign, req
to be short compression members. This resulted in more than an ordsr of mag-
n;tude increase in heat leak. Point 5 is a design for a cryogenic gas supply
s&stem.where the supports- were designed for oxygen loads due tocommonality re-
qQuirements. The point shown is for the case where hydrogen is used in the
storage vessel, and therefd:e the heat lesk per pound of hydrogen is high.
Point 8 is for a propellant tank installat%on 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
vere &t a low temperature during steady-state operation. The combination of
the good design conditions, mission profile, and the heavy propellant, gave

a2 Jow value of heal leak per pound of cryocgen.

It ie suggested that for preliminary design estimates the curve shown in Fig-
ure 6-8 be used. For small hydrogen tanke, or for unusual design constraints
the hea® leak should be increased by as much as an order of magnitude, depend-

% upon the installastion.

i
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i
i

6.4.3 Heat Ieak through Lines and Instrumentation

The same scurces of data that weré used to get the heat leak caused by the
supports were used to get the heat leak caused by the lines and instrumenta-
tion. The term "lines and instrumentation” is used to include all sources
of heat other ehan those caused by supports and insulation. However, it
does not ineclude the heat generated by the instruments themselves. A con-
siderable smount of spread exists in the data as shown in Figure 6-9. This
points up the fact that every design will have its own peculiarities that
must be analyzed if a detail design is to be performed. However, to obtain
rapid estimates of heat leak into the tank, the curve shown in Figure 6-9
can be used. The designer may want to adjust fhe‘heat upwards or dowvnwards
by an order of magnitude, depending upon his detail or peculiar design re-

quirements.

6-19



LMSC~A981632

000¢00T

UOTIBIUSIMILSY,, PUB SouT] YSnoIy] ¥so] 4BeH

‘qQT = CHDIEM NIDOZXHO

000°0T

000T

00T

6-9 eandyy

0T

LEE LIS B ¥

i

AAREOL
0t

o~

LIRIR 3 )

Q
3

Ty

¥

H

L ICE ML

1

3 3 s

SNOILVTIVISNI
LSOW ¥0Jd dELISIODAL-

Ua

O

1

I O 4

@C‘\

©

P00

T000G"

1000’

100"

20

Y

Oy

MY

FA

B COM

PAC



6-1

IMSC-A9B1632

REFERENCES

NASA-CR 54879, "Thermal Protection System for e Cryogenic Space

eraft Propulsion Module™, Final Report lor Contract NAS3-L199,

Lockheed Missiles & Space Company, November 1966

IMSC K-17-68-5, "Investigations Regarding Development of a High-
Performance Insulation System™, Final Report for Contract HASH-

20758, July 1968

NASA-CR 72747, "Thermal Performance of Multilayer Insulesticns",
Final Report for Contract NAS3-12025, Lockheed Missiles & Space
Company, February 1971

L, Storability in Space Propulsion Vehicles, Tockheed Missiles
& Space Company, IMSC - 635104, 14 March 1968

IMSC K-11-68-1K, A Study of Hydrogen Slush and/or Hydrogen Gel
Utilization", TFinal Report for Contract NAS8-20342, Supplemental
Program, Lockheed Missiles & Space Company, October 1968

Advanced Maneuvering Propulsion System. Lockheed Missiles & Space
Company,  IMSC-A960593, 31 January 1970

Cryogenic Gas Storage System. Lockheed Missiles & Space Company,
IMSC 699613, 26 May 1907

Propellant Selection for Unmanned Spacecraft Propulsion Systems.
Lockheed Missiles & Space Company, NASA CR 105202 NAS W 1644
15 September 1569

Improved Lunar Cargo and Personnel Delivery System. Lockheed
Missiles & Space Company T-28-68-4 28 June 1968

6-21



LMSC-4981632

Section 7
HEAT REJECTION SYSTEMS

7.1 INTRODUCTION -

A signifiéant portion of a cryogenic refrigeration system is the heat rejec-
ticn system. The overall efficiency of the refrigerator at cryogenic tempera-
tures tends to be low and therefore a considerzble amount of heat mist be

rejected from the system.

Two basic methods of rejecting heat from the refrigeration system are
generally available. One is to reject it to other components or cryogens in
the spacecraft, vehicle, or storage complex, The other method is to reject
it to space. In order to evaluate the techniques of rejecting heat to other
elementes of a space vehicle or base requires considerable definition of the
vehicles and elements themselves. Because of the large number of potential
future applications and the large variety of srrangements that each vehicle
may have, the task of defining the systems and regnirements ﬁas heyond tha
scope of this study. Therefore, no atteﬁpt was made to integrate the
refrigeration system heat rejection requirements with the heat absorption

requirements of other elements or systems.

The effort in this study was concentrated on the technigues of rejecting
heat to space. A radiator system design was analyzeé in some detail and
procedures presented for compﬁting radiator area and weight. This was done
for a standard fluid circulation radiator and for heat pipe systems. An
evaluation of heat pipe design procedures was conducted and methods of

estimating performance and weight are also presented in this section.

The designer can utilize the material in this section along with the msterial

in the other sections to estimate overall system weight and performeance.

As a fivst estimate in defining the applications and usefulness of a
refrigeration eystem for space application where the heat is to be rejected

to other system elemsnts rather than to space, the deesi

o3

ner can utilize the

oo
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elements in this section and substitute heat exchanger element in place of
the radiator.

-

In order to ‘éstimate the heat rejection system characteristics the heat

rejection 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 = de

Power Input a

The required rate of heat rejection is then

@ = q,tw = q_ (1 COP)
cOP

for mechanically powered refrigerators. For heat powered refrigerators,

where 9 is the rate at which heat is supplied to the refrigerator. Values of
60p¢.for a variety of refrigerators and conditions have been presented in

Section 3.

7.2 RADIATOR DESIGN
7.2.1 Preliminary Design of Radiators for Space Operation

The preliﬁinary design procedure presentedibelow 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
between coolant ducts is trapezoidal or rectangular and that no change of

phase occurs within the coolant ducts.

7.2.1.1 Performance Analysis

A section of radiator using tapered fins is shown in Fig., 7-1. At the
entrance to the radiator the fluid wall temperatures are TFl and TWl’

respectively; al the exit the corrssponding temperabtures are TV2 and va'
N £ <
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Considering a differential element of length, 4L, the heat
i

rejectod ta spunew
from both sides of the radiator is (Ref.f7~1):
i
4‘ ! li- -~ . frz 13
a = By | (G -0t p 20T ] & (-1

Where FR is a factor accounting for radiant interchange betwenn the coclnni
duct and the fin, Q is a fin effectiveness factor, and GE’ Gp und G &rs

envirenmental factors defined in Section 5. If an effective exchenger wideh

is defined as -
2 &?LH
g = Fg |t * (¢, +G.) |
: 1- A P’ |
BW
Equation (7-1) can be written
dq = P ar )
q = (GE - UA - GP)LE L (7"3/
The heat transferred from the fluid to the duct wall can be written
a = -
1 P h(Tp- T,) dL (7-4)

vhere D is the perimeter of the duct erass—saction and h 48 the heat +transfar
coefficient. Solving Equations (7f3) and (7-4) for Tp and differentiating

the result yields

kg 1. -
- . _EE 33
dTp = (l T o fw) ATy (7-5)

The heat given up by the fluid to the walls is

da = -
4 e (7-6)

Setting (7-3) equal to (7-4) and using Equation (7-5), we get

4 . Wogly 5
(Ggr, - G, - GP)LEdL = -_chPF L+ 55— Ty ety (7-7)

\
Equation (7-7) can be solved for LH if it is assumed that Gp, G, Gp and LF
are constant throughout the length of the radiator, Integrating Eguation

(7-7) over the radiator length gives



r
WrCp |
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(7-8)

where iﬁ is an average value of LE over the length of the radiator,

. ; 1-Gy
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n-diators having a single active surface can be evaluated using the same

Ra

equations provided the environmental factors are properly defined. For a

B i e
Ll 3

tuo-side&*féﬁiator-havihgvgifferent emittance values-on- each side,
* \i‘__ & Y @

- i

ﬂGE = & ( ept EB">

and Gy + G? is the heat flux density from the environment reaching both
surfaces. However, for a radiator having a single active surface (one side
insulated) a vélue of zero is used for the underside surface emittance, €,
and Gy + Gp 1s the environmental heat flux density incident only on the
active surface. For a radiator whose underside is insulated the insulated
portion of the coolant duct may be near the local fluid temperature. In
this case the effective wetted perimeter of the duct must be modified to

sccount for the reduced rate of heat transfer.

7.2.1.2 Design Charts

A solution to a preliminary design pr&blem can be obtained from Famations
(7-3), (7-4) and (7-8), providing required values of the environmental

parameters and heat exchange factors are available., The values of the en-

vironmental parameters Gg, Gp and Gp are obtained as described above and
Section 5. For coolant ducts or tubes of relatively small diameter the
interradiation correction factor Fp can be sef equal to one. For large
diameter tubes the curves shown in Fig. 7-2 can be used. The profile number

shown on the abscigsa is defined by Equaﬁion (7-14):

R
B wﬁ H {7-1%)
K Sy

+d
1

where 0y is the fin root thickness and K the fin thermal conductivitby.

17

771
(RN

ues of- the fluid-to-wall heat transfer coefficient, h, can be obtained
from Ref. 7-2 for a variety of coolant duct cross-sections. TFor circular
‘ubes a nomogram can be used to obtain the value of h. This nomogram is

fauwn in Fig, 7--3. Values of fin effectiveness can be obtsined from data

b

LOCKHEED MISSILES & SPACE COMPANY
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presented in Ref. 7-1, These data give fin effectiveness as a function of

thickness ratio, 6g/8y, where

5H o= fin root thickness
and

)

1l

c fin tip thickness

Data from Ref. 7-1 for trapezoidal fins with thickness ratios of 1.0 (rectangu-
lar profiles), 0.75, 0.50, 0.25, end 0.01 {approximately triangular) are shown
in Figs. 7-4 through 7-8 for a wide range of environmental parameters., Lines
indicating minimum weight profiles are alsc shown. As pointed out in Ref. 71,
the minimum weight profile may prescribe an unrealistically thin fin, or result
in unacceptably large radiator areas. Thus, the minimum weight profile may not
always be the optimum profile for a given application. However, fairly large

deviations from the minimum weight profile can be tolerated without incurring

In order to solve Equation (7-8), values of the film resistance number, Bs

and the radiation number, ¢R, must be determined.

Values of #., determined from Equation (7-9), are plotted in Fig. 7-9 as a
function of the temperature ratio, Z, and the environmental parameter, G.

Values of ¢R’ computed from Equation (7.-10), are plotted in Fig., 7-10.

7.2.1.3 Design Procedure

The usual design problem requires sizing a radiator to handle a given cooling

load. Thus, given either g 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

fashion below.

1. Establish heat rejection rate for the given cooling load using the data in

Section 3.

tCHHERD MIGSSH FS & SPACE COMPANY



1

P~
N

n

S~ W

\n
.

o 2

1.

LMSC-£981632

Select a fluid for the given inlet and outlet temperaburs range from
Fig. 7-11, section 7.2.3.

Look up the fluld specific heat Cp from Table 7-1, section 7.2.3.
F

Compute the coolant flowrate from the known cooling load using Fq. (7-13).

Solve for G,, Cp and Gy using the dsta of section 5.

Select values for the coolant duct dimensions and fin profile.
Solve for the heat transfer coefficient, h, using Fig. 7-3.

Agsume the inlet and outlet tube wall temperatures, TWl and TW2; are equal

to the adjacent coolant temperatures, TFl and TFZ'
Obtain fin effectiveness values szl and 2, from Figs. 7~4 through 7.8,
with

3.2 .
P = GETW1 Ly

Koy

3 2
P, = GETW2 Ly
Koy

Determine interradiation correction factors FRl and FR2 from Fig. 7-2.
{

Compute equivalent lengths, LEl and LE;, at entrance and exit using Equa-
tion {7-2). :

Use thése values to compute "new" wall temperatures, Twl and TWZ’ by trial

and error, using the heat balance resulting from Equations (7-3) and (7-4):

GT 4_(G+G)] =ph (Tp ~T,)

A 2 N P
and i

-GETWA" (QA+GP)—! Lg =ph (Ty -Ty)

L P | 2o Y
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13. With these wall temperatures-stepé 9 through 12 are repeated until con-

sistent values of effectiveness and wall temperature are obtained.
14. Look up values of #p and @ from Figs. 7-9 and 7-10.

15. Compute required radiator length, Lys from Equation (7-8).

7.2.2 Approximate Method for Radiator Design

-The solution for radiator length, equation (7-8), can be written in the form

Lw (_3;) ¢F + (_._..1-_3_:_ ) gR (7—15)
i Cpp B Wi e

If the heat transfer coefficieﬁt; h, is high there will be a small temperature
difference, (T 'Tﬁ) between the coolant and the duct wall. In this case the
radiator length is controlled primarily by the second term on the RHS in (7-15).
It can be shown that, with some simplifying assumptions, the first term in

(7-15) can be neglected if

"IL_?; :—h-'-g > 0.01 (7-16)
@)
100

where h is in Btu/hr ftzoR and T, is in °R. If this criterion is satisfied,

Wl
an approximate value of Lw can be computed from equation (7-17) 2

(7-17)

Lw F g&
: 3
G Tpy Ly
Following the method outlined in Ref. 7-1, it can be assumed that the net heat

dissipated by the radiator is given by a relation of the form

. b7 b -~ o% T
g = KA-TF7 = 2K L, Ly TFé (7-18)
720

LOCKHEED MISSILES & SPACE COMPANY



Thig heat rate is identical to that for the fluid,

q = W, ¢, (T.-T.) = W, C, T (1-2)
2 F “Pp F1TF2 F Pp F1
where now
Z = F2 = W2
T T,
F1 W1

Equating (7-18) and (7-19) and solving for K yields

W, C
E = "F PF (1-2)

= 3
2 Ly Ly Tpy

Using the radiator length, Ly, given by (7-17), we get

So that equation (7-18) can be written

e = G %;Z LWEE TFl4

LMSC-A081632

(7-19)

(7-21)

For most radiator configurations, further ﬁpproximations can be made by neg-

lecting the duct width , LD’ compared to LH’ and by assuming that FR is equal

to cne. If, in addition, an average effective width is computed based on the

mean temperature at the inlet and outlet, equation (7-21) can be rewritten as

followss:

q= G, (1-Z A
i E T
: N LWLEAVG F1

LOCKHEED MISSILES £

"l

(7-22)
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where'Lw is given by
W.C, &
FP."R

3
Gglyy "Ly G

Lw:.-

(7-23)

and

AVG GG (7-24)

TAYG

H
Fxf
{3
=
N

S D

Eéﬁations (7-22) = (7-25) are sufficient for the rough, preliminary design of a
radiator when the criterion given by equation (7-16} is suiislied. Thess cgua-
tions may be combined to give additional insight into the factors affecting the
ability of a radiator to reject heat. Substitution‘of equation (7-24) into

equation (7-22) yields

(1-2 2 4
q = 26 : = T (7-26
e 4 Wt [ o | R
| Gy T4 /

AVG

The value of the factor GE(l-Z)/ﬁﬁ indicates the effect of heat transfer from
the environment and the heat loss due to temperature drop in the fluid. The
factor

Q.

4,
G, T% -

At

G
1

NG

N
™D
V]
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is directly proportional to the effectiveness of the finned surfaces in re-

jecting heat.

7.2.é.l Design Procedure Using Approxima@e Mgthod

The solution for radiator length, using the approximate method outlined above,

is given below in stepwise fashion.

ll

N

Pt
o
¢

Establish heat rejection rate for the given cooling load using the data

in Section 3.

Select a fluid for the given inlet and outlet temperature range from Fig.
711, section 7.2.3.

Look up fluid specific heatCPF'from Table 7-1, section 7.2.3.

Compute the coolant flowrate from the known cooliﬁg load using Eq. (7-19).

Solve for GA GP and GE using the data of section 3.
, .

Assume a value for the inside diameber of the conlant tubing ond solve for *0

heat transfer coefficient, h, using Fig. 7-3.

‘Select values for the coolant duct dimensions and fin profile,

Check that the criterion given by Eq. (7-16) is satisfied:

Ly
Ly

L

>

1
0.01 h

(

iy 2
100

If not, select revised values of LD/LH until the inequality is satisfied.

Compute average radiator temperature from Eq.(7-25).

Compute fin profile number from Eq. (7-14) using Tw = TAVG and look up fin

effectiveness values corresponding to T

Compute LEl

AVG

ayg from Figs. 7-4 through 7-8.

from Eq. (7-24).

LOCKHEED

MISSILES & SPACE COMPANY
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12. Look up value of ¢R from Fig. 7-10 using an average environmental para-

meter:
Gy = Gy + Gp
GE(TwA * Tw4 )
1 2
)

13. Compute required radiator length, LW’ from Eq. (7-23).

7.2.3 Fluid Selection for Radiator Design
Uéing equations (7-18) and (7-19), the heat rejec{ion density can be written
_ Wl (1-2)7T
a_ kg 4 _ Fop ( ) F
AT 71 2 Lyl

for h (the heat-transfer coefficient) sufficiently large. In order to maximize

1

(7-27)

the rate of heat rejection, Eq. 7~27 shows that we must maximize the quantity
CpF/LwiE' But, from equation (7-23)
T. 3
Cop _ G ¥y
Lig Wy %5

Therefore, the maximum rate of heat rejection is independent of fluid properties

except as they affect the value of h. The heat-transfer coefficient is propor-
tional to the product of Reynold's number and the Prandtl number. For flow in

&.smooth tube,

- C:-IS (Re).S (Pr)'.39
D

Therefore, using the definitions of Reynold's and Prandtls' numbers, we wish to

raximize the quantity

g0-67 p-8¢ .33
T
I

(7~28)

¢, = KCE)O-8 Cpu)-33 =
" 2y -—K—.. }

724
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Values of wH are shown in Fig. 7-11 for several fluids of interest. Values of
density, viscosity, specific heat and thermal conductivity are shown for these
fluids in Table 7-1.

7.2.4 Pféésure 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

S 2
Ap=2fL;(WF)
p

Dp\L
or
ﬁ 2
Ap=32i_1_:_l.(_F.)
: D p TTD2
where

= Fannin~y P nt—'- A FontAr
-~ \‘L‘LL—‘-“C e ke — Nt o — e b

Hy

L = total tubing length
A = Tube cross-sectional area
D = Tube diameter
) P = density
‘:IF = Mass flowrate

The friction factor, f, for smooth pipes is given by

£

16/Re, 0<Re< 3000

3 6

£

n

0.0014 + 0.125 Re 0" 2, 3000&Re 43 x 10

. where Re is the Reynold's number,

Re = pVD
M
The effect of bends or constrictions in the tubing (such as those due to
valving) should also be added to the frictional pressure drop for an accurate

estimate of the total Ap across the radistor.

OCKHEED MISGILES & SPACE COMPANY
o 2o, i COCE QRS aeh et
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Table 7-1
THERMOPHYSICAL PROPERTIES CF LIQUIDS AT ONE ATMCSPHERE

T ~ 3 cp x103 X Pr
(X) (Lby/tt”) (Btw/Lb R) (Lby/Tt. 30¢) (Btu/HrFtR)
HWATER
773 62.7 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
292, 62.2 0.998 0.578 0.353 5,89
311 62.0 0.998 . 0.458 0.364, 452
339 61.2 1.00 . 0,202 0.384 2,74
367 60.1 1.00 0.205 0.394 1.83
AMMONTI A
244, 42,4 1.07 . 17.6 0,317 2,15
256 .6 1.08 17.1 0.316 2.09
273 40,0 1.11 16,1 0.312 2.05
300 37.2 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 22,1 0.041 ol
273 87.2 0,225 20,0 0.042 3.8
239 83.0 0,231 LE.0 c.oan 2.5
322 75.9 0,244 15.5 0,939 3.5
NITROGEN
114 55,0 0.479 0.202 ©.0068 52
© 120 54,0 0.481 0.171 0.0072 YAl
130 | 52,35 0.486 0.135 0.0077 31
140 50.8 0,491 0.101 0.0082 22
. METHALNE
90 28.3 0.80 0.141 0.13 3.13
200 27.5 0.81 0.103 0.12 2,51
133 26,55 0.82 0.080 0.11 2,14
ETHYL ETHER
173 54,.7 0.50 . 113 0.084 24.4
193 51.4 0.51 L 0.644 0,082 15.03
213 50.0 0.515 0.428 0,080 9.90
233 - 48.6 0.52 0.310 0,078 7.43
253 47.3 G.527 0.243 0.076 6,07
273 45.9 0,53 0.191 0.074 4.93
293 74 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 0.686 0.038 16.3
367 100 0.25 0.355 0.038 8,42
~26
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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)r”0peration in free space with no solar or planetary heat inputs.

-~ (2) Operation on the lunar surface with the sun directly overhesad.

Values of radiator weight and area were computed using the simplified pro-
cedure outlined in Section 7.2.2. No contingency was allowed to account for

éhe weight of meteoroid protection or radiator headers. In all cases it was
aséumed that the rise in coolant temperature between inlet and outlet was 20°K.
For operation in free space, fluid inlet temperatures of 110, 210 and BIOOK

were selected corresponding to feasible operatingvtemperature renges for methane,
ethyl ether and water, respectively. Values of radiator area are shown in

?ig. 7-12 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 gthef was found to be unfeasible.

The computea radiator areas were converted to weight values using the appro-

priate relations for geometry of a triangular fin. For a trapezoidal radiator,

T 2 2 N
p;w[ (DS = D7 ) + Ly(s, + oy)

W -
L& o

where

= radiator length

= outside diameter of coolant tube
= inside diameter of coolant tube
fin tip thickness

= fin root thickness

= fin width

T T o0
"

fin material density

For a trisngular fin, of course,'éC = 0. Values of radiator weight as a func-
tion of heal rejection rate are shown in Fig. 7-13 for the same conditions as

those usad for the data of Fig. 7-12.

7-28
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Figure 7-12 Radietor 2Area for Deep Space and Iunsr Surface Operabion
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7.3 DESIGN OF HEAT PIPE RADIATORS

The effectiveness of radiators for heat rejection systems can be increased
considerably,by reﬁlacing the coolant ducts with constant temperature heat
pipes. SéVéral possible configurations have been proposed for such 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. 7-14. Since the condenser section of the heat

pipe has a uniform temperature, the radiator design equations developed earlier

may be used with Tw replaced by TC' The required radiator area is then given

by q (Lp +2 L)
A = : (7-29)

4 4
Fy [ (Gglo™ = G, = Gp) Ly + 2 G, " 0L, ]

vhere the symbols are as defined previously (Section 7.2). The condenser temp-
erature TC is dstermined by the thermal resistance of the heat pipe between the

evaporator and condenser sections. Thus,

o T _ 4
%o g - LEC (7-30)
N
where R
TE = temperature at evaporator end of heat pipe array, °g
]
REC = thermal resistance between evaporator and condenser, OK/watt
q = total rate of heat rejection,watts
N = number of heat pipes connected in parallel

The values of REC and the maximum 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. Methods of ‘evaluating these limits are
given in section 7.5. The overall thermal resistance between the evaporator
and condenger is equal to the sum of the evaporator and condenser resistances,

Rps = Bg + Ry.  The evavorator resistance is given by equation (7-31):

e .
g = ¥Ta (7-31)
m e
7-31
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For homogeneous wicks, in heat pipes containing little or no excess fluid and
having equal evaporator and condenser areas, RC.= RE’ However, in heat pipes
having an excess fluid charge, the liquid layer thickness in the condenser may

be up to twige“that‘in the evaporator. Thus, in general
R, =- be (7-32)

A
mc

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 pumps have been
included. The weight and power as a function of flow rate is shown in Figs,
7-15 and 7-16, respectively. These data are estimates based on data provided
in Reference 7-4 by AiResearch for a small thermal conditioning circulation
unit. The electric moter weight was based on a brushless D.C, unit running at
6000 RPM. The fluid circulated is water. A check for different fluids did not
significantly influence the weights of the motor and pumps. For example if
ethyl ether at a’density of 45 lb/'ft3 were circulated instead of water at a
density of 62.4 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 proportionately increased by the ratio of the den-
sity of water to the density of the fluid to be circuiated. 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 con-
ductance greater than that afforded by any solid material., The heat pipe is
simply a closed, elongated tube containing a fluid, generally at low pressure,
and a wicking material distributed aleng the inside of the tube. Heat is trans-
ferred from one end of the pipe to the other by continuous evaporation of the

fluid at the hot end of the pipe and condengation at the cold end. Vapor flows
7-33

- N -y ..-,...-. o~ r RAgT o B W
LOCKHEEDR MISSILES & SPACHE CORPANY



LMSC-4981632

1090y pue dumg UOTIRTNOIT) JO quydtaom

0Fs/9T HIVvY MOLd

ST~L o3BTy

. . 0
0T m_o 0
oz
OT
0%
o€
0%
18d gv
. -{0°01
. Y006 - * DL
. YAIVM - qINTI

di0d ? HOLUA DI¥LIITH

gl

71" IHDTH

L



LMSC-A931632

dumg UOTYBTNOITY 103 peatnbey Jemog 9T~L @andtg

DES/ET HIVY #0Td

0T ~s°C
I

001

0T

o7t

-

Oy YENOd

P

LLVMCQEN IN

-
b

D

i

LOCKH

-y



IMSC-~-A981632

from the hot end to the cold end as a result of the difference in vapor pres—

sure between the two ends of the pipe; liquid condensed at tﬂé cold end is re-~
turned to the hot (evaporator) end as a result of capillary pressure developed
within thé wicking material. The heat pipe has been well established as a re-

~ liable device for long-life heat transport.

Figure 7-17 ié a cross-sectional view of a heat pipe whose imner wall is lined
with é porous wicking material having a thickness Rw - RV' Under steady con-
ditions the heat flux entering the evaporator, Qe’ causes evaporation of the
liquid at a rate m. The resulting vapor is carried along the pipe and con-
denses at the condenser end at the same rate, m. Thus the product of the
latent heat of vavorization, A, and the mass circulation rate, ﬁ, must be
equal to the heat flux:

Q = }\:ﬁl (7*’33)

In the ebsence of gravitationally induced pressure gradients, the liguid con-
densate is pumped back to the evaporator by meens of the capillary force de-

s . .
gt the liguid.vapor-wiclk interface,

7.5.1 Fluid Selection

The normel operating range for a heat pipe fluid is between its triple point
temperature ahd ite critical temperature. The available temperature range be-
tween the triple point and critical point temperatures decreases markedly as
the desired operating temperature is decreased. ¥or Enstance, water has an
operating temperature span of 37/°K (273 to 647°K), nitrogen has 63°K (63 to
126°K) and -helium 3°K (2.2 to 5.3%K). Concurrently, as the desired operating
temperature is reduced the number of fluids which can exist in the saturated
liquid state at the desired temperature is also reduced. Figure 7-18 shows the

vapor pressure of several liquids over a wide range of temperatures.

Previous investigations have shown that there sre thrse major limitations on
heat pipe operation. These limitations are: the wicking 1limit, the boilout
limit, and the vapor choking limit. Each of these limits can be related to the
whysical vroverties of the working fluid and/or the properties of the wicking

material. .
7-36
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7.5.1.1 Wicking Limit
The wicking limit is defined as that point at which the working liquid can no
longer reach the evaporstor through the wick in sufficient quantity to keep up
with the required evaporation rate. In other words, it is reached when the '
pressure drops due to viscous effects and gravity are equal to the maximum

capillary pumping head of the wick.

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 wiclk is given as:

- -1
o - 270AR_ Coso Lu RE by o
¢ YEIR) o R4 i 20 € (R 2 2) (7-34)
a v v % w o

where the dimensions are shown in Fig. 7-17. Equation (7-34) may be optimized
with respect to the capillary radius Rc and the wick and vapor core radii Rw

and Rv’ Following this procedure, it is found that maximum heat flux is ob-

tained when Rv/RW = ~J273.

By including a gravity term, an equation for the maximum axial heat transfer

rate with an optimized wick can be found as

. / b
Q - 2c ! 1 ”\ ' B E

" = = - 1 PSS
Tmax © L (IHT) \\!B+CZ-—C -B/\ B+ 2 C° - 204/B + C°/

; vhere

v 1 Y p
p=2d L, oy % o 1, - gz
TRV SR G O PTy vz 28

1 For g=0 equatlon (7-35 ) reduces to

3 "‘"—V;
Q B (7-36)

ema:»c 3\/‘“ (£+4,) ,JTIT

The term z is the height to which the wick must raise the liquid against the

gravity field g; thus, for a horizontal heat pipe, z = ZRW.

It is apparent from Equation (7-35) that a heat pipe designed for cperaulon in
a positive gravzty field (1.e., condenser lower than the evaporator) w111 have
a greater méximum performance in a zero gravity ficld. Therefore, a heatl pipe
cdnfiguratién that meets the requirements of a particular flight design under
a positive gravity test condition will exceed the operational requirements in

the absence of gravity effects.
7-39
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Examination of equation (7-36) shows that the heat transfer rate is deﬁendent
upon two separate parameters: one consisting of wick properties (Rw,é and b)
and the other consisting of fluid properties (o, A, Uv_andL%), (e is the
wick porosity.)

The performence of the fluid can be characterized in terms of a liquid parameter
£%A~ This quantity is plotted as a function of temperature for several liquids
in Fig. 7-19. For the higher temperature liquids (liquid metals), the wvapor.
choking condition will limit their performance at the low end of the indicated
temperature ranges (as shown by the dashed lines). Heat pipes become consi-
derably less efficient for the lower temperature liquids becsuse of their lower
surface tensions and smaller values of latent heat of vaporization. Therefore,
the great advantage of heat pipes over solid conductors at moderate and high

temperatures is considerably lessened at cryogenic temperatures.

To maximize Qe with mespect to the wicking limit, it is desirable to have a
O A .
large value of Gl = " Figure 7-20 gives values of G1 + for
. 2 s sasn e
water and ammoniza. Such a comparison is helpful in the initial finid selce-~

tion, but it is not the oniy criterion to he considercd during preliminary dea
sign considerations. It is alsc desirable to maximize the wick property group
'gﬁ,qj s which must bas deternined experimentally since it is a function not

only of the wick material but of geometry as well.

Wicks other than the cylindrical homogeneous matrix can and have been used in
heat pipe applications. These wicks, such as the chaunel and arterial, Fig.

7-21, also have wicking limits which can be predictéd analytically.

Equation {7-35) can be used to obtain the maximum, wick-limited heat transfer

rate for chamnnel or arterial wicks if the parameter B is redefined as

A N
ka(2+§-)
[

B =

In this relation k is a shape factor that is a constant dependent upon the
geometry of the channel and arterial wicks and is defined under the assvmptio

3

that the wick is completely webited. Typical values of k are 1.5 for channel

LOCKHEED MISSILES & SPACE COMPANY
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wicks having a channel depth-to-width ratio of 2.5 and k = 1 for arteries.
When using a channel or arterial ﬁick cére must be taken not to exceed the
maximum width or diameter at which the artery or channel will fill in an ac-
celeration field. The maximum width or diameter is proportional to the square
root of the surface tension divided by the specific weight (D =1ﬁ£77-).

'7.5.1.2 Boilout Limit

The boilout 1imit is reached when the liquid in the evaporator vaporizes in
the wick structure and forms an insulating vapor film which disrupts-liguid
flow. AThe result is a rapidly increasing evaporator temperature with little
or no increase'in heat transfer rate. The cause of the boiling in the wick is
the temperature gradient required for heat transfer across the wick matrix.
Since the liquid at the inner surface of the wick in the heat pipe is at sat-
uration temperature, the liquid at the pipe wall-wick-matrix interface ié.in
_a superheated state. When the vapor pressure corresponding to the super-heat
{temperature becomes greater than the local capillary pressure nucleation may

occur.

Neal (Ref. 7-11) has determined that the onset of nucleation, which limits the
maximum radial heat flux, is proportional to the fluid property group
O'K%TS

A pv

G2 =

Values of G2 are algo plotted in Fig. 7-20 for water and ammonia., It is de-
sirable to select a fluid with large values of this parameter. This selection
mist be made with due congideration given to providing satisfactory values of
Gl‘

7.5.1.3 Vanor Choking Limit

The third heat nipe performancé limit is that due %o choking of the vapor
floving from the evaporator to the condenser. Levy (Ref. 7-12) has predicted
that at Jow vazpor pressures, such as operation near the triple point tempera-
ture, the vavor flow can reach sonic velocities and thus prevent an increase

in the heat transfer rate. He showed that the choking limit is given by:
741,
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] - 2
Q = A AV TR (7-37)

e - r—-"—‘—'-“"_q
max ya(r+1)

where

v, =1[ng31' (7-38)

Q is a function of a fluid property group ( Py A ggRT) and the dimensions of
the heat pipe. This fluid property group, designated G3, can be used in optim-
izing the fluid to be used in the heat pipe and is plotted on Fig. 7-20.

7.5.2 Wick Design
7.5.2.1 Evaporation and Condenser Sections

The primary function of the wick is to return liquid from the condenser end of
the heat pipe'to the evaporator. As long as a supply of liquid condensate is
distributed throughouﬁ the evaporator wick, satisfactory heat pipe action will
occur, Cohversely, the heat pipe will fail to function properly should insuf-
ficient liquid be returned to the evaporator. This mode of failure is referred
to as pumping failure. In this mode the strength.of the capillary pumping
mechanicm is ingufficient to provide tﬁe liquid required for evaporation rates
corresponding to some maximum heat transfer rate; i.e.,

Q“'failure > Q'ma_x TAM o (7-39)

A second failure mode occurs as a result of liquid vaporization within the wick

structure and subsequent vapor entrapment in the wick structure.
7.5.2.1.1 VWick Pumping Capability

Predictions of maximum liquid flow rate capability are based on analytical
characterizations of the various pressure drops and losges in the heat pipe sys-
tem. A gschematiec representation of the sources of these pressure drops is shown
iniFig. 7-22. During evaporation the wvapor pressure decreases in the axial flow
direction as mass is added to the vapor stream. An additional slight drop in
nressure is observed in the adiabatic secticn due to wall friction. In the con-

denser section the pressure increases in the directicn of fluid motion due to

=45
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partial dynamic recovery of the decelerating flow. The liquid condensate is
then pumped back to the evaporator by meansg of the induced capillarcy driving
oressure. The liquid pressure drop in the wick structure is due to internal

friction betiween the fluid and the porous wick material.

For low temperature heat pipes the net vapor pressure loss is very small and
may be neglected. Thus the fluid circulation rate is essentially fixed by a
balance between the liquid pressure loss flowing'in the wick structure and the
available capillary pumping pressure. The maximum capillary pumping pressure
is determined by the surface tension of the working fluid, the size of the
holes or pores in the wick structure, and the wetting characteristics of the
wick and working fluid combination. This pressure difference across the liquid-
vapor interface, JApc, is expressed as follows:

ADC - = %c- ® (7-40)
where Rc is the radius of holes in the wick {or % hole size in a square weave

mesh),

3 L A & H %
: 5 Thc working Iiluid suriace Lension.

)
Ly

L,

The quantity ¢ ié an empirical constant related to the meniscus shape in the
pores of the wick, Its value is dependent on the wetting characteristice of
the liquid-solid system as well as the particular character of the wick pore
gtometry (i.e;, round holes, square holes, irregular shapes, etc.). Many heat
pine theories assume a value of 2 for this constant for the common liquid-metal
combinetions such as alecohol, NHB’ acetone,{or water with aluminum or stainless
steel. There is an interrelationship betweén. $ and Rc’ however, and it is
necessary then tc determine empirically values for Rc,the pore capillary radius
(see equation 7-35). This approach is used by Kunz, et al, (Ref. 7-13) and
Phillips, (7-14). Alternatively, one can measure the pore size or, for example,
calculate it from the screen mesh weave geometry and then employ an empirically
determined value for ¢ . Hollister, (Ref. 7-15) determined values for ¢ for

a number of Iigquid and solid capillary systems. For couservatism a value of

¢ = 1.5 is recommended in this regard.
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7.5.2,1.2 Wick Pressure Drop

The liquid préssure 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 A
beds. Analytical expfessions (with empirically determined parameters) have been
published in the literature to predict performance based on pressure drop for
various tyves of wick configurations, Darcy's law is
AP = mypf

A K
w p

(7-41)

This expression shows dthat wick pressure loss is minimized for maximum wick per-
meability values. Sample values of wick permeability, Kp’ are listed in Table

7-2.

7.5.2.1.3 Boiling in Wick Structure a

If fluid in the evaporator sectibn of the wick is heated to its saturation
temperature, gss bubbles will be formed wifhin'the wick structure. As these
bubbles grow in size, they encounﬁer pore openings smaller than their own dia-
meter, and the bubble will not flow through the nonuniform section unless a
critical force is exerted on it. This critical force is determined by the size
of the bubblé, the pore size, and the interfacial surface tension belween the
ges end liquid. The net effect is an equivalent reduction in permeability to

flow of the gas-liguid mixture.

It is desirable to prevent the formation and possible trapping of bubbles in the
wick. Therefore, the AT radially, across the wick must be kept as small as
oracticable. If boiling does not occur then the temperature drop across the

wick is given by

ar VAL

K
I

(7-42)




Wick

100 mesh screen
(more than 3 layers)

200 mesh screen
(more than 3 layers)

200 mesh screen

(o]

1 layer, flat

- meniscus shenes

1l layer, moderately
curved meniscus shapes

1 iayer, h1ghlf

G \It‘ll (lll—l'IIk(T'l Srlapcs

LDl OoU

2 layers, flat
meniscus shapes

2 layers, curved
meniscus shapes

‘Nickle Foanm

¥
0
o
o

porosity 0.9

elt Metal

porosity 0.9
porosity 0.8
porosity 0.7

Table 7-2

WICK PERMEABILITY VALUES

K (Ft?)
I,

-8

0.16x10

-8

0.08x10

0.059x10

-8

-8

0.04x10

U.0L4x10

0.062x10

0.045x10

2.5x10'8

0.51:1()_8

-3

-8

-8

0.05x10
0.016x10

-8

Source

Kunz, et al

Kunz, et al

Phillips
Phillips
Phillips
Phillips
Phillips
Phillipks

Phillips
Kunz, et al
Kunz, et al

IMSC.-A9816132

(Ref. 7-13)

(Ref, 7-14)
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/ . N
The importance of having a wick-liquid matrixjwith a high thermal conductivity
i
is obvious. DMost previous heat pipe investigations have found thal the ther-
mal conductivity of a woven or mesh type of wick-liquid matrix approaches the

value of a series conduction path given by

K
1 +‘(K§ -1

Since most wicks used for heat pipes have a high porosity (usually > 50%) and
most working fluids have low conductivities relative to the wick material, the
matrix conductivity given by equation (7-43) tends to approach the conductivity
of the fluid alone,

It is suggested that for moderate and high temperéture heat pipes the value of
Km be set equal to the value of liquid conductivity alcne for a conservative
design of the eveporator section. However, the thermal conductivity of cryogen-~

-1t lO"2 Btu/ft hr °R negates this ap-

ic fluids, typically on the order of 10
proach since the predicted temperature drop across the matrix is excessive even
for extremsly thin wicks and small heat fluxes. Therefore, for design of cryo-
genics heal pipes it is necessary_to design using-the wick material thermal

properties.

it

Flow of liquid in the axial direction in the evaporator is impaired if the wick
is made too thin. Therefore, a ccmpromise must be reached between providing a

minimum AT and minimizing axial pressure drop.

7.5.2.2 Adiabatic Section

As explained in the previous section the wick in the evaporator end preferably
slso in the condenser sections must be thin in order to prevent boiling and
large tempergture drops. Howevef, the wick in the adiabatic section need not
be optimirzed for radial conduction. Therefcre, the adiabatic section is best
designed acéording to optimum wicking conditions as given by equations (7-34)
and (7-35).

For equations (7334) and (7—35}‘the axial hest transfer rate is maximized vhen

P
kY — - ~ . - - 1 . . o .
RV/BV = §2/j. Therefore, for a 1 cm ID heat pipe design the optimum wick

7-50
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thickneés would be t+ = 0.092 c¢m. This is epproximately 3 times the maximum
thickness allowable in the evaporator section according to the superheat cri-
teria, If the heat pipe were 0.4 cm diameter, the optimum wick thickness would
be t = .037 cm. This diameter would provide-a wick of uniform thickness
throughoutl£he entire pipe agsuming the parallel»conduction condition stated
~in Sectibn 7.5.2.1.3, However, the eﬁaporator section would have to extend for

26 cm along the pipe to have an area of 32.3 cm2 at a heat flux of .216 W/cmz.

The desire to have a short evaporator section suggests designing a three sec-
-tion wick with one section optimized for the evaporator section, one for the
adiabatic section and one for the condenser section. Careful attention must
be given to the interfaces between the secticns to insure that propsr wicking

is obtained,

Work to date has shown the feasibility of manufacturing graduated wicks that
provide near optimum conditions in each of the three heat pipe sections. These
consist of eseparate sections of sintered felt metals sintered in turn to the

pipe wall and have gradusl changes in dimensions from one section to another,
7.5.3 ‘Sire and Weight

The size and weight of a heat pipe are dependent on a combination of design
factors. The minimum surface areas of the evaporator and condenser sections
are determined by the AT limitations described in section 7.5.2.1.3. The
length of the adiabatic section is determined by the: distance between the heat
source and the heat sink. By assuming lengths for the evaporator and condenser
sections, the total length of the pipe, /, is determined. Then, for a given
fluid and wick material, equation (7-35) can be solved for the required wick

radius for an optimum wick. The radius of the vapor flow channel is then given

by
R =R 2
HES
2 W ‘}3
Values of Q ( £+ fa) have been calculated using equstion (7-36) for a zero-

. ome . . .
g heat pize. Fhesc values are plotted in Fig, 7-23 for two fluids, water and
. . o, . . X
amnonisa, operating at 300 K. The wick parameters ¢ , b and K must be decter-
mined exnaerimentally. Typical values of €= 0.8 and b = 20 were used in obtain-

ing the results plotted in Fig. 7-23 (a typicsl value for K is sbout 1.5).

7-51
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Corresponding values of heat pipe weight aré plotted in Figure 7-24.

Having determined the optimum vaiues for Rv and Rw’ the criteria for allowable

evaporation area and wick pressure drops must be checked.

The minimum alloweble evaporator area is given by equation (7-42) 1

A Q t
e . = ‘e (7-44)
mo X AT -
m mazg

where lemaX is the maximum allowable AT to prevent boiling based on operation
at the meximum heat flux. The maximum liquid pressure drop for laminar flow is
given by Darcy's law:

IAHL -

mex mmax bLf (7-45)
. AKX
wp

where ﬁmax is given by equation (7-39) and
w2 o2 ' »
A = Tr(g.w - Rv ) (7--456)
For satisfactory operation we must have

CAR. g |
L Apcma}' (7-47)

where zﬁﬂc is given by equation (7-40).

max .
The weight of the heat pipe is then simply equal to the sum of the fluid, wick
and pipe well weights. The pipe wall thickness is determined by the maximum
hoop stress corresponding to the maximum internal vapor pressure. The total

heat pipe weight is then given by

2 .2 Ve 2 2
= - + + - IR —R -
W ﬁ/Q {(Ju (R*-R7") [G(Js (1-¢) @J\ . . )} (7-48)
7.5.4 Design Procedure for Optimized Homogeneous Wick Heat Pipes

in the following, it is assumed that the required maximum heat flux, Qe, the

adisbatic length, f,

heat pivoe design procedure is then expressed in shtepwise fashion bclow.

and the nominal operating temperature are given. The

TLOCCHEHEED MISSILES & SPACE COMPANY
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Select a fluid from Fig., 7-19 for the given operatiﬁg temperature.
Select a wick material and assume a value of wick thickness, t.
Look up wick permeability, Kp and pore radius, Ré.

Compqte'iﬁe mean fluid-wick conductivity;

K = Ks

i l+€(Ks.. )
X, 1
J4

Look up the value of ZXTmax for the selected fluid from Fig, 7-25.

Compute~the minimum allowable evaporator area from equation 7-44:

Ao 9t

I N
mT  max
Compute the required length of the evaporator section from

_ A
le = . Snin
27nR
W

Compute overall heat pipe length assﬁming equal evaporator and condenser
lengths:
fque+£a
Look up the optimum wick radius, Rw’ from Fig. 7-23.
Compute wick thickness for the optimived wick:
t = Rw - Rv = 0.1835 Rw
Using this value of t repeat steps 5 through 10 until consistent values are
obtained.
Compute wick cross—sectiohal area from
A =T R?
W

3 W

Look up values for liquid heat of vsporization, ), kinematic viscosity,z@ ,

and zurface tension, o .

7-55
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16.
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Compute meximum liquid flowrate from

1;lmaxz 3(2
A

Compute wick pressure drop from equation (7-45):

ApL = mmaxbf.?
max

A K

. wp

Compute capillary pumping Ap from

g

ap, = 1.5 g
c

If AﬂL > ADC select a new wick material héving 8 higher permeability

and/or 5 fmaller capillary radius and repeat steps 13 and 14. Check that

the mean conductivity for the new wick is not significan;tly different from

that computed in' step 3. If the new Km is significantly smaller it will

be necessary tco repeat stepe 4 through 16.
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. NOMENCLATURE

Area
Wick cross-sectional area
Land width divided by half the channel width

Geometric constant for homogensous wicks, b = I0 te.27
Fluid specific heat

Diameter

Radiant interchange factor

Acceleration

E? GH’ GP - Environmental Parameters

Gravitational constant

Heat transfer coefficient
Channel wick shape factor
Constant, thermal conductivity
Thermal conductivity of liquid
i
Thermal conductivity of wick-liquid matrix
Thermal conductivity of solid wick material
Permeability
Width of fluid duet
Effective width of radiator
Total length of heat pipe, ﬁe +7Qa + ﬂc

Length of adiabatic seé&tion

Mass flow rate
Pressure, fin profile number

Reduced Pressure
Critical Pressure

Prandtl number

LOCKHEED MISSILES & SPACE COMEARNY
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P
Q

—

NOMENCLATURE (Cont.)

A

vPerimeter-of fluid passageway

/Axiél heat transfer rate

Net rate of heat transfer
Gas Constant

Capillary radius
Reynold's number
Pipe outside radius
Quter wick radius
Vapor cors radius

Wick thickness

Wick thickness ia condenser section
Wick thickness in evaporator section

Temperaturé

Critical Temperature-

Fluid Temperature

Reduced Temperature

Saturation Temperature

Wall temperature

Sonic velocity

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

Rate of fluid flow in radiator duct

Vertical height in an acceleration field

LMSC~A981632

Compressibility factor, Ratio of fin root temperature at radiator

outlet to that at inplet

Solar absorptance

7-61
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NOMENCLATURE (Cont. )

Angle"ﬁetween orbit plane and planet-sun line

Fin thickness

Infrared emittance, porosity of wick |

Surface tensidn, Stefan-Boltzmann constant

Heat of wvaporization

Vapor viscosity
Liquid viscosity
Vapor density

Liquid density

Wick material density
Pipe wall density
Vapor kinematic viscosity

[ S S
o o

viscosity

Liquidmsdlid contact angle, orbit position angle
Specific weight, ratio of specific heats in Equation 7-38

-Heat Transfer Parameter

Film Resistance number

Radiation number
Fin effectiveness at fluid inlet

Fin effectiveness at fluid outlet

LOCKHEED MISSILE!

4]

LMSC-A981632



LMSC- A981632

Section 8
HEAT ABSORBTION

8.1 INTRODUCTION

_ The material in this section has been prepared in order to provide the engineer
with data and methods to guickly take into account the weight and performance
of the devices 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 refrigerator and a few of them have been selected on which to provide data.
Material is given in this section for on-tank heat exchangers, helium circula-
tion devices, cryogenic heat pipes, and solid 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 performance estimate for

that he may chnose to analyze.
8.2 TANK WALL HEAT EXCHANGERS

A sketch of a typical heat exchanger installation is shown in Figure 8-1. It
is assumed that the cold side fluid is helium at about 25 atmospheres pressurc.
The helium is pumped through a spiral wound tube which is fastened to the tank
wall., It is assumed further that the cryogenic tank experiences an acceler-
ation sufficient to mix the cryogenic liquid by natural convection, or that

an internal mixer is provided as shown in Figure 8-1. The objective of pre-
liﬁinary design analyses is to find the heat exchanger wall area, the heat
exchanger system weight, and the helium gas flowrate ﬁHe required to maintain
a prescribed temperature difference‘ATHe between inlet and outlet for a given

heat transfer rate q.
8.2.1 Design Analyses

The heat exchanger effectiveneass, B, is defined ss the ratio of the actual

heat transfer rate 4o the meximum possible rate. For the range of‘sTpC

8-1
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Insulation

Magnetically Coupled Mixer Unit

/////r*Tube Spacing

Heat Transfer Area, Aw

FIGURE 8-1 TANK WALL HEAT EXCUANGER

;8"%"
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considered feasible for this application, the value of E can be estimatéd
from reference 8-1. From Figure 2 of this reference, it can be seen that a
value of E = 0.50 can be obtained for any fluid capacity ratio. If it is
further assumed that the minimum fluid capacity rate, W Cp, is on the helium

side, and that the number of transfer units, NTU is one, we have

AU=C. = (W 8-1
%n(%@ (8-1)

where A is the characteristic area of the heat exchanger and U is the overall
heat transfer cocefficient. If the characteristic area A is set equal to the

“heat exchange wall area, then Equation (8-1) can be written

(w c.)
Aw = U? He (8-2)

The overail heat transfer coefficient can be.related to its irndividusl compo-

P P
tEILGS EXEIEoRy]

1 | 1 (8-3)

R I B
'
RO Ay By Ay Al

vhere hL is the liquid-to-wsll heat transfer coefficient, hw is the tank wall
conductance and h; is the equivalent heat transfer coefficient between the
helium gas and the. tube surface in contact with the tank wall. If the liquid-
to-wall coefficient is sufficiently large, the first term on the right-hand-
side of (8-3) can be neglected and

1o AN (8-4)

T Y
w g

The wall conductance coefficient hw is composed of the sum of two effects,
the conduction of heat transversely through the tank wall plus the conduction

along the tank wall betwzen tubes. For conduction heat transfer normal to

LOCKHEZD MISSILES & SPACE COMPANY
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the tank wail,

k .
q =—="— A AT, (8-5)
W

and forﬂheé%'transfer through fins of width.f/Z,

q= 8 ty kw A, AT _ 12 &, k’w A ATavg_ (8-6)
£2 £2
. where
tw = tank wall thickness
kw = wall thermal conductivity
{ = tube spacing

and the AT values are defined in Figure 8-2. Ve now define hw as
.hw = .9 . . (8-7)
A AT
wowW

where -

ATy = At + ATgy (8-8)
Solving Bquations (8-5) and (8-6) for AT and AT, , and substituting into

avg
Equation (8-8), we get

2
.9 oy, A
ATy =y B 32
Substituting the expression for T _ into (8~7), there results
e
By = - WL (8-9)
ty (L+ 50 2)

The gas-Side conductance is also composed of two effects, the internal gas
film coefficient and the conduction coefficient around the tube walls. The
equivalent conductance due to these effects is derived in Appendix IIT of

reference 8-2. For this application, the thermal resistance between the

8-4
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/
gas and the tube at the wall attachment point is given by

'l .= 3 4 (8-10)
A h’g 2 [ "hg Kyt tanh \K;%;RO + hg (W—@)R]

where kT is the tube thermal conductivity and the remaining symbols are

defined in Figure 8-3.

The gas film coefficient, hg, can be obtained from Figure 7-3. The overall
heat transfer coefficient is then given by Equation (8-4): ‘

£2

) {
1 W+ : (8-11)
- = - 2 ‘, . if—-g-—ﬁ RS + h_ (1-6)R
U K, [ hg Kytp tanh K & +hg (1-6) ]

Using the value of U given by Equation (8—11)the'required heat exchanger

area can be computed from Equation (8-2).

If the conduction resistance around the tubing is small (i.e., if9is small)
then the second term in (8-11) can be simplified so that U can be found from

the expression

i

!

2.
1 tw AT e L

8.2.2 COptimum Tube Spacing

Using the simplified expression for U, Equation (8-12), the value of Aw is
given by
. tu 1 1 Y,2
=(wc) [“—4-(-——'——-)! +(-———— ¢ ] (8-13)
Ay p'He | ku * | 27 R B, 2 t.X, )
This result shows that, for small tahk wall thicknesses, the heat exchanger

weight, is minimized by minimizing‘f. Hence the tube wall spacing f sheuld
"be set equal to the minimum possible value, namely, the outside diameter of
the tubing, 2 R
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8.2.3 Design Procedure

In order to size the heat exchanger wall area, fha design equations presented
in Section 8.2.1 can be used. A summary of representative helium propefties
is given‘in’fable 8-1. The design procedure is outlined in stepwise fashion
below. It is assumed that the liquid storage teﬁperéture, the tank dimensions,
-the heat absorption rate g, and the helium gas temperature rise through the

exchanger ATHe are all given.

Table 8-1

HELIUM GAS PROPERTIES AT
HIGH PRESSURE (25 ATMOSPHERES)

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

Density, lbm/ft3 3.81 0.847
Specific Heat, Btu/lbm R 1.40 1.25
Thermal Conductivity, Btu/Hr HR 0.016 0.040
Viscosity, ibm/hr £t 0.0087 0.0227
Prandtl Number 0.76 0.71

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 computed in Step 1:

c AT,
pHe He

3. Select a tubing material and values for tubing dimensions, R,‘Rb. Look

up the thermal conductivity KT of the tﬁbing material.

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

LOCKHEEZD MISSILES & SPACE COMPANY
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5. Setting [ =2 R use Equation (8-11) to compute the overall resistence
1/\) or, if e<15°, use Equation (8-12).

6, Compu@e.ﬁhe réquired wall area Aw of the heat exchanger:

- A, = (i Op)p,
. 1)
7. Compute the required number of tube turns N from
A
N =4+ =
¥ (]

8. Compuﬁe the total tubing length L from

i
L=2% /4 [g+zn_ 1(n-1)]

9, CGCompute the weight of tubing plus helium from

, 2 2
Yrope T WR(ER2 -R) L+ WG, KL

10. The total weighf of the tank wall heal emchanger system is then

W + W +

mEx = Yrupe™ Wrrnimr W

Yryert YBAFFLE

J Ty V=Y . s . = -
where rTLLRT refers to the weld fillet shown in Figure 8&-3.
8.2.4 Sample Calculations

The procedure outlined in Section 8.2.3 has been carried out for a range

of heat absorption rates and helium temperature rises. These calculations
were performed for two ceryogen étorage temperatures, 20°K (1iquid hydrogen)
and 90°K (1iquid oxygen) and for an assumed tubing diameter of 0.375 inches,
It was also assumedbthat circumferential temperature gradients around the
tubing walls were small, so that Equation (8-12) could be used.

The results of these computations are shown in Figures 8-4 and 8-5. The
tank walil surface area required for the exchanger is plotted in Figure 8-4,
and the tubing weight, plus the weight of helium contained in the tubing

o=

is plotted in Figure 8-5. It can be secn from these results that both the

LOCKHEED MISSILES & SPACE COMPANY
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area énd 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 segérate 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 to design such a unit; however, in order to be able
to estimate a complete system weight approximate weight and power data
(Figures 8-6 and 8-7) has been supplied for a circulation unit. These
data are ﬁased on the same reference as in Section 7. The power was
computed assuming an adiabatic compression and compressor and motor effici-
encies of 0.80 and 0.85 respectively. Since the units are rather samll, a
positive displacement iype of compressor was envisioned;‘however, no attempt
was made to do a design analysis. The weights are based on a minimm case
and hardware weight of 3.0 LB.

8.4 CRYOGENIC HEAT PIPES

The design of cryogenic heat pipes follows essentially the same procedures
as that for moderate and high temperature heat pipes. Due to the high
internal pressures in cryogenic heat pipes while inoperative at ambient
temperatures, the pipe wall thickness, and thus the total weight, is
somewhat higher than that of moderate temperature heat pipes. Internal

pressures can range from 1 to 3000 psia.

The design equations pregsented in Section 7 may also be used for the design
of eryogenic heat pipes. However, the unique properties of cryogenic

fluids require special consideration.
8.4.17 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 selesction.

&-11
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The optlmlzatlon parameters G1, C and G3 are shown fer three fluids,
nitrogen, oxygen and fluorine, in Plgure 8-8 in for hydrogen in Figure 8-9.
The normal boiling point to critical point temperature range is shown in

Figure 8-10_for several additional fluids.

8.4.2 FEvaporator and Condenser Temperature Drops

A major cause of poor cryogenic heat pipe performance éan be attributed to
boiling in the evaporator. Brentari and Smith (Reference 8-4) have compiled
data for nucleate boiling of LHZ’ LNé and LO2 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 nucleation may begir at 2°k

of superheat and a heat flux of approximately 0.2 W/ft2 for LN2 or L02.
These small superheat values emphasize the need to wminimize the temperature
drop across the evaporator wick., This can be accomplished in three ways:
(1) the evaporater area can be increased to reduce the radial heat flux
density; (2) the wick-liquid matrix can be reduced in thickness; or (3)
:tivity of the wick can be increasged. The most appealing
of these alternatives is generally that of reducing the wick thickness;
however, this alternative may lead to practical difficulties. For example,
with LN or LO the excess A T across the evaporator should be kept below
3K in ordor bo prevent excess superheating in the wick structure. The
corresponding value of (Q/A) meximum from Figure 8-11 is about 0.5 W/cm?.

Rewriting Equation (7-42), we get

t = AT X = 6K, cnm (8-14)
Q/Ae m m
If the thermal conductivity of the wick matrix is assumed egual to that
of the liquid alcne, then the wick thickness for LO would be 8 X 3 cm.

This is an extremely thin wick which would be dlfflcult to manufacture and

would heave very low capacity for axial flow.

Cn the other hand, the use of a sintered metal wick can provide conductivities

1

close to those cbtained assuming parallel conduction paths (see Section7.5.2).

s < P "
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. . . . ey ] . o s
Using such a wick, the matrix conductivity can be increased sufficiently
; b

to provide a maximum wick thickness on the order of 0.1 cm. % is for tﬁié*
reason that the use of thin. sintered metal wicks in the evapo%atof.sgctioﬁ

is desirsable.
8.4.3 Wick Design

Figures 8-12 and 8-13 show a comparison of optimized homogeneous and channel
wicks using equations (7-35) and (7-36). 'Vélﬁes of the wick characteristic
parameters used were € = 0.8, b = 20 and K = 1.5, These results show that
channel wicks give better zero-g performance than hbmogeneous wicks, but

degrade rapidly at higher acceleration.
8.4.4 Size and Weight

The size and ﬁeight of a cryogenic heat pipe are dependent upon a combination
of design factors., These include the required heat transfer capécity,

overall length and diameter, materials used and mawimum internal pressure.

. o . . . Op
The internal pressure of a cryogenic heat-pipe at ambient temperature (0°F -

120°F) is given by

P = ZRHP RT (8-15)
where )
= V
TOT -

For a particular pipe and wick combinatign, the values of Vf and vtot are
fixed for a saturated wick., Therefecre, the pressure will be only a function
of Z, Rf.’ R and T. The compressibility factor 2 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

o= B
Pr =3 (8-16)

c

- T
Tr =g (8-17)

c
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The reduced temperature can be determined since the critical and ambient.
temperatures are known. However an iteration procedure using equation (8-1r;
and (S_TD ggd'é Z versus P chart (Figure 8-14) is necessary for determin-
ation of the final pressure P.

PV
Figure 8-15 is a plot of Vlﬁ versus temperature for the three liquids. Tc

apply Figure 8-15, the opent%glume of the wick and the total open volume of

the heat pipe must be known. Since the ratio Y?/vtot is constant, Figure

8-15 shows that a nitrogen heat pipe would have the lowest pressure at

ambient temperature.

The pressure at a given temperature can be significantly 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

7 - ~A + 1 O 3 3 5
o given power and length. Once the pipe wall thiclmess hags heen determined

L

the system weight can be calculated from the known dimensions and material
densities. Figure 8-16 us a plot of the power length product, Q (£ +( a)

as a function of heat pipe weight for two fluids, oxygen and nitrogen.
"8.4.5 Heat Pipe Insulation

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

to gold plate rthe outer surface of the heat pipe. Figure 8-17 shows the
radiation heat load into a heat pipe at 80°K 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.
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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 Mylar. The spacer between the wraps would be nylon
net to reduce the level of offgassing and flaking experienced with glass
cloth spacer materials, and to prevent absorption during storage in a humid -

environment.

Figure 8-18 shows a plot of the heat leak from 330°K into an insulated pipe
at 77°K for a system with 4" of goldized mylar multilayer for various pipe
diameters. The advantage gained with the multilayer system over that of a

simple low emittance is obvious.
8.5 SOLID CONDUGTION DEVICES

If it is feasible to locate the refrigerator in close proximity to the cryogen

P - 1 +7
storage tenk, then the us

w
Hy

of golid conduction devices may offer welight and
space advantages in comparison to heat exchangers or cryogenic heat pipes.
If the conductor is well insulated, the rate of hedt conduction in a longitud-

inal direction is simply

o BTonp
g = KA -t
where
K = thermal conductivity
A = conductor cross-gectional area
AT = temperature drop between refrigerator cold finger
and cryogen tank
L = conductor length

From the above equation the weight per unit length of a solid conduchtor is

given by

8-26
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where'f3 isjéhe 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. For 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 conductor

compete in weight with the oxygen heat pipe.
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Section 9

POWER SUPPLIES

9.1 SUMMARY

A survey of space electrical power systems which could serve as electricel
power sources for external refrigeration systems for long-term cryogenic
storage was conductedl Brief descriptions were prepared on the candidate
power sources with séhematics, figures, and tables to aid in screening and

selecting an electrical power system.

The possible use of radioisotopes or solar collector/absorbers as a source
of thermal energy for a heat-powered refrigeration device was also examined

and descriptions of these two types of heat sources were prepared.

For long-life space electrical power systems in the 100 - l,ObO—watt range,
rigid solar photovolfaic systems and RIG's are the primery candidates. Typi-
cally, soler photovolteics will provide 8 - 10 watt/lb and RTG's 1_; 2 watt/1lb.
RTG's are smell (a 4O-watt SNAP-19 requires about 21/2 £t3), are not con- |
strained by sun-orientation requirements, but do create potential radiological.
hazards for thevmission. Solar-photdéoltaic systems should be sun-oriented

for maximum efficiency and large panel areas may be required (about 1C watt/ft2).
Both solar photovoltaichgystems and RTG's have been used in space missions

and have been designed to satisfy launch envirommental requirements.

Solar photovoltaic systems will require an auxiliary péwer system, e.g., bat-
teries, if the particular mission involves periods of sun-shade and this added
velght must be included under these conditions. Even with this constraint,
unless there are overriding mission considerations that preclude the presence
of external areas required for deployed solar photovoltaic panels, this will

. be the preferred source of electrical power in the 100 - 1,000-watt range.

RTG's wonld be used when the solar photovoltaic systems were precluded.

In the 1 - 10-kilowatt electrical power range, solar photovoltaic systems will
again te the primary candidste. Back-up candidates will be redioisotope-Bray-
ton-cycle power systems and nuclear reactor power systems. Solar phetovelisic

cystem's disadvontages of large ewternal areas and sun-orientstion reguirements

9-1
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apply énd may preclude their use for certain missions. Development of deploy-
able/retractable large area, lightweight solar photovoltaics (20 - 30 watts/1b)
with specific stowage volumes of 1/2 - 11/, kw/ft3 extends their epplication

to this power“range and strengthens their competitive position.

If missian considerations preclude the use of solar. photovoltaic systems, then

an isotope—Brayton—cyclé power system becomes the preferred system. It has a

specific weight of 1.0 watt/lb including an isotope re-entry vehicle and a
500-1b nuclear radiation shield. This system will require about 350 £t3 and,

for & nominal 10-kw system, a radiator. surface area of about 550 ftz.

Wuclear reactor power systems would not normally be selected for space elec-
tric power below 10 kilowatts because of fixed weight penalties assoclated
with the nuclear radiation shield required for space missions. However, if
_they were to be the primary spacecraft power system, then they would be:com—
petitive candidates to provide electrical power to external refrigeration sys-
tems for long-term cryogenic storage. Specific powers, without nuclear shield-
ing, range from about 1.5 - 6 watts/lb. Depending on how the added powear was
to be obtained, e.g.. off-design performence & optimized at the new power
level, weight penalties would accrue primarily from increased radiator ares

and added nuclear shielding to accommodate the increased reactor power level

since much ef the cother system weight would remain fixed.
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9.2 LLECTRICAL POWER SYSTEMS

9.2.1 Solar/Photovoltaic Power Source

Where'spaceégéft energy requirements have precluded the practical use of bat-
teries, the primary power source generally used has been a solar photovoltaic
conversion array. Such arrays have been used to provide power ranging from
the 5-watt Vanguard to over 1 kw for the Orbiting‘Astronomical'Observatory.
"Arrays are under development to provide multi-kiiowatts of electrical power

for future space missions.

Solar cecell errays are relatively lightweight and have proven to be very relia-
ble power sources in & space environment. They have been used.in sun-oriented
and in unoriented configurations and as spacecraft body-mountesd arrays, as
well as deployed panels. Their operation requires exposure to sunlight and a
supplementary power source must be on board if the mission profile results in
the arréys being in shadow during some part of the mission. Projected use of
solar cell arrays in the multi-kilowatt range emphasizes problems associated
with their packaging, deployment. and orientation. Proposed solutions to these

problems are under development by several contractors.

The basic elemen£ of a solar photovoltaic conversion system is a p-n Jjunction
seﬁiconductor device which, when exposed to sunlight, converts the incident
'rqdiant energy- in particular portions of the spectrum directly into electrical
energy. Typically, 2x2 cm inaividual n/p silicon solar cells at 60°C and air
mass zero will provide on the order of 0.4 volts and 115 milliamps at maximum
nover. Solgr cell arrays contain thousands Bf these individual semiconductor
devices (typicallyVQ em x 2 em x 0.010 in n/ﬁ silicon) mounted in supporting
structure and electrically connected in a series /. parallel arrangement to
provide the desired output electrical characteristics and relisbility. A
transparent protective cover material is used on each of the individual cells.
Solar cell output characteristics vary with temperature and solar intensity.
The power capability of a solar cell will therefore fluctuate markedly over
the range of épace environments encountered in planetary exploration, e.g.,
the pover output at Venus perihelion may be about three times the output at

Wepra e 5 5 2 oa . ) . .
Mars aphelion. (See Table 9-1 for typical characteristics.)

9-3
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While electrical power requirements of about/ 1 kw or less can be reasonably
accoﬁmodated with current technology by rigid panels, multikilowatt solar
arrays with their associated large areas will employ different techniques.
Many companies are actively studying large afea solar cell arrays which use
flexible substrates and three basic approaches appear evident: the use of a
drum roll-out technique; the use of a flat-plate fold-out technique; and
the use of a flat roll-out technique. It is anticipated that the development
work in progress will result in solar photovoltaic power systems that.will be
competitive for power requirements up to about 50 kw with storage volumes of
0.5 to 1.5 kw/ft3.

Rigid solar panels, sun-oriented at 55°C, 1 AU, and zero air mass, will typi-
cally yield 8 - 10 watt/lb and 10 watt/ft2 with silicon solar cells. Use of
8 - 10 mil cells and 1 - 3 mil covers may allow this to increase to 15 - 25
watt/1b and 10 watt/fte. Roll-up designs exist which give 30 - 35 watt/lb
and 10 watt/ft2; fold-up designs exist that give up to 40 watt/lb and 10 watt/
ft2; and the IMSC fold-up flexible solar array design for NASA-Houston will
/542

I

; Theoe wqtt/lb rumbers include the

give sbout 10 wail/1lb and 10 wa .

panels (with cells, substrates, etc.L, structure and electrical'wiring, and

deployment and orientation devibes; but do not include any battery weight.

Power'allowance must be included in the designrfor power system degradation
that will be experienced by the solar photqvoltaic cells exposed to the space
radiation environment. This degradation will be depegdent upon the specific
orbit parameters of the mission and may vary from 20 - 30% in 10 yr at syn-
chronous orbit to as high as MO% in 2 yr at low earth orbit when the spacecraft

ftransits in and out of the radiation belts during its orbits.

Although silicon solar cells have been the type used for‘s?ace pover, mention
should ve made of efforts directed towards development of thin-film cadmium
sulfide solar cells. While these devicesz have a lower conversion efficiency,
they are febricated on a thin sheet of plastic that cen conveniently be rolled
up for storage and unrolled for deployment. Their use offers promise of a
multi-kilowatt array with a specific power of 25 - 30 watt/1b and 5 - 6 watt/
42,
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TABLE 9-1

SOLAR PHOTOVOLTAIC POWER SYSTEM CHARACTERISTICS*

-~ Type Specific Specific Specific

Power Area Volume
Rigid Panel 8 - 10 w/1v 0.1 £t2/w -
' Large Area ) 2% 2 3
g - . . 0.6 - 2 fto/xk
Srectable 10 - 40 w/1b 0.1 ft%/w 6 - 2 £t2/kw
Panel

¥ Typically:

Silicon n/p solar cells
2 x 2 cmx 0.01 in thick

with 0.03 - 0.0k in cover

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.

\O
i
1
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9.2.2 Battery Power Systems

Almost without exception, space power systems include chemical bstteries.

These battqriéé have served as primary batteries for providing launch vehicle
power with attendant characteristics of high energy density, high current cap-
acity, and good reliability. Batteries are also used as emergency power sSour-
ces, requiring relatively long wet-étand capability, and as secondary batteries
in conjunction with a primary power source, e€.g., fuel cell or solar photo-
voltaic power systems. As secondary pover systems they are used to provide
peak power demands or during eclipse of the solar arrays, normal pover demands.
The discharge/charge periods for secondary batteries are determined by the
specific type, their intended use, and the mission and power profiles. Relia-
bility, longevity, and rechargeability are important characteristics of secon-

dary batteries.

Batteries are electro-chemical devices. The basic element is a galvanic cell
packaged in such a way that the oxidation-reduction reaction does not occur

until an external circuift is closed. The reactants are mounted on current-

...... = e - e e o - . 3
=2 TS5 a3 Aa CAaAVIIST A0

by & sepavavor that ac i
mobillizer for the electroLyte. Individual cells are electricselly connected to
provide the desired output characteristics and physically enclosed in a case,
éypicglly prismetic for space batteries. The cell reaction proceeds at 2 rate
controlled by the circuit resistance to electrical current. When a cell can
be used only once, it is called a primary cell. When the chemical reaction
~can be reversed by applying electrical energy to the cell, it is called a sec-
ondary cell and can be used as an energy storaée device. The need for careful
control of quality and uniformity in cell and béttery manufacture cannot be
overamphasized for maximum utilizetion of batt ery weight and to avoid cell
mismatching during discharging/charging cycles leading to different levels of
state-of-charge and cell reversal or severe overcharge with pressure genera-

tion and cell rupture.

The types of space batiteries used have been primsrily nickel-cadmium, silver
oxide-cadmium, or silver oxide-zinc. However, research is continuing on

other battery systems, e.g., those which use organic solvents and high-sctivity

LOCKHEED MISSILES & SPACE COMPANY
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electrode materials to obtain energy densitiés above 200 watt-hr/1b. ‘In
common with many spacecraft systems, and desbite their extensive use, the lack
of pérformance characteristics data usable by power system design engineers
and a lack of standardization of cells, testing conditions, and data reporting

are frequently cited as shortcomings of battéry technology.

The nickel-cadmium battery has the highest survivability and longest cycle life
of the secondary batteries. It is frequently used in long-life applications
even though heavier than the silver oxide-cadmium battery. Characteristics of

an IMSC type XTI, 20 émp-hr nickel cadmium battery asre given in Table 9-2.

The silver oxide-zinc battery is a highly reliable primary battery (activated
immediately prior to use) with energy densities up to 100 watt-hr/1b, and is
‘often used in launch vehicles. As a secondary battery special séparators are
added to improve wet stand (up to 1 yr) and rechargeabllity. As a secondary
battery high current performance is poorer than as a primary battery, but the
energy density femaihs high. Characteristics of an LMSC Type 25 seQOndéry bat

tery are>given in Table 9-2.

Silver oxide~cadmium batteries are seldom used as primary batteries, but as
'secondary batteries have an e?ergy density abouf twice that of nickel-cadmium
and a cycle life 1 - 2 orders of mag;itude better than silver oxide~zinc bat-
teries. Low cell voltage and power system voltage regulation are disadvantages
but they are useful where rapid>repetition of cycles is required. They have

a wet-stand life of about 1 - 2 yrs. Typical characteristics of a silver oxide-

cadmivm battery are given in the table.

For battery power system design purposes, operating characteristics data are
required for a wide range of system designs and environmental variables such

as temperature, charge and discharge current, and system lecad characteristics
and specifications. A NASA pubilcatlon (NASA-SP- 172)(1\ identifies the maximum
data required for a highly sophisticated battery power system as:

. dlscharge voltage as a function of time under the actusl losd
conditions expected

. charge voltage and current as a function of time under the
actual charging conditions expected

7 — -
{1) Bzuer, Paul: "Balteries for Spmce Power Systems' , NASA SP-172, 1963
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overcharge current requirements

quantity of electrical energy available from the battery st

- critical points in the mission and assurance that at all other
“periods enery availability exceeds requirements

rate of heat evolution as a function of time under the actual
charge and discharge conditions expected and a complete tem-
perature profile of the battery as a funct*on of time

1mpedavce and phase-shift characteristics of the battery as
a function of frequency

efficiency of the battery's energy storage and its associated

“electronics

Use of
erator
by the

silver

probability of battery failure as a function of time and con-
ditions of use :

battery voltage transients for critical load changes

batteries as a primary source of electrical power for external refrig-
systems is constrained to relatively low-powef, short-duration systems
energy storage capacity of the battery. For exsmple, an IMSC type I-E
oxide-zinc battery has about 12,500 watt-hrs of energy, weighs about

125 1b, arnd oécupies about 1.0 ft3. This battery could supply 100 watts of

S C\)Y\a!‘r‘:xé\,

3
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Type

Oper Voltage
Oper Temp,°F
Dimensions

Weight, Lb

Rated Cap.

Internal
Tmpedance

Chg Rate

Wet Stand
Life, 30°F

Watt-Hr/Ib
Mumber of cells

Typical Cycle
Life *

IMSC-A981632

TABIE 9-2

BATTERY POWER SYSTEM CHARACTERISTICS

Ni-Cd Ago0-Zn Ag,0-Cd
23.29 - 29.50 25 1h.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) 7+ 150
0 - LO°F, 17 ah 300 ah 150 ah
%0 - 80 20 ah
80 -125 17 ah
0.05. (max) - 0.05 1 not avail.

{70°F, 5 amp, 5 ah depth)

5 amp (max) 12 amp 6 amp
2.5 yr (disch) 0.5 yr 1-2yr
8 65 ~ 20
20 16 13
4,000 éycles 100 cycles 1,500 cycles

* 50% depth of discharge; continuous 55-min charge and 35-min discharge

cycling

9-9

LOCKHEED MISSILES & SPACE COMPANY



IMSC-A981632

9.2.3 Fuel Cell Power System

Fuel celis have been used as the pfimary electrical power source in Gemini,
and- the Apollo missions. 1In principle, a fiel cell can be considered as a
battery in which fuel and oxidant are fed continuously from external storage
tanks onto electrodes within the cell while reaction products are removed from
the cell., Basic elements of a fuel cell power system include: the external .
case, negative and positive electrodes, electrolyte, inlets for the reactants,
outlets for the chemiecal products and purging, fuel and oxidant storage and
control eguipment, heat removal and teméerature control equipment, and chem-
ical preducts removal equipment. Major variations in space-flight fuel cell
'syétems from the different vendors occur in the'eléctrédes and the techniques

used in the control of reactants, product, and heat.

Within a fuel cell, ¢hemical energy released by reactants via an electrolytic
medium is converted into electrical energy. The electrodes serve as catalysts
for the oxildation-reduction reactith»and, in theory, remain chemically and
sbraclurelly unchanged. Thermedynamiczlly fthe cell voltage would correspond
to the change in chemical free energy that occurs during the reaction if the
system were reversible. In practice, as the current drawn increases, proces-
ses in the cell depart from equilibrium'ahd the cell pcotential decreasses. A
key to success is the electfode; the catealyst it incorporates, and its design
and construction. Suitable electrodes must admit correct amounts of reactants,
provide catalyst surface for the reactions, and allow reaction products esnd
electrons to flow Quickly. The selection, design, and construction of the
elecctrodes are determined by the type of fuel cell, i.e., nature of reactants,

electrolyte composition, and overall design of the fuel cell.

Hydrogen and oxygen are the regctants used in the fuel cells that have been
.employed in space missions. Characteristics of the Gemini and Apollo fuel
cells, as well as those under development at Ceneral Electric, Pratt-Whitney,
and Allis Chalmers for space applications, are given in Table 9-3. A schematic
of fuel cell power system elements is shown in Figure 9-1. 1In asddition, Gen-

eral Electric has developed a 200-watt jon-exchange type fucl cell for the bio-

satellite program. This fuel cell has a uwwit weight of about 30 1b snd &
I [} £
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design life of 1,000 hours. Alliis-Chalmers has developed a 200-watt radia-
tively cooled alkaline type fuel cell that weighs about 30 1lb, occupies less
than 0.5 fté,-énd has a design life of 1,500 hours. The Allis-Chalmers fuel
cell;was fiight—tested in 1966 and used a variébie emittance technique (using
louvers) to maintain the 190 - 220°F operating range. Bofh liguid-~ and gas-
cooling techniques have also been used, e.g., Apolio fuel cells used a glycol

cooling system.

Hydrogen-oxygen fuel cell performances are typically: 50 - 200 amperes per £12
of geometriec surface area, 0.7 - 0.95 volts per cell, O.TS - 1.5 kw per ft3,
and 12 - 18 watts per 1lb. Specific fuel consumption ranges from 0.8 - 0.95 1b
per kw-hr. Storage of hydrogen and oxygen for fuel cell operation to the fuel
cell design life of 5,000 hr. becomes a major weight element that may constrain
its competitive position. Readtaﬁts and tankage for 1 kw and 5,000 hr would
typically weigh about 4,590 1b and 2,300 1b respectively when stored cryogeni-
cally and with no allowance for boilcff. Typical weight vs mission duration
curves for 0.1, 1.0, and 10 kw hydrogen-oxygen fuel cell power systems are

s 0.2, 0.3, ond 9.k,

~n
Gl oaad Jmis sy Gk
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9.2.4  Radioisotope Thermoelectric Generstors (RTG)

RTG's are cand;date electrical power sources for space power demands ranging
from a feW»wagfs up to hundreds of watts. They are small, compact passive
energy conversion devices that offer high reliability and. long life. These
devices have been used in Transit, Nimbué,'aﬂd Apollo missions and are cur-
rently programmed for'use in Pioneer ¥ & G, Unified Nimbus Observatory,
Viking Mars Tander, and NavSat. They are under-active consideration as the

electrical power source for a planetary Grand Tour mission.

The basic design of an RTG is relatively simpie. It generally consists of a

cylindrical external shell with fins to radiste unconverted heat to space.

An encapsulated radioisotope is positioned in the center of the cylinder and

transfers thermal energy to thermoelectric materials located between the heat
source and the external shell. The schematic shown in Figure 9-5 illustrates
this. ~Positive-type and negative-type thermoelectric elements are connected

electrically in series to form thermocouples and thermally in parallel. The

thermocouples are connected in series/parallel arrays to provide the desired

h

T N )
on oIl

output electrical characteristics and rellability. Therwal energ

]

heat source flowé'conductively through the thermoelectric elements and then
through the shell to space. The temperature difference established across the
thermoelectric elements by the heat flow produces a voltage across the thermo-

eouple due to the Seebeck effect, allowing electrical power to be extracted.

Thermeoelectric conversion devices are based on the phenomenon that electric
current will flow in a closed circuit forméﬂ by the junctions of two dissimi-
lar metals if one Junction is maintained at a higher temperature than the
other{ Important material properties in determining the relative merit of
thermoelectric materials, the conversion efficiency and the converter design

are: Seebeck coefficient, thermal conductivity, and electrical resistivity.

The low conversion efficiency of these devices (about 5%) generally limits the
‘upper power range to less than 1,000 watts since the radioisotope used is both
expensive and relatively scarce.

Piotonium-233 is the radioiscotope used in 2ll spece RTG's launched and currently

projected. Plutonium-235 has a long half-1ife {(about G0 yesrs) and produces

i
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OUTER SHELL
(MAY HAVE FINS)

S |7 HEAT FLOW
S ELECTRICAL
\ INSULATION
. 7 B RN
\ THERMAL
\\\ S~ INSULATTON
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COUFLES IN
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FUEL (DISCS OF
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CERMET )

Fig 9-5 OCHEMATIC OF RADIOISOTOFE THERMOELECTRIC GENERATOR
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/
a minimal radiation environment since it is primerily on alpha emitier with

somevspontaneous fission. The need for and amount of radiation shielding are
dictated by the quantity of radioisotope, its geometric relationship to radi-
ation-sensitive items, and the radiation levels that are acceptable before

equipment performance does not meet design specifications.

The use of radioisotopes may present personnel radiological hazards and con--
tainment of the isotope under all normal and accident environments must be
assured. The AEC is attempting to establish a standard heat scurce capsule

design that satisfies safety criteria for use of plutonium-238 in space RTG's.

The thermoelectric materials used in space RTG designs have included lead tel-
luride, silicon-germanium alloy, and an improved material of tellurium-anti-
mony-germanium-silver (TAGS) for the modified SNAP-19 RTG. Since the efficient
operating temperature of lead-telluride is lower than the silicon-germanium
alloy, there 1s an effort to thermally cascade these two thermoelectric.systems

to increase the overallthermal efficiency from sbout 5% to as high as 10%.

There hsave been mumerous design cohcepts of space RIG's propoéed, but Table 9-4
presents characteristics of only those either cufrently available or under ac--
tive development. Up Lo 100 - 200 wa%ts can be obtained by using multiple
SNAP-19 modified RTG's. For power demands above this range, the multihundred-
vatt RTG or a cascaded-lsoteé RTG can be used. Both of these larger units are

in an early design phasé.

Waste heat from RTG's could be used by shrouding the generator exterior with
a heat exchanger or by using heat pipes. However, the external surface tem-
Peratures are too low (See Table 9-4) to be of value with a heat-powered re-
frigeration device. A heat pipe could extract’heat from the interior of the
BTG but this would require incféased thermal power of the(radioisotope and it
may not be conveniently located near the heat-using device. It would appear
more pracﬁical to provide a separate isotope heat source for a leat-povered

refrigeration device.

9-19
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9.2.5 Radioisotope-Brayton-Cycle Power System

The radioisgtopé most applicable for long—iife space'power systems is pluton-
ium-238. waever, plutonium-238 is expensive énd its availsbility is limited.
Therefore, if it were to be used with 1 - 10 kwe power syétems, the energy con-
version system should have a better thermal efficiency than the 5% given by
thermocelectric devices. Many candidate energy cénversion systems have been
studied for thermal coupling with a radioisotope'heat source incliuvding ther-
mionics and the more conventional dynamic systems. It appears from these studies
that a Brayton cycle turbogenerator system offers the most promise with a radio-
isotope heat source. Efficiencies in the range of 20 - 30% seem achievable for

1 - 10 kwe power outputs.

An isotope Brayton cycle power system was selected as.the bhase power system for
the manned orbital research laboratory (MORL) and a flow schematic of the 5.5kwe
system is shown in Figure 9-6. NASA/LeRC has initiated component ground testing
of a 2 - 10 kwe Brayton cycle power conversion module. While initially in sys-

e an ra - :I e~ J-
LQ:!U st AT ‘ 2O

ct

¥
1

he working fluid will be eleetrically heated, subsequent tesfs
will use a large-plutpnium-238 heat source and a 30-ft-dismeter solar collector.
NASA has estimated that the Brayton cycle power system will be ready for oper-

ational use in the 1975 time period.

In the isotope-Brayton cycle system thermal energy from a radioisotope heat
source, arrayed in an isotope re-entry vehicle for safe intact re-entry, is
transferred by radiation to a heat source Hgat exchanger and an inert working
fluid, e.g., a helium-zenon mixture, is heated to about 1,600°F. The heated
vorking fluid is expanded through a turbine which drives an alternator and a
compressor. The turbine exhaust flows through a recuperator to recover some
of the heat and then flows either directly into a waste heat radiator or into
an intermediate gas-liquid heat exchanger. In either case, the Tluid is cooled
to about 200°F and then flows into the corpfassor. After compression, the
Tluid flows through the recupefator and into the heat source heat exchanger
to complete the cycle. If an intermediate gas-liquid heat exchsnger is used,

N I . L3 . KT . N
the waste heust is rejected through a liguid waste heat radiutor by a sccondsry
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Prelimiﬁary designs of the isotope re-entry vehicle, the isotope heat source,
and the heat source heat exchanger have been completed. The AEC is continu-
ing development of plutonium-238 refractory metal fuel capsules. These cap-

sules will be .of flight quality for 5 years service at 2,000°F.

The NASA/ﬁéRQ isotope-Brayton cycle system is a nominal T-kwe unit that weighs
“about 5,250 1b without a redundant power conversion module. This weight in-
cludes 1,980 1b for the isobtope re-entry vehicle and the heat source array of
plutonium-238 fueled capsules. This power system covers the 2 - 10 kwe range
end at its nominal T-kwe rating gives about 1.3 watt/lb. If used in a manned
system with.a redundant power conversion module and a 500-1b nuclear radiation
shield (NASA estimate, with a 10-Tt separation distance), it will give a nomi-
nal 1 watt/lb'and occupy about 350 ft3. A heat réjection radiator area of

about 550 ft2 is required at an average heat rejection temperature of 15L°F.

LOCKEHEED MISSILES & SPACE COMPAMNY
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& fuclear Reactor Power Systems

N o

when space missions are studied that require multikilowatts to megawatts of

“lectric powepﬁfor long pgriods of time, nuclear reactor power systems become
4 ieading éggdidate to supply the power. -They must compete with large solar
;hctbvoltaic arrays and isotope-~Brayton cycle or solar collector-Brayton cycle
4n the lowver kilowatt'range (a 10 kwe) and with large solar photovoltaic arrays
cr larger solar collector-dynamic power systems in the 10 - 50 kwe range.

Lrove about 50 kwe nucleer reactor power systemé may be the only power source
s:ndidate.

4 nuelear reactor power system offerg a relatively compact space power system
with L - 5 yrs design life that is not dependent on solar energy. The basic
2lenents of a nuclear reactor power system are a thermal energy source, an
encerey conversion system, a waste ‘heat rejection system, a nuclear radiation
shicld, and assoclated interfacing structure and acceésories. Only one nuclear
reactor power system (SHAPSHOT) has produced electric power in space. It pro-
cuced a nominal 600 watts of electric power for 43 days before a voltage rcgu-
totor failure terminated its mission, It used a compact zirconium-hydride-ura-
nium reactor with a sodimm-potassium (NaK) working fluid transferring the reac-
tor thermal energy to a direct radiating thermoelectric power conversion system.
Tiw flight system weighed about 725 1b, had a 235-1b lithium hydride shield,
Lnd an'efficiency of about 2%. A similar system was ground-tested for more

'

“Lun @ year (about 10,000 hr) without malfunction in a simulated space environ-

pan e
il

In the power range where nuclear reactor pover systems must compete with solar-
“ependent systems, they have an advantage in not requiring large deployable

punels or collectors that may give unacceptable drag penalties at the lower

FISTEOS S

*tal altitudes, or may need to be retracted for space maneuvers. They havé
“te dicadvantage that nuclear radiations emanate from the energy source. There-
“7re, radiation attenuation must be provided by shielding and separation dis-
wHes between the source and radiation-sensitive items. In addition to the
“wility of fertile reactor core materials, contrasted to plutoﬁium-238,

S Y . . . . a4 e . ]
~7reer reactor power system hes a distinet ground handling advantage over

LOCKHEED MISSILES & SPACE COMPANYS
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large radioisotope heat sources since the #eaétor is not started up until the
desired orbit has been achieved. For the some thermal power, shielding require-

ments are greater for a nuclear reactor than for a plutonium-238 heat source.

Because of fixed weights and shielding requirements, it is very difficult for
nuclear reactor power systems to be competitive in the 1 - 10 kwe range unless
there are mission considerations that override power system weight. It is(
therefore doubtful if a nuclear reactor power system would be considered as a
separate source of electric power for externsal refrigerator systems. However,
if there are missions which have a nuclear reactor power system as the primary
spacecraft power source, they would be an excellent candidate to supply the |
additional power needed in an external refrigerator system at a minimal weight
penalty. The penalty would be evident in extra radiator area and weight, any
added shielding to reduce the increased radiation level, and possibly in reduced
energy conversion cycle efficiency due to off-design operafion, if the system

:

were not optimized at the higher power load.

now under devclopment and tecting for SNAP-8, The reactnr nses

M
sl
m
y

zirconium—hydfide as a neutron modefator, enriched uranium-235 fuel, liquid
metal coolant (sodium-potassium mixture), beryllium reflectors with movable
segments for reactor control, and stainless steel or lastelloy for most struc-
tural elements. If higher reflector temperatures may be encountered, e.g. '
with a k7 shielded reactor, beryllium oxide reflectors with poison -backed
control drums can be substituted for the beryl}ium reflector and open-type
drums. The SNAP;B—type reactor is designed to provide a nominal 600 kw of
thermal’power for 12,000 hours with a 1,300°F céolant outlet temperature.
Design life can be increased by operating at reduced power or outlet coolant
temperature. Design life can also be increased by using a slightly larger
cone with additional fuel elements. Typically a SNAP-8-type reactor will weigh
aboutb 750 1b and occupy about 6 ft3. The 1,300°F outlet coolant temperature
limit of zirconium hydride-uraniuvm-type reactors constrains the performance of

some of the energy conversion systems as will be noted later. Advanced reactor

o]}

types that alleviate this constraint, e.g. SHAP-50-type, have beegn studied an
considerable development work accomplished. However, they sre not currently

available or programmed for the nesr future.

LOCKHEED MISEILES & SPACE CCMPANY
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The‘thermal energy released by the nuclear reactor must be couéled to an
energy conversion system. Sihce tﬁe reactor coolant becomes radioactive
during reactor operation, shielding and energy conversion system coptami-
nation gonéidefations generally dictate the use of & primary loop heat
exchaﬁgér to transfer the heat to the energy ccnversion system working

- fluid loép even though SNAPSHOT used the reactor-coolant airectly with the
energy conversion system. In some applications it may even be advanta-
geous to use an intermediate heat transfer loop between the resctor cool-

ant loop and the energy conversion system fluid loop.

Many energy conversion systems have been studied for use with nuclear re-
actors. These have included thermoelectrics (both direct radiating and
compact cbnverters), thermionics, and dynamié systems, e.g. Rankine cycle,
Brayton cycle, and more recently Feher cycle. A direct radiating thermo-
electric system was used for SNAPGCHOT with a system efficiency of about

2%. Subsequent development and the use of higher hot junction temperatures
have impro&ed the efficiency to 2.5 - 3%. In the direct radiating type,
heated working fiuid {codium- octassium mixture) is puaped through a mani- )
fold and distributed to an afray of tubes. From the tubes the fluid flows
through a manifcld and back to the heat exchanger to complete the loop.
Silicon.germanium thermoelectric couples are bonded to the tubes and the
other end of the couples are bonded to a heat rejection radiator. Heat
flows from the hot fluid conductively through the n and p eleménts of the
couples and the unconverted thermal energy is rejected to space. The
temperature gradient set-up across the thermoelectric elements produces'

a voltage across the couple due to the Seeback effect, allowing electrical
§ower to be extracted. The couples are connécted electrically in series/
parallel arrays to provide the desired output characteristics and relia-
bility. BSuch systems have been proposed for -electrical power to the

20 - 30 kwe range. System characteristics dre given in Table 9-5, and

a schematic in Figure 9-T.

Coumpact thermoelectric converters provide a modular approach for energy

conversion in which a number of thermoeliectric modules are combined to

give the desired total power. A typicsl medule contzins 4 tubular submodules

9-26
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connected hydraulically in parallel and electrically in series. Each
tubular submodule has an inner-tube on which rings of lead telluride
thermoéiéctric material are mounted. Alternate rings of n-and p-type
lead telluride are used with the rings isolated from each other by mica
washers. An outer annular jacket is used on each submodule for coolant
flow. Heated working fluid (sodium-potassium mixture) is pumped through
the inner-tube of the submodule and circulated back to the primary heat
exchanger to complete the loop. A heat réjection loop pumps coolant
(s0dium-potassium mixture) through the annuler jacket surrounding the
thermoelectriec material and circulates the coolant to a heat rejection
radiator and then back to the converter. Heat flows conductively from
the hot working fluild radially through the thermoelectric rings to the
heat rejection loop. A porfion of the thermal energy is converted tc
_electrical power because a closed ciréuit is Tormed by the Jjunction cf
the two types of thermoelectric materials with different junction tem-
peratures maintained by the heat.flowing through the thermoelectric ele-

montao.
me .

S5 VR

A typical module weighs about 56 1b and occupies about 1/3 ft3. With an
average hot junction temperature of 1,100°F and cold junction temperature
of 500°F, about 400 watts per module are generated. System characteris-

tics are given in Table 9-5.

Unlike the direct radiating system, the compact converter system requires

the provision of a heat rejection lobp and radiator with associated plumb-
ing and pump. These weights tend toioffset the efficiency advantage that

lead telluride couples offer over the silicon-germanium couples at the

temﬁeratures available from a SNAP-8-type nuclear reactor.

Both of these thermoelectric systems are static energy conversion systems
with inherently high reliability and with the use of electrdmagnetic pumps

in the various loops rotating machinery is not required.

The heat engine power cycles of primary interest for space dynamic pover
systems are the Rankine-cycle and the Brayton-cynle. In the Rankine-cycle
both liguid and vapor-phases are used, while in the Braybon-cycle cnly the

gas phase is used.

9-27
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. As a direct consequence of the development wérk performed on sSpace pover sys-
tems using solar collectors, e.g. Sunflower, and nuclear reactors, e.g. SNAP-2,
-8, and =50, there exists a considerable reservoir of experience and data on
Rankine-cycle energy conversion systems. A schematic of a version of the
SNAP-8 power system is shown in Figure 9-8. This “ersion contains four loops:
& primary reactor coolant loop, a cycle working fluid loop, a heat rejection
loop, and a lube/cooling loop. Thermal energy from the reactor is carried by
the reactor coolant loop to a boiler where the Rankine-cycle fluid is heated
and vaporized. The vapor is expanded in a turbine that drives an alternator.
After expansion the fluid flows to a condenser where it is condensed and cooled
before returning via a pump/motor assembly to the boiler for recycling. A heat
rejection loop removes heat from the‘condenser and transfers it to a heat re-
Jjection radiator for disposal. A lower temperature lube/coolant ldop with its
own heat rejection radiator is provided for the pump/motor assemblies and the

alternator. '

Many working fluids have been cousidered for use in space pover Rankine—cycle
systems, including: waber, organic fluids: mercury, rubidium, and potassium.
Mercury is the fluid used in SNAP-2 and -8 and typically gives 8 - 12% system
efficiencies with a nominal 1300°F tufbine inlet temperature. Developmentr
work using an organic fluid, e.g. Dowtherm-A, is continuing. Although restric-
ted, because of thermal decomposition, to temperatures less than TOO - 750°F,
test results with a 12-kwe unit have given system efficiencies around 14% with
promise of increasing to around 20%. If advanced nuclear reactors are devel-
oped with outlet temperatures greater than 1,300°F, mercury's vapor ﬁressure
becomes excessive, but potassium is then a prime fluid candidate. System ef-
ficiencies of 10 - 15% are estimated and a significant area and weight advan-
tage would accrue in the heat rejection radiator because of the increased
radiator temperature available. System performance characteristics of a SNAP-8
V type power system are given in Table 9-5 for compariscn with the other resctor

pover systems.

Even though only 5 - 6 years ago many believed a Brayton-cycle power system was
not feasible for space applications, development work has progressed to the point

that it may be the first dynamic energy conversion system Gualified for flipht

9-28
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use. A schematic of a nuclear reactor Brayton-~cycle power system is giﬁen
in Figure 9-9 and its performance characteristics are given in Table 9-5.
Efficiencieé"in the 20 - 25% range appear feasible even with the 1,300°F
1limit of the SNAP-8 family of nuclear reactors. The relatively low heat
~rejection temperature of a Brayton—cyclé'inﬁokes a radiator area and weight
penalty when comparéd with the other power systems. In a Bryaton-tycle
system, thermal energy from the reactor is carried by the reactor coolant
loop to & heat exchanger where the inert gas working fluid is heated to
about 1,BOOOF. Operation of the rest of the Brayton-cycle system was

described in the radioisotope-Brayton cycle section.

The waste heat rejection radiator is a major element of nuciear reactor
power systems. The area required for a given quantity of heat rejected to
space is a function of the average radiator temperature to the fourth

power. The quantity of heat to be rejecfed is a function of the electrical
power required and the power sysﬁém efficiency. Radiator area requirements
are given in Tabie 9-5 for the various reactor power systems for comparative
purposes, Typically radiator specific weights will range from 0.9 to 1.2 1b

per ftz.

The shield weight for a nuclear reactor is a function of the reactor thermal
power level; the radiation resistance of spacecraft equipment; mi;sion con-
'siderations, e.g., manned, unmanned, exposure auration, equipment access,
rendezvous and docking; and configuration considerstions, e.g., reactor and
equipment locations., Shielding must be p}ovided for both neutron and gamma
ray attenuation and typically lithium hydfide and tungsten are used. Shield
configurations can be shadow, split, or 4w -type, depending on factors noted
above. Without the factors noted above being specifically defined it is
difficult to give typical shield weights. However, to give some indication
of an order of magnitude, about 8,000 - 10,000 1b of reactor shielding would
be required for a manned spacecraft with é 125-ft separation distance with

a 4R2-ku reactor and a 2.3 mr/hr radiation tolerance at an 80-f% diameter

dose plane.

LOCKHEED MISSILES & SPACE COMPANY



IMSC-A981 .52

mawpnm>moo qoedwod Aqpueis g % SATGOB 2T

7°1 0°2
9£0¢4, 022 ieT
G60°‘T et
06€ 016
%% 95272 0Lg
- 90T‘2
- €9L‘T
%% 0l2fe ¥ 632°6
60T 852 T
061t 04Tt
008°g2 age ‘61
- 0LG on
890°T T68°T
] 44 084§
066 4% 02T1S
00€°T 00€°T
00T‘T 00Tt
Ik ¢ ak ¢
8°¢ A
aah 229
(70d) 2T (33u) 6°62
~doTa0wWasyg DI acwIIYT,
pey 398XIg@ X, %,4u0) 3oedwo)

$9TUn pue 4007 UOTSISAUO) JaMOg LQDUBLES T B OATIOR § SOPUTOUT sy

{xefueyoxe qeay Lqpuels T 9 SATIOR g sdPNTIUT

. m .@ N c.J
2689 2LLfS
869 g -
A g0¢
064 £es
98e -
616 190¢T
L6T -
€1e QLS
906 T TGt
62e‘T gT6

a1 ‘SIHDIEM
0éz‘t 0&2‘t
; @mm — -
it -
0L6 Y -
otr‘6 . | 0L0°TT
oTT¢2E 002°¢L
l2g 06Tt
¢lLa Q62
0£GHE 000°.LT

. OfE‘T 00E°T
oRT‘T 04Tt

4 000°0T aq 000¢0T

L6, g ¢t

HIH g4t

(38u) of (30u) 42
Q~dVNS aToLp-uolheag

X008y ony

*.

(wershs TesodsTp 2010881 O PTOTYS OU)

QT /3388 ‘ang OTITo8dg

PNOJLG TRULISUT

quaudinbyg 309TH SNOSUBTTSOSTH
qaoddng I93a2AUC)H /PEY
J0YETIPRY pgmHOOO\mQQH
JojeTpey uoTyoaley jwey

sdumg % dooy jueto0)/aqtvy
sdumg » doorp uotgoelaey 388y
TU[} UOTSIDAUOY 810

doog ALaewTig B JI0308BIY

g, ‘dual, 8Ay epTg 30H DTJIL0STOCWIAYT,
g, ‘dwsy 39TUI 2UTQIN

wam ‘Boay JO3BRTDRY pgmaoooxmﬂﬁg

g, ‘dwsl BAy JOjBIpERY JUSTOCH/9qN]
ay /a1 ‘erey moTg doo uBT00)/eqw]
T4 /q1 ‘o3eyg-A0Tg dOOT UOTSIDAUOY Ihd

g /qr “e3ey morg doo uoryoaley 38y

511 ‘Bagy uorjoaley aesyg

o g, mQEmB Bay uotgoslay 389
I /qT ‘eey MOTJ JUBTOO) 103088y
g, ‘dusy 38T3NQ JULTO0) I030E3Y
g, ‘dusj 39TUL JUBTO0) J01d8eYy
3JTT u8tweq

L£oULTOTIIN wansAg

()M ‘aenog x03029Y

(@)1 ‘psuoTaTPUOOUN I9M0g DOIEY

(TYOLdAL) SOIISIMIALOVEVHD WAISXS ¥EMOJ HOLOVEM

G=6 @IEYL

5-30



IMSC-A081632

WELSXS ¥AMOd OIMIOFIHOMMHHI HNILVIAVE ILOTUId J-6 814

dild DILEROVNOYIOTTIG N T

'
N e _ HH/qT 066°Y¢
! |
[ i . 220501 _ ¥ 41,0011
2,096 = 1 | 1 T EL W §'T8 | -

o NE— © Sd00T NILYEANOD oy ey
ELTITY WELEIALCD IV T © /OEONVHOXE VTN WOIOVIY
DNIIIGYY OTHIOTIE .

oTEIa ~oqemir | do0seT A A A A A A 100t T
A YV
IJ\/
O IVSNAIWOD
NOISHVIXH
w/a1 095 ¥ §
A
YOITSHEIHO0 WM
NOISIVAYE 193
SaWnd
T LANOVHONIO TTHORYAHL,

‘ONIIVIQVY IOEuIa

- 9-31

COMPANY .

CE

SPA

SILES &

Mis

LOCKHEED



IMSC-AG81532

WAISKS YEMOd FI0XD INDINYY FdAL-g-dvNs §-6 914

SRS s WU —— ameer |1 W/gT 0Ly
[ 1,572 VOIVIQVY 1,012 —
ISSV WOIOW/aHd _
dOOT INYI000/38nT |
ISSY HOIOW/IHnd XSSY  HOIOW/JAnd ASSV ¥OIH/annd
———— — — — ] D Sa ]
_ . || |
— - . A y
“ 4,067 1,567 y v d,0v1t o~
| 1M 8EE INY €€ Iy Yoy MY 7TV
_ YOIVIOVY YOSNHANOD YTIIOH J00T WOLOVTd
| | d007T d001 r YoH
| 2,099 \w zog%,% % . ptitetticd TUVHIEd ,06€T
“ /g1 01T 2E
Lo o ]
" .moomma ,% ﬂ
| YOIV NEALTY /T 0176 /a1 088 7Z
THIGUNL

(ssoun) eny e.wﬁ%
(13N} onx 07



IMSC-AOB1632

IETV
¥ [
LI 6ES LEDHVEOXE
YOIVIAVY Iy 3H
I,£81 |

J0d M

I 0
£€8°0 ©
YOSSTUINCO

2ET"0 = (3848)

WEISXS HaMOd TIDXO-NOIAVYE HOILOVEY MVAIOAN 676 814

(39) omY 21T

Jind
S A
co=s mdqﬁ _ I 081IT
WOIV¥ENOTI | 07T § g o
TADNVHOXH sdob1|  yEONYHOYH WY Z6T
IViH LIV TAREA IVTH
SVO/3BN “WHAINI| 2 IUvHINd YOIOVIY
8 I,00€T
T06°0 = U _l Jind
aNIgUnNL . ) ﬁld
06°0 = U I 0621 L
YOIV NI LTV 4,0L6 /T 000°LT WH/G1 000°LT
) . ¥oN ¥eN
T {oon
WH/aT €€5S
NCOUY

9-33

L4
H

COMPAN

SPACE

&

MISSILES

LOCKREEDR



IMSC-A981632

9.2.7 Power Conditioning

The power conditioning equipment may contribute a significant portion of the
overallvsystem weight for high power requirements. A limited amount of in-
formation isfgiven.here so that rough estimates can be made of weight and

volume reduirements. For detail enalyses and designs more complete informa-

“tion must be obtained from other sources.

Power conditioning equipment may be required to transform, convert, invert,
rectify, regulate, filter, or limit the power from a power source for use in
spacecraft subsystéms. The weight and volume requirements for power condition-
ing equipment will therefore be dependent upon the electfical characteristics
specified for the power-using equipment and the output characteristics of the
power source.. In order tc provide some insight into welght and volume allow-
ances that must be provided, the following general guidelines are given for

28 vde output D“/DC converters and for 3-phase, 115-volt, 400 cps inverters:
IC/DC converters will generally range from about 18 - 20 lb/kw and 250 1n3/ﬁw
to 5 - 8 lb/AW and 70 - 100 1n3/nw as the input voltage varies from about

6 volts to 20 voits, respe**i“ely; 3-phage inverters will, in g
from 30 ~ 4O lb/kw with 25 - 31 volt input to 15 - 25 lb/kw with 50 - 60 volt
input. Inverter specific volume may range from several hundred 1n3/kw to
1000 in3/kw..

eneral, Tange
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9.3 THERMAL ENERGY SOURCES

9.3.1 Radipisotope Heat Source

I~
e

cai hazards, particularly if the radioisotope were permitted to escape from the

- heat source capsule. Therefore, containment of the isotope under all normal
and accident environments must be essured. This dictates that adequate ther—
mal and structural protection be provided to éllow the heat source capsule to
withstand re-entry environments associated with mission aborts (which may in-
clude superorbhital return) and remain intact after earth impact at the velocity
and temperature conditions appropriéte for the particular heat source configura-
tion and re-entry characteristics. In addition, if the capéule design does not
provide a means for venting the helium generated by the decay of plutonium-238,
then sufficient structural strength must be provided within the capsule to

withstend the maximum internal helium préssure developed.

The general approach has been to ﬁave the heat source capsule capable of re-
maining intect after earth impact and a graphite proﬁective;thermal shield
around the capsule for re-entry protection. This approach was used, with a
cylindrical capsulé, for Nimbus SNAP-19,\and is planned for Pioneer and NaSat
‘RTG's. Studies by Douglas Nuclear Lab in isotope heater designs for NASA MSC
have recommended a sphericél capsule in a cubic ablator configuration. Others
are also studying spherical capsgle designs, but the AEC now considers a refrac-
tory metal mutilayer.cylihdrical capsule with provisions for venting helium as

thelr reference design.

NASA/IeRC requires g large radioisotope heat source (25 kwt) for use with a
Brayton-cycle power system. Their current reference design uses multiple
u.nvented refractory metal ecylindrical capsules in a planar array with an
ablative blunted-cone isotope re-entry vehicle father than individual capsule
re-entry protection. This may become the preferred approach for.thermal povers

zbove several kwt, but with vented rather than non-vented capsules.

The AEC reference fuel form is now a solid solution cermet of plutonium-238
Gioxide and thorium dioxide in a molybdenum matrix rather thon plutonium di-

oxide microspheres. Crushed porticles are used in the fabrication proceszs.

LOCKHEED MiSSILES & SPACE COMPANY
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Single-capsule heat sources from 100 watts té over 1 kw can be fabricated.
based.on the AEC reference design and technology developed for multilayer
refractory metal capsules. Typical of the mu;tihundred-watt type are the
635-watt heat source for the modified SNAP-19 and the T90-watt heat source
for NavSat. The T90-watt heat source, with a composite graphite thermal
shield in an inconel outer can is a 5" diameter x 71/8" long cylinder and
weighs sbout 14 1b. The capsule is vented and has T-11l1 as the strength
member, Ta 1OW for the inner liner, and Pt 20 Rh clad. It uses plutonium-238

solid solution cermet as the source of thermal energy.

For low thermal energy heat sources (lOO watts) a refractory metal spherical
capsule of about 1.8" diameter, weighing ll/u - 11/2 1b fueled appears attrac-
tive if fuel form fabrication will permit its use. Enclosing this capsule in
a 2.8" graphite cubic protective thermal shield with a thin outer inconel can
will provide a 100-watt heat source weighing 11/2 - 13/u 1b. This source
could be coupled by direet radiation to the heat-powered refrigeration device
with a thermal shutter for decoupling during non-operatiocnal periods (see Fig-

ure 9-10).

Ir chindrical isotope capsules .with épherical ends are used as the reference
capsule design, a 100-watt heat source could be configured in a 1"-diameter x
5" long refractory metsl capsule, weighing 13/u - 2 1b fueled, with the solid
solution cermet discs only in the cylindrical section of the capsﬁle. Addi~
tion of a 1/2" thick graphite protective thermal shield in an outer inconel
can would increase the heat source to about 2" diameter x 6" long and add
gbout 1 1b to the heat source weight. This cylindrical heat source could be
directly coupled to the heat-powered refrigeration device in the same way as

the spherical heat source.

_For heat sources of around 1 kilowatt, isotope capsule designs similar to the
Pioneer and NavSat RTG heat source design, but uprated in thermal power, appear
appropriate. While this hest source could also bhe radiatively coupled directly
to the heat powered refrigeration device with a thermal shutter for decoupling,
consideration must . be given to the nuclear radistion levels and the actual heat
gource geometry relative to auclear radiation-sensitive items. This consider-
ation may dictate the use of heat pipes for transferring the thermol energy

9-36
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with required nuclear shielding provided around the heat source. Figure 9-11

schematically shows this arrangement.

For heat souréé; of 10 kilowatts or higher, a planar array of vented refrac-
tory metal cylindrical capsules with an ablative blunted-cone isotope re-entry
vehicle appears to be the best approach. Thé heat source is radiatively
coupled to s heat sourcé heat exchanger. For use with heat-powered refrigera-
tion devices a forced-convection liquid metal (NeK) loop with the heat source
heat exchanger (see Figure 9-12) would be preferred to the gas loop used by
NASA/IeRC with their Brayton-cycle system. Multiple heat pipés could be used
in place of the forced convection loop. HNuclear shielding will probably be
required for the 10-kilowatt or higher heat sources, depending on the specific

spacecraft configuration.

The 25-kilowatt heat source of NASA/IeRC has 164 unvented refractory metal
cylindrical capsules, each a nominal 157 wafts, suppofted by Cb-1Zr structure
in a 49" diameter planar array. The isotope re-entry vehicle (IRV) with heat
source weighs about 1,980 ib. Earlier studies indicated nearly a 400-1b reduc-
tion in IRV/heat source weight could be realized by the use of venited capsules

with PuOo microspheres as the fuel form.

Usé of 157~watt vented capsuies with the solid solution cermet fuel form could
be configured in a 25" diameter planer array for a 10-kilowatt heat source.
Scaling from the 25-kilowatt heat source dssign gives a 10-kilowatt heat source
weight of about 500 1lb. Assdming a simllar clearance between the heat source
diameter and the aeroshell diameter, scaliné of weights gives an IRV diameter
of LL" andba wveight of about 335 1lb. This fesults in a total IRV/heat source
weight -of around 1,030 1b, including a spacer, hinge, and abort/de—orbit system.

The use of fadioisotopes requires consideration be given to the radiations that
emanate from the heat source. The radiation leveis that will be experienced by
equipment and personnel are a function of the quantity and purity of the isotope,
its Tuel form 2znd consiituents, the capsule materials and configuration, the
separation distance between radiation source and equipments, and the shiclding

effectiveness of any intervening materials.
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Plutonium-238 has a half-life of about 87.5 yr and decays to uranium-23ﬂ by
alpha emission with primary energies of 5.495 Mev (-.72%) and 5.452 Mev ( -. 28%).
Neutrons are produced by spontaneous fission, induced fission, and alpha-neutron
reactionsf'.Pure plutonium metal has a neufron production rate of about 3.5 x103
n/sec-éﬁ 238 which 1s essentially that produced by spontaneous figsion. The
oxide has a neutron production rate varying from about 1.5 x 104 to 2.5 x th
n/sec-gm 238 depending on the light element impurities present. Gamma rays

from plutonium dioxides come from a variety of processes including: intrinsic
decay, prompt fission, decay of fission products, and isotopic impurities and
their decéy products. Typically the neutrons contribute about 90% of the ra-

diation dose rate from the oxide.

The new reference plutonium-238 fuel form will have its radiation levels char-
acterized in terms of neutrons/sec and a gamma spectrum of;f/sec per gram of
solid solution cermet. ©Such characterizations are available in the open liter-

ature for PuOp microspheres.

Both SNAP-19 and -27 type isotope fueled capsules have had ﬁheir radietion fields
experimentally determined, e.g., a SNAP-19 capsule gave a maximum radistion level
of zbout 38 mrem/hr at 100 em from the capsule center. ZEstimates have been made
of the radiation levels expected from the NASA/I@RC 25—kilowa£t heat source and

a 500-1b radiation shield has been determined as adequate for space station'use
of an isotope~Brayton cycle power system. A 100-watt spherical heat source

would typically give about 7 mrem/hr at 100 cm without allovance for attenua-

tion by the isotcpe or encapsulating materials.

Typical radioisotope heat source characteristics are present in Table 9-6 for
thermal powers of 0.1, 1.0, and 10 kilowatts.
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9.3.2 ‘Solar Collector/Receiver System

The primary elements of a solar éollection/receiver system for supplying
solar energy to a heat-powered refrigeration unit are:
. a collector to gather solar radiation and concentrate
it to a small focal image

. an absorber to receive the concentrated radiation and
transfer the energy either directly to the heat- powered
device or to a heat storage device

- an orientation device to keep the collector pointed at
the sun

a heat storage device to provide thermal energy storage
during periods when sunlight is incident on collector
and to provide thermal energy to the heat-powered device
when the collector is shadowed from the sun

a thermal switeh to decouple the heat source and the
refrigeration unit when refrigeration is not required

a deployment/erection device to transform the collector
from a stowed device to its deployed configuration

structure to provide mechanical strength to the system

9.3.2.1 Solar Collector -. Extehsive development work has been accom-
plishéd over the past 10 years in solar collectors for use with spacecraft.
Much of this work was motivated by the desire to use solar energy with space
pover conversion systems, e.g., dynamic systems, both Rankine—ﬁycle and
Brayton-cycle, and thermionic conversion devices. One-piece solar collectors
up to about 30 £t diameter with specific weights from 0.25 - 0.6 lb/ftg of
projected arez were studied. Spacecraft stowage limitations and launch en-
virommental effects placed considerable emphasis on large-diameter solar
collectors that were capable of being erected in space. "The lower tempera-
ture requirements of the dynamic power conversion systems compared to thermi-
onic devices allowed concentration ratios that appsrently could be met even
with the erectable collectors. Perhaps typifying these types was the 32.2-ft
dlameter Sunflower parsboloidal solar collector with its ID of 9.2 f{ to allow
cr the absorbﬁr and dynamic machinery. This ccllector provides about 75

kilowatts at Lh, gtsorber with 2 collector afficiency of 0.736. The bagis of

9-43
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this design was a rim angle of SO°LL', 0.92 reflectivity, 3/4° max solar
misorientation, *1/2° max surface slope devistion, *1" max surface transla-

tion deviation, and 130 watt/ftg solar constant.

Solar collector designs may be chosen fromseveral possible shapes, but é
highly reflective paraboloid is generally specified. Collector designs with
Aspecifié weights as low as 0.25 lb/ft2 of intercebtea solar flux area have
been proposed for erected diameters up to about 50 ft. Collector rim angles~
of 47 - 53°, i.e. angle subtended by the collector radius as seen from the
focal point, appear. optimum on the basis of concentration ability. The quan-
tity of heat that a collector will focus on the absorber is a rather complex
function of collector diameter, solar constant, angular diameter of sun disec,
surface slope.error at the collector surface, translation of the collector
surface away from the true mathematical surface, the misorientation angle of
the collector opticel exis from the center of the soler disc, any blockage of
the system by structure, the rim angle, and the reflectivity of the collector
surface to solar radiation. Collector efficiencies are generally in the 70 -
85% range for single reflectance from the collector into the ébsorber. It
the collector is to spend time shaded from the sun, then it must be sized to
provide sufficient heat during periods of sun exposure for the heat storage

system to accommodate the operating heat-load during shade time;

Use of a douﬂie—reflected collector system to focus the solar energy on an
absorber located at the apex of the collector rather ;than at the focal length
results in the accrual of additional losses and reduced collector efficiency.
However, these losses may be acceptable for the configurational advantages

of having the absorber nearer the refrigeration unit and the tankage being
cooled. Even with a collector efficiency of only 0.50, a L4.5-ft-dismeter
one-piece paraboloidal collector; double-reflected, would give about 1 kilowatt

incident on the absorber.

9.3.2.2 Absorter - In designing an absorber, one strives for a device
with high solar absorptivity and low thermal emissivity to maximize the ab-
sorbed solar energy and minimize reradiation losses. Generally cavity absor-
bers are used and an optimum entrance diameter selected for the best combina-

tion of reradiation lesses from the cavity entrance and losses due to solar
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radiation not entering the cavity. While different shaped cavity absorbers
have been Etudied, a common design is a spherical segment with its center
offset ffgm the focal point to reduce reradiation losses. A heat balance in
the cavity absorber is required to estéblish the equilibrium surface tempera-
ture and the absorber efficiency. The absorber must be sized to accept the
maximum heat flux that occurs when the ratioc of shade-time to sun-time is.a
maximum. The end of a heat pipe could be inéorporated in a cavity absorber
and used to. transfer heat to a heat storage unit or directly to s heat-using
device. Efficiency of cavity absorbers discussed in the literature generally
ranges from about 0.85 to 0.90.' Weights will vary widely depending on what is
included with the absorber, i.e., heat storage unit. Without heat storage ma-
terial, specific weights of cavity absorbers appear to range from & - 6 lb/ft2

of absorber surface area.

TheASunflower design offers an example of a cavity absorber. This design was to
accept T6.5 kilowatts of energy from the solar collector through a l.2-ft dia-
meter aperture at extreme orbit/shade periods of 96/36-min at 300 nm and 1500/
50-min st QO,QQO nm. A spherical segment of 1l.4-ft radius wiih a 1l.2-ft aper-
ture diameter was selected with its center offset from the focal point by about
1.25 ft. The absorber gave an efficiency of 0.903 and used lithium hydride
located around the cavityvfor heat storage. The absorber also served as a
mercury boiler for the Rankine-cycle power sjstem. A shutter was devised to
vary the aperture diameter during system startup. The unit weighed about 260
1b. and had sufficient lithium hydride tb maintain the required heat flux and
temperatgre during the TO-min. shade period at 20,000 nm.

Minneapolis-Honeywell, in a solar heat source design prepared under a USAF ML,
contract to provide 2.5 kilowatts at 1,250°F for a Vuelleumier-cycle cryogenic
ccoler, used a different approach for a receivér design. They employed a low
conéentration ratio (about 50) to reduce sun-pointing requiremeﬁts, a large

rim angle:(105°), and a hollow molybdenum spherical receiver (9.7-in diameter)
as the evéporator section of a potassium heat pive. The heat pipe (a nominal
d-in. diamgter) then transported the heat from the receiver to g lithiuvm-hydride
heat storage device (2 c¢ylindrical bellows arcund the hest pipe) znd the heat-

using device. Pertinent charscteristics of this desipn ore givan in Table 9-7.

9-45
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Table 9-7

CHARACTERISTICS COF A SOLAR HEAT = SOURCE
DESIGNED BY MINNEAPOLIS-HONEYWELL

Heat Intercepted by Collector 8.3 kw
Useful Beat for Refrig. (Ave. at 1250°F) 2.5 kw
Collector Diameter ’ 9 ft
Rim Angle 105°
Collector Weight 5 1b
Receiver Diameter (Spherical) _ 9.7 in
Receiver Coating g = 0.8, € = 0.12

Overall Efficiency 0.5
Potassium Heat Pipe Diameter lin
Percent Shadow Time L0o%
Concentration Ratio 50
Hcet Storage (Lithium Hydride in Cyl Bellows) - 5.2-1b

Collector P01nt1ng - 2 axes glmbal with 1° sun sensor
and roll axis inertial wheel

9.3.3 Heat Storage

Certain mission applications which might eﬁploy a solar collector experience
periods when the collector will be shaded from the sun; e.g. earth orbital
missions at 300 nm and 20,000 nm can typically have orbit-time/shade-time
pefiods of 96/36-min and l500/TO-min respectively. The amount of heat that
nmust be stored is a maximum at the mission condition thap gives the maximum
duration shade-time. '

" Over the years numerous studies of materials for use in storing heat have
been conducted with the heat of fusion providing the heat to the using
equipment during shade periods; For the temperatuie range of interest
(1100-1200°F) for heat-powered refrigeration devices, lithium hydride appears
to be & logical selection.  Lithium fluoride has frequently been selected for

tempergtures appropriate for Ersyton-cycle applications (. -1500°F) but it has

9-46
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a much lower heat of fusion than lithium hydride. Both of these materials
undergo rather large volume changes in the liquid-solid transition, e.g., at
its melting‘poinﬁ lithium hydride as a solid has a density of 43.1 lb/ft3
and asféfiiquid, 36.2 lb/ftg. Therefore the heat storage design must
incorporaté provisions to accomodate this volume change and still maintain

accepteble heat transfer under zero-g conditions.

When a2 spherical-segment cavity abosrber is used, the lithium hydride may be
positioned around the surface in an annular area and heat absorbed in the
cavity wall transferred by conduction to the lithium hydride. As noted earlier,
heat pipes can be used to transfer the absorber heat to a heat storage unit
located away from the absorber or directly to ﬁhe heat using device. Transfer
of heat from the heat storage material to the heat-using device cean be by a

forced convection (Kak) loop or by heat pipes.

Lithium hydride has a melt temperature of about lé60°F, a latent heat of fusion
of about 1100 BTU/lb, and a heat capecity of zbout 2 BTU/lb-°F. Operating a
heat storage unit over a 1200-1500°F range would provide storage of about

1695 BTU/lb of hydride. In order to provide 10 kilowatts for a TO-mih shade
period, the heat storage unit would have to supply about 40,000 BTU. This
would require 36-1b of lithium hydride if only the latent heat of fusion were
used and 23.6-1b of lithium hydride if the storage temperature were allowed

t¢ vary between 1200-1500°F and both the latent heat of fusion and the sensible
heat were used. The storagé volume required for 36-1b of lithium hydride would
be about 1.0 ft3 at 1260°F and about 1.1 ft3 at 1500°F.

Figure 9-13can be used to estimate the solar collector diameter required to
provide a given quantity of heat to a heat-using device in a typical earth-
orbit. IF some shade-time were to be encountered, the amount of heat required
should be increased by the ratio of orbit time to sun time. As an example,

if 5-kilowatts of heat vere required with an orbit-time to sun-time ratio of
1.6 and with an overazll collector efficiency of 0.78 and an absorber efiiciency
of 0.20, an ordinate value of 8-kilowatts (5 x 1.6) intersects the 0.7 7 c/

a
curve (~ 0.%0 x 0.78) at & collector diameter of 10.4 ft. Table 9-8 indicates

947
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typical absorber aperaturc diameters as a function of heat in absorber and
absorber/collector efficiency. Table 9-9 presents typical characteristics of

solar collector/absorber heat sources.

Table 9-8

TYFPICAL ABSORBER APERTURE DIAMETERS* (FT)

1 c/a 100 Watts 1000 Watts ' 10,000 Watts
0.5 ‘ 0.0k2 0.133 . 0.419
0.7 0.035 0.112 0.355
0.9 0.031 0.099 0. 312 i

|

* Based on six times diameter of solar image at focal plane

(Concentration ratio~ 1100) (Rim angle = 50°)
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Table 9-9

TYPICAB*CHARACTERISTICS OF SOLAR
_COLIECTOR/ABSORBER HEAT SOURCES

U;eful heat abscrbed, kw

Collector diameter, ft

Collector weight, 1b

Focal length, ft

Aperture dismeter, ft

Cavity absorber inner diameter, ft
Cavity absorber weight, 1b

System weight, 1b

* Basis:

Collector overall efficiency
Absorber overall efficiency

Rim angle = 50°

Aperture diameter = six times solar image at focal plane

0.10 1.00
1.25 3.95
0.61 6.10
0.67 2.12
0.037 0.12
0.15 0.47
0.17 1.70
0.9h4 9.36

G.7
0.9

i}

IMSC-A981632

10.0
12.5
61.0
6.7
0.37
1.5
17.0
93.6

Heat flux limit into heat storage material = 2.93 kw/ft?

Collector specific weight = O.

5 1b/ft2 !

Absorber'specific weight = 5.0 lb/ft2

Near earth orbit

System weight includes 20% for structure support and contingency
but no allowance for heat storage material weight

LOCKHEED MISSILES & SPACE COMPANY
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Section 10
CRYOGENS PROPERTIES

A Jimited 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

thet is pertinent to cryogenic refrigeration. No attempt has been made to pro-
vide a comprehensive set of data because most of this information is available

in NBS technical notes. If detailed property 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 cryogens; hydrogen, oxygen,
fluorine and nitrogeni A plot-of pressure versus internal energy for each of
these cryogens has also been prepared and is included. It has been found that
these plots greably facilitate heat-pressure balance calculations in liquid

crycgenic tanks,

A sumnary 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 Energy 10-4
Fluorine =

Density - Pressure - Heat of Vaporization -

Temperature ' 10--5

Pressure - Internal Energy 10-5
Nitrogen - |

Density - Pressure - Hest of Veporization

Temperature 10-7

Pressurs - Internal Encrzy . 10-3
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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 soucrce of inefficiency, errors and dupliéation of effort. Also, the
lack of a common system of units has handicapped communication between en-~
gineers working 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, is based on six fundamental units of measure as folloua:

Length ¢« o o ¢ o o o & « o » « meter i
MasSS o o o o o ¢ o ¢« o o o o o Kilogram kg
Time « ¢ o« ¢ ¢ o o s « « o « » second 3
Electric Current . « « « « « . ampere A
Thermodynamic Temperature . . degrees Kelvin %K
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 list of thermodynamic constants
giving their values in SI units, and a set of conversion tables. Since it
is iikely that continued emphasis will be placed on using the SI units, most

attention has been directed toward 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 abbreviation of the
name of this system is SI. The defined values of the basic units of
measure are given in Table T and a partial list of the sebt of wvalues of thse

physical constants recommended by NAS-NRC is given in Table III,

171
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The term "mass" denotes the quantity of matter contained in material ob-"
jects, and "weight" denotes a force acting on an object. The preferred unit
of force is the newton (N); the pound force (1bf) is equivalent to

L.4/82216 newton and the pound mass (1bm) is equivalent to .45358 kilogram.
Thus a men of 70.0 kg (154 1lbm) 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 surfacé of the earth where the gravitationsl acceleration is
9.807 m/s? he would weigh 686 newton (154 1bf).

The preferred unit of energy (mechanical, electricai, 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 tc 1055
joules per second (J/s) or 1055 watts (W).

The preferred unit of pressure is the newton/meter? (N/m?) or newton/conti-

meter® (N/em®). Thus 10.1 N/cn? is equivalent to 14.7 psi or 760 Torr.

as e e, et e T AR
[} MBIV B
11,3 SUMMARY OF CONVEZHRSION DATA

" The various basic and derived units dare listed in the follewing tables.
Ms0o Jisted are the values of often used constants., An index to the various

tables are given here.

Table

No,

Defined Values of Basic Units « o o o o o o« o 1
- Secondary SL Units o o « o o » o o « s ¢« ¢ s 2
Values of Constants in the SI Units . . . . . . 3
Length . v « 4 « »‘. Y
Area . o o o o o s s 8 s s s e 0 s s e e B
VOlUME & e e o o s o « o o o o s ¢« s s o o o b
Linear'Velocity t v e e s s s e e e s e T
Angular Velocity o v o ¢ o o ¢ o ¢ ¢« « = » 8
Linear Acceleration « « « v « o o o o o o o o 9
hngular Acceleration o 4 4 ¢ o 5 o o o o o« o 10

LOCKHEED MISSILES & SPACE COMPANY
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Table

Mass and Weight o o & & &+ ¢ & o o o o o o o o 11
Density o ¢ o o o ¢ o o ¢ o o s, 0 0 o 0 o e o 12
FOTCE ¢ &« ¢ ¢ o o o o o o ¢ o o o o o oo oo 13
PrESSUTE o o o o o o o o o o o o v o v s oo 14
TOXQUE "o s o ¢ o s s o « s s s o o ¢ o« » s o 15
Moment of Inertia 4 o o o ¢ o ¢ ¢« ¢ o 0 0 « o 16
Energy, Work and Heat « v &« o ¢ o o« o o o « o 17
Power, Heat FIUX 4+ +v ¢ ¢ o o o « o s ¢« o o » 18
Power Density, Heat Flux Density . . . . . . 19
Temperature o o o o o o o « o ¢ o oo o o « o R0
Thermal Conductivity « « v o o o ¢ 0 o o o o 21
Thermal Resistance . o« ¢ « o o o o ¢ o « o » 22
Thermal Capacitance « « « o o « o » o .o o « o 23
Thermal Diffusivity o o« o« v ¢ ¢ o ¢ ¢ o o o o R4
Special Heat o ¢ o o o o 4 o ¢ = o o o o « o 25
Latent Heat 4 v v e ¢ o o ¢ o o o « o o o« o« » 20
Viscosity o o o v o o o o o o ¢ « ¢ o o o o o 27

Kinematic ViSCOSity « o o o o o o » o o o » o 28

These tables have been checked carefully; however, some errors may have escaped
detection and the writer would appreciate having them brought to his attention

so that corrections may be communicated to other users of these tables.

REF: (1) Translation of “Systéme International d'Unites. Resolution 32.Y,
NASA TTF-8365, February 1963
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Table 1
DEFINED VALUES OF BASIC UNITS AND EQUIVALENTS

Meter (m) 1 650 763.73 wavelengths in vacuo

?f gg;runpexturbed transition 2plo—5d5

Kilogram (kg) Mass of the international kilogram at
Sevres, France

Second (s) 1/31 556 925 974 7 of the tropical
year at 12h ET, O January 1900

Degrees Kelvin (OK) Defined in the thermodynamﬂc scale by
assigning 273.16%K to the terle0901rt
of water (freezing point, 273.15K = O °c)

Ampere (A) Current required to produce a force of
- 2x10-7 newton per meter of length in
twa straight parallel conductors of
infinite length placed 1 meter apart
in a vacuum

Candle (cd) 1/60 of the intensity of 1 square centi-
meter of a black-body radiator operated
at the freezing temperature of platinum

Unified atomic mass unit (u) 1/12 of the mass of an atom of the 12¢
nuclide
Mole {mol) Amount' of substance containing LEe same
; number’ of atoms as 12g of pure
Standard acceleration of free 9.806 65 ms,2
fall (gn) 980,665 em s-2
Normal atmospheric pressure 101 325 N m'z_
(atm)
11~k
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Physical Quantity

Area
Volume
Frequency
Density

Velocity
. Angular velocity

Acceleration
Angular acceleration
Force

Kinematic viscésiLy
Dynamic viscosity

Work, energy, quantity of heat -
Power ‘

Electric charge

Voltage, potential difference

Electric field intensity
_Electric resistance

Electric capacitance
Magnetic flux
Inductangé

.Magnetic field

Magnetic field intensity

LOCKHEED MISSILES

Table 2
SECONDARY UNTTS IN THE INTERNATTONAL 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

newton per sg.
meter

sq. meter per
second

newton-second
per sq. meter

Jjoule
watt
coulomb
volt

volt per meter
ohm

farad
weber
henry

teslia

amperes per meter

11-5
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Table 2 (Cont.) -

Physical Quantity Unit
Magnetoﬁotive force ampere A
Flux of light lumen im, cd.sr
Luminance candle per sq. 5
meter cd/m
* Illumination Tux 1x, lm/m2
Plane angle radian rad
Solid angle steradian sr
Pregsure : newtons per sq.
!
meter N/m
11-6
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Table 3

VALUES OF PHYSICAL CONSTANTS IN SI UNITS

Constant

Speed. of light in vacuum
Elemenetary charge
Avogadro constant

Electron rest mass

Planck counstant

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

LOCKHEED MISSILES

Symbol

c

11-7

Value

2.997925 x 108 ns ™t

1.60210 x 10719 ¢

6.02252 x 102 mol™t

9.1091 x 1075, kg
5.48597 x 107 " u
" 6.6256 x% 'j_O.BL‘L Js

o,~1

8.3143 J K L

mol

203 a1
2.24136 % 10 2 m~mol

1.38054 x 10723 5 %!

3.7405 x 10718 W,

1.43879 x 1072 %k
2.8978 x 107> m %k
5.6697 x 1070 W2 %~
S

6.670 x 10" H

1.40 x 10° Wm 2
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Table 4

LENGTH

x *
wm - w
B 2 &
g =
= 2 | & |8 g =
£ . = | 59 g 9 A
= & = = 28 | - !
1 | 30.48 | 2.500 {10° |1.853 | 100 [1.609 | 0.1
x 10° x 10°
FEET 3.281 | 1 |8.333 |3281 | €030.27| 3.281 | 5280 3.281
x10-2 | x 1072 x 107
INGHES 0.3937| 12 1 13.937 1 7.206 1 39.37 ]6.336 | 3.937
' x 10k 1< 1ok Tyt 1 oy 1072
KITOMETERS* | 1072 | 3.048 | 2.540 | 1 1.853 | 0.001 |1.609 1070
x 1074 x 10”
NAUTICAL 5.396 | 1.645 | 1.371 |0.5396| 1 5.396 |0.8684 | 5.396
HILES x 1070 x 107%| x 107 x 1074 x 1077
ETERS* 0.01 | 0.3048[ 2.540 l1000 | 1853 1 {1609 1072
)
x 10
MILES 6.214 | 1.894 | 1.578 [0.6214) 1.1516 | 6.214 | 1 6.214
x 1070 x 1074 x 10 x 1074 x 1077
MILLIMETERS*| 10 | 304.8 | 25.20 110° | 1.853 | 1000 |1.609 1
X 106 X 106
{126
LOCKHEED MISSILES & SPACE COMPANY




Table 5

AREA

MULTIPLY 2 g 2
NUMBER || % & A &5 B =
A |28 | 8¢ | B8 |85 | 28 | 28 | =&
To \"7 5a =3 52 55 5 & 55 &
"IOBTAIN A o= 2] R H 2= QN = (751 @
~ &) ] =
SQUARE* 1 929.0 | 6.452 1010 | 10 4 2.590 0.01
CENTIMETERS 10
x 10
SQUARE 1.076 : 6.944 |1.076 | 10.764 | 2.788 | 1.076
FEET x 1072 x 10 |x 107 x10 7| x 107
SQUARE 0.1550 | 144 1 1.550 | 1550 4.015 | 1.550
INCHES x 10 x10 7| x 107
SQUARE ~10 | 9:290 | 6.252 -6 2.590 | . -12
KILOMETERS | '° DN TS B 0 0
SQUARE 0.0001. | 9.290 | 6.452 10 6 ] 2.590 10—6
, METERS x 1072 | x 107% x 10 ©
SQUARE 3.861 | 3.567 | 2.4907 ]0.3861] 3.861 ; 3.861
ra - - - . - -
MILES x 10| x 1078 | x 10710 x 1077 x 10713
SQUARE 100 9.290 | 645.2 102 | 106 2.590 ]
MILLIMETE 1
MILLIM TERS < 10 4 ; < 10'2
11-9
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Table 6

VOLUME
. MULTIPLY}| 2
NUMBER H N
QoF k 'y E x® % a
o © o A O é oD g
~ = i 7T o] -l @
55 | EA | Bg | Bg| 53| &
OBTAIN co (SR oH 8 ﬁ o} :1 S
r .
CUBIC¥ 1 2.832 | 16.39 10° 3785 1000
e ;
CENTIMETER < 10
CUBIC . 3.531 1 5.787 |35.314 | 0.1337 | 3.531
FEET x 1077 x 1074 x 1077
CUBIC 6.102 | 1728 1 6.102 231 61.02
INCITES LR 4 |
s x 10 x 107
cuBICH 100 | 2.832 | 1.639 1 3.785 | 0.001
METERS x 107°] x 107 x 107
GALLONS 2,642 | 7481 | 4.329 | 264.2 1 . 0.2642
. -
LITERS o.00 | 28.32 | 1% | 1000 | 3.785 1
. x 10
1711
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Table 7

LINEAR VELOCITY

[9p]
[ =1 [ ' wm K = [aa]
B | e | .8 |HE |BE | a2 |a3
52 | g2 |g8 |E2 | HE | HE | &S
EU) EE l:‘HU) gm gz EE E:-J‘m
ZR= & 5 =k =& = =5
O A n £y et RY- i B Ry =]
i :
CENTIMETERS .
CER SEOOND 1 0.5080 3o.h§ 27.78 | 1667 1.667 100
FEET f -
PER MINUTE 1.969 _1 60: 54,.68 3281 3.281 196.8
FEET 3.281 1.667 ] 0.9113 | 54.68 | 5.468 | 3.281
PER SECOND || =2 | . .-2 ; Y 1072
KILOMETERS | 0.036 | 1.829 | 1.097 ] 60 0.06 3.6
PER HOUR - )
: x 10
KILOMETERS || 0.0006 | 3.048 | 1.829 | 1.667 ] 0.001 | 0.06
PER MINUTE 11074 151072 | 102
METERS
PER MINUTE 0.6 0.3048 |18.29 |16.67 | 1000 1 60
METERS 0.01 5.080 | 0.3048 | 0.2778 | 16.67 | 1.667 ]
PER SECOND < 1073 | . 1072
11-1
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Table 8

ANGULAR VELOCITY

MULTIPLY
w1 o8}
20 28 3= =8
HE 5o g = g
23 S B 5
Oli%‘AIN A n o A =Y RN
4
DEGREES PER 1 57.20 6 360
SECOND
RADIANS* 1.745 1 0.1047 6.283
- PER SECOND oy : '
x 10
REVOLUTIONS 0.1667 9.549 1 60
PER MINUTE
REVOLUTIONS 2.778 0.1592 |. 1.667 1
PER SECOND - 10—3 x 10—2

P
Ll

5
-1

[

9
-
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LINEAR ACCELERATION

Table 9

[/p] .
HE8 geea 2 B8 g =
=hle S8 | 8gg | .88 %S
des | B8l a%2 | acsl %
EUJU) E_lU)(Q O:I:CQ 50)0) amm
2] 0 ] o X — 0
GHE | HEE | 2HE | «HE | EEE
CENTIMETERS
PER SECOND 1 30.48 27.78 100 44,70
PER SECOND
FEET :
PER SECOND 3'2812 1 0.9113 | 5.281 | 1.467
PER SECOND X 107
e e e !
RILOMETERS _
PER HOUR 0.036 1.067 1 3.6 1.609
PER SECOKD , :
METERS*
PER SECOND 0.01 0.3048 | 0.2778 1 0.4470
PER. SECOND
MILES 2,237
PER HOUR 23 1 o.eme | 0.6214 | 2.237 1
PER SECOND X 10”
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Table 10

ANGULAR ACCELERATION

MULTIPLY
NUMBER
28 =5 Ema Z2oa
¥ % % !-04 % 2 HB O = 58
gl o ] £t = =0 =3O
E =1 =] D oH - -E S E /|
TO mwn HE = S=0 200
OBTAIN o S o
| SHE | SEE . BHE | BEE
RADTANS* ’ /
PER SECOND 1. 1.7423 0.1047 5.283
PER SECOND x 10
REVOLUTIONS
PER MINUTE 573.0 1 60 3600
PER MINUTE
" REVOLUTIONS .
PER MINUTE 9.549 1.66:72 1 60
PER SECOND x 10
; '
REVOLUTIONS :
1 2.778
PER SECOND 0.1592 2.77 ’, 1.6622 1
PER SECOND ‘x 10 % 10
Al=l5:

LOCKHEED MISSILES & SPACE CO

I
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Table 11

TABLE 11 - MASS AND WEIGHT

\\\g\ MULTIPLY ||
4?)" ~ NUMBER % %
OBTAIN = g & =
- \E/ 2N iz i = O m
GRAMS® 1 1000 0.001 28,35 4L53.6
KILOGRAMS* . 0.001 1 1076 2.835 | 0.4536
X 1072
MILLIGRAMS 1000 16° 1 2.235 | 4 536
X 10% | x 107
OUNCES 3.527 35.27 3.527 1 16
X 10™2 X 10~
POUNDS 2.205 2,205 2.205 | 6.250 1
X 1073 ¥ 10°° | x 107?
1116
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Table 12

DENSITY

% [xet
= s}
5 5 = o S o S
geff | 25c | Bgc  Egd
géggg & - S5 Ao 5K o
= S B 8 8
8 [0 (o] (]
OBTAIN J, .
GRAMS
PER 1 0.001 1.602 27.63
CUBIC 10~2 ‘
CENTIMETER x
TTLOCRANG® 1000 i 16.02 e
'PER L
CUBIC METER x 10
POUKDS 62,43 6.243 1 1728
PER ; 102
CUBIC FOOT x
POUNDS 3.613 3.613 5.787 1
PER -2 -5 -4
CUBIC THCH || % 10 x 10 x 10

LOCKHZIED MISSILES & SP

COMPANY




Table 13

FORCE
) w0
* &g
5 | 2 | Bg |st=l 8 | B =
S | "R o|BsE | 2 ]S g
980.7 an 7. 5 9.807 4448 1.383
i0 10
DYNES 1 5 5 4
x 10 x 10 x 10
1.028 1.020 | 102.0 | 1000 453.6 | 14.10
GRAMS _3 1 A :
x 10 x 10 :
JOULES 1077 9.§o7 . 0.01 9.807 | 4.448 | 1.383
FER Cf x 107 x 1072 [x10™° |x 107
NEWTONS* 1075 | 9-807 100 : 9.807 4L.448 ]0.1383
OR JOULES ‘ : 3 1 :
PER METER x 10~
KTLOGHAMS 1.0206 0.001" | 10.20 | 0.1020 ) 0.4536 1.4102
. x 107 x 107
— 2'2436 2.2053 22.48 | 0.2248 | 2.205 4 3.10532_
x 10 x 107 ¢ x 10
POUNDALS 7..‘2335 '7.0932 725.3 7.233 70.93 32.17 1
: x 10 x 10
11-318
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Table 1 i

PRESSURE OR FORCE PER UNIT PER AREA

2] o |83 oy g 0 M 5 £
5 |58 |BEo | wBo| B84 | 4B, |25, | 2B
jas] D-af:l!.rzi‘ " 0o =] Q0 oD E ADhEe QDD = e
jar Lé‘a EEEO [salisoll &) [ds B e =] =200 = O OQ’E—'
vp] j4p] (&} O v — O D= B M|
¢ |32 |3Fg By o7 | BgR R | B
= SR8 |8 & o 5 & =&
=3 [ (&) = O [ - [s T [« [s
ATMOSPHERES ] 9.86?7 1.31 fa 3.3432 9.6‘785 4.7254 6.8042 9.869,
x 1077 x1077|x 10 x 1077 | x 107%|x 10~ x 107°
DYNES PER 1.0136 1.333 |3.386 | 98.07 L78.8 [6.895 10
SQUARE - 1 3 4 L
CENTIMETER x 10 x 10 “ix 10 x- 10
MILLIMETERS o | 7.501 25.40 | 7.356 | 0.3591{51.71 7.50
OF MERGURY 11760.0 | o 45=4| x 1072 x 107>
AT 0O°C
INCUES : 2.953 | 3.937 2.806 | 1.414 12,024 1.952
T W - - — - -l
OF MERGURY 1©29.92 | L 1072 x 1073 ! x 102 | x 107 x 107%
AT 0% _
KILOGRAMS }|1.033 | 1.020 | 13.60 [345.3 L.882 1703.1 0.1020
PER 800 -
:mmgﬁm <10 %] 5 1072 1
POUNDS 2.089 | 2.7845|70.73 | 0.2048 144 2.089
PER SQUARE ||2117 -3 1 )
FOOT - | x 70 x 10
POUNDS 1.450 | 1.9337]|0.49120 1.422 6.944 1.450
¥ ’\ - Fard - - - - -
INCH ‘
NEWTONS* ||1.013 3.386 | 9.807 | 47.88 |6.395
PER SQUARE 51 0.10 133.3 3l 3 1
METER x 10 x 10 x 10
11-10
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Table 15

TORQUE
MULTIPLY o] 1)
. NUMBER , & g éé % ’é' .
OF —» E Eé % @ % £ Eo ) E
\ = o d % E %
© 10 = = & g =
OBTAIN |, 4l B 8 x
DYNE— 1 980.7 | 9.807 | 1.3% o
CENTIMETERS o x 107 . 107 10
GRAM 1.020 -
CENTIMETERS 3l 1 105 1-3834 1.020
x 10 x 10 v, ¥ 10/4
KTLOGRAM 1.020 5
METERS -3 10” 1 0.1383 | 0,1020
x 10 .
POUND_FEET 7.376 7.233 7.233 ]
) x1207]  x 1077 1 0.7376
NEWTON-* 10~7 9.807 , $.807 | 1.305 1
METER x 107 .
11-20
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Teble 16

MOMENT OF INERTIA

~

. MILTIPLY

\.NUMBER 0 * - , 8
&) LE 2a e EHZ
285 3 g = 283 =g
nHD tﬂ <4
(<o) E %’ = 7]
T0 4 8
OBTAIN,
GRAM-. -
CENTIMETERS 1 10 2.9266 4.2143/
1 N
SQUARED X 103 x 105
KILOGRAM-* . B
METERS 0’ i 2.9208 L. RLADY
POUND.- 6 4169 1 144
. INCHES 3.41 24 3.43 3 'ya
SQUARED x 1077 - x 10
POUND-
FEET 2.37285 23,7285 6.944 1
SQUARED x 10'6 : x 107>
1121
LOCKHEED MISSILES & SPACE COMPANMY




Table 17 |

ENERGY, WORK, AND HEAT

. i
t ] E~4
oa |H = H "g 58 5‘ 0
R IEE CHRA LR S Zmzé = 5 L8
= 95} E*
] =4 E g U% E E O A 2 0} i O <& m S )
— =% [@s] [ 3w == & = e ] QQ <5 O
[xrlis ol on N =2 M & o Ba = O O Oél—'ﬂ k——lé =
[aai oot E’I = E‘ 2y gm -~ = !
[no €3 I~ =R ]
(&} (o] 0 g 75

BRITISH 9.297 {9.480 {1.285 | 2545 9.4709 13,969 3.413
THERMAT, 1 P L 3 _s

UNITS x 107 | x 107Hx 10 x 10

CENTTMETER- ||1.076 1.020 11.383 | 2.737 | 1.020 }4.269 3.671
Y/ - /

GRAMS o107 | ! x1020x 104! x10'° x10%k107] x107
ERGS OR 1.055 ,1980.7 1 1.356 | 2.684 107 4.185 3.60
ENT R 3

cdxsglﬁgm “Qm <10 7l % 1013 1001 4 1010

FOOT-  ||778.3 |7.233 | 7.367 | 1.98 | 0.7376 3087 2655
FOURDS x 1072 ] x 1078 x 10 °}

HORSEPOWER- 113.929 |3.654 | 3.722 |5.050 3.722 11.559 1.341

HOURS Mo 107% |x 107 x 104x 1077 ] 7 x 107k 1073 x 1073

JOULES, WATT-/11055.87|9.507 | =7 |1.356 | 2.684 ] 4186 3600
SECONDS OR <1075 10 6
NEWTON - x x
METERS
KILOGRAM- {0.2520 |2.343 | 2.389 [3.239 | 641.3 | 2.389 ] 0.8600
. CALORIES x 1078 x 10« 1074 x 1074
WATT- 0.2930 [2.724 | 2.778 13.766 | 745.7° | 2.778 11.163 ]
HOURS X 10—8 x 10-11 X 10»4 x 'IO-'4
11-22
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POWER, HEAT FLUX, RADIANT FLUX

Table 18

S\MULTIPLY : 2 5 L "
QL REEL o8 o & |z8g]| . 3
oF |H =ik = My 0= amz jsHy fry -4 % 95 <z
—EEREEE B 2RSITES b SEZ] B g
TO \ ERORIEECE2IHT3|4™E 2 a9 = =
OBTAIN N\ [P B8 @?g = oS H| = =
’ \!’ = [
BRITISH
THREMAL 1 2.777 19.480 11.285 | 0.707 | 6.614 |9.480 0.9480
UNITS PER A ~11 -3 -2 ~4
SECOND x 10 x 10 x 10 x 10 x 10
BRITISH '
ouEmyaL  § 3600 1 3.413 |4.6275] 2.545 | 233.1 [3.413 3.413
UNITS PER -7 3 3
HOUR x 10 x 10. x 10 7
ERGS 1.0548 {2.930 1.356 | 7457 | 6.977 | 15 7 1010
PER . 1 .
SECOND 2109 |x 10 © x10 | x10? | x108
FO0T-POUNDS | 778 | 0.2161 [7.376 550 51.44 10.7376 | 737.6
PER gl 1
SECOND - x 10~
rorsproMER {1414 |3-929 1.341 11818 1 90355 (T34 ) 134T
x 107% {x 10 "|x 107~ 107 %{x 10°
KILOGRAM- $15.12 [4.20 |1.433 |1.943 | 10.69 1.433 14.33
CALORIES 3 9 - 1 i
PER MINUTE x 1077 |x 107 7|x 10 x 10
WATTS* 1054.8 10.2930 | 1077 {1.356 | 745.7 | 69.77 | 1 1000
1.0548 {2.930 ~7 11.356 | 0.7457 | 6.977 -3
KILOWATTS & 4| 10 3 * Lol 10 1
z 10 x 10 x 10
REPE
LOCKHEED MISSILES & SspeaCcE COMPANY,




Table 19

POWER DENSITY, HEAT FLUX DENSITY

MULTIPLY

= &= ]
et 128 | 28 | Sen | wfy | se .
F = Fes : :
L-l8g | 85 | BZE | 208 | 5E | mE | 82
68 | o5 | .28 | BE= | g2E | Bd | B&
%8’ 5‘38 Ema Q?(&%g 'E:zms-—: ‘& g%
o) . [s 51 175 Eg Ewm N 2%’7 Eg ]
G}LB'PAIN .é\ B Ea: BaS 858’ 2B Z5 §§‘
¥ /m A 5 =] R 2
BTU PER SECOND | 2.777 | 8.807 | 1.285 | 0.8807 | 8.807 | 9.480
FER SQUARE FOOT x10% ] x10°8 | x 1072 x 1077 | = 107
BTU PER HOUR 3600 1 3.171 4.626 3171 0.3171 | 3.413
PER SQUARE FOOT: ol :
x 10
FRGS PER SECOND 1.1354 ! 3153 1.459 io 7 1000 1.076
PER SQUARE ” 1 ' L 4
SENTIMETER x 10 x 10 x 10
FOCT-POUNDS 778 0.2161 | 4.852 685.2 6.852 0.7375
PER SECOND PER 5 1 2
SQUARE FOOT x 107 x 10
© WATTS 1.1354 | 3.153 1677 1.459 10 % 1.076
PER SQUARE 4 3 1 3
_CENTIMETER x 107 x 107 x 107
WATTS PER 1.1354 ] 3.153 1073 14.59 10 4 10.76
SQUARE METER 4 1 .
X 10 §
VATTS PER 1054.8 | 0.2929 | 9.290 1.355 929 9.290 1
oQbAﬂg roo¢ < 1075 : © 1072
11-2h
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ENTSTO) JO SPBIAATIUS) So8xde(q =9

euTiUwey sedxdeq = q,

1IoqUaIe,] $89139(1 = I,

(o]
uTATey s99adeg = Y,  *9IO0N
oo 9°65Y7 + d,1) 9°167 + (0,ol) '8°1 (JMgl) 8°T = Yo X'
9°657 = (L) oo TT2E + (Dol) 8°T ZEH(IT ELT = UoI)8'T | = dX
(9°T67 = Hyl) 956°0 | (2€~ dgl) 99570 ettt QU ELE = (M 1) = 0.X
(¥od) 956°0 OT" €L+ (2E~d,T)955 0 9T’ e€LZ + (0,1) o = MoX

HALVHIANEL -

02 o1q8y,

1x-25

IMPANY
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Table 21

THERMAL CONDUCTIVITY

: > NUMBER % ] %om \%3 Ol ' f% ol E-:’Jom 501 %om' %OM
ENF [P0, ne |[E88 =% | Y& hE e .
o\ g8 | BE |87 §% |8% | &e |8F | E2
NBTAIN = < i jon] m m = M
. i \\‘& § = O W 53 % % %5 ﬁ 4]
a3
Wﬁgﬁg 0.7087| 4.184 1 1.2223 11.7931 | 747.7 lo.2077 | 1.1622
1
A TER~ - - -
CENT%%”‘ER x 1072 |x 1072 x 1072
WATTS PER [1.4111 5.904 | 2.035 |2.442 | 1.0550]0.2931 | 1.6400
THCH-CR 1 < 1073 1y 192 - 10-2
CALORTES PER 0.2390| 0.1694 3,47 12.136 | 1787014964 2.778
SECOND- 1 . , L .
CENTIMETER-"K x 107% {x 10~ x 10 x 1077
BIU-IN PER 1693.4 | 491.4 | 2901 12 5.1840] 144 8.058
HR-FT2-°R 1 x 10 °
BTU PER  §57.78 | 40.946| 241.8| 8.333 4.320 | 12 0.6715
- O 1
HR-FT-“R 22 *
x 10 x 10
BIU PER  {1.237 | 9.478 | 5.596 | 1.9290 |2.31.8' 2.778 1.5545
SEC-IN-"R 1 15=3| x 1074 100 x10% | vV lx10% | x1070
BIU PER  [4.815 | 3.413 | 20.15| 6.944 |8.333 | 3600 1 5.596
e T N - — -
HB-IN-"R Jc‘lO3 x102 x102
K CAL PER |86.04 | 60.97 | 360 |0.12409[1.4891 | 6.433 |17.87 :
HR-M-°K 4
. x 10
11-28
LCCHHEED MISSILES & SPATE CCMPEPANY




Table 22

THERMAL RESISTANCE

LOCKHERET MISSH

S R SrRaATE

FMNRADARY

£ E*—i =1 Om g [e E!
> & & e e 5 S B ° 8 & g
= = ! 23 & é o g o B
s | ® |83 | %8| B8 | 83 |2°%
[sW) Py (%] [ 0oy [eH o] i |
- st G 2 & “ <
[s] Q [ ¥ jesgya™
OR PER WATT ] 1.80 0.430 40,9561 3.413 9.4804 1.548
x 10°
7 é
o PR wars || 05556 4 0.2389 | 22.76 | 1.896 5‘.2574 0.860
x 107
SECOND-°k || 2.326 | 4.187 g 95.26 | 7.939 | 2.205 | 3.60
PER CALORIE -3
x 10
n"r“:“::'"-% 2,442 1 4.396 1 1.050 ] $.335 | 2.3i% 1 3.750
PER. BTU-INCH x 10_2 x 10_2 X 1072 10-2 x 10_5 x 1O~2
HOUR-°R |l 0.2930 | 0.527 | 0.126 | 12 ] 2.778 | 0.4536
PER BTU . v 1 n"4'
SECOND-°R || 1054.8 | 1898.6 | 453.6 | 4:32 3600 1 1632.8
PER BTU A .
x 10
HOUR-°K || 0.646 | 1.163 | 0.278 | 26.458| 2.205 | 6.124
PER ' 1
KILOCALORIE x 1074
11-27




_Table 23

THERMAL CAPACITANCE

MULTIPLY @
NUMBER . - =
2 5 =
E B & 85 & & 5 & o o
M O n é [a < = (e}
=] = P
© &
Senmsrmrti |
BTU 5,26 1 2.2046 0.220L6
PER 1 x 207% x 107H
OR -
o e o]
JOULES PER °K
OR 1899.11 1 4.1868 4186.8
WATT-SECONDS :
PR %k -
CALORIES ‘
PER 4536 0.2389 1 1000
°x
KILOCALORTES
PER 4.536 2.389 | 0.001 1
x 103
°k
1128
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Table 24

THERMAL DIFFUSIVITY

G am| B | B2 | 28| 8= | & | B2 | &
‘el =g | =8| S8 #58 | 28 |gEg | =8
o\ | ;| 25| 82| 252 %e 220 g,
OBTATY Y=Y =y pE | dgd B, 6 Dze | oo
Nav8F | g8 | 8~ | "E% | g RES
SQUARE FEET ] 3600 25 1.0764 | 10.764 | 3.875 | 3.875
PER HOUR . < 1073 < 10 4
: }
SQUARE FEET | 2.778 ] 6.944 | 2.990 | 2.990 | 1.0764 : 10.764
3 Y - - - . - :
PER SECCND |y q5-4 x 10720 x 1077 | x 1072 | x 107 |
SQUARE INGHES | 0.040 144, ] 4.306 | 0.4306 | 0.1550 ;| 1.550
PER SECOND % 1072 t x 10~
SQUARE 1929.0 | 3.3445| 2.323. g & | 3600 3.600
CENTIMETERS . ) 1 | -
PER HOUR x 10 x 10 % ix10
SOUARE METERS §9.290 | 334.45| 2.323 B ] .3600 | 3600
PER HOUR x 1072
SQUARE 0.2531 | 929.0 6.452 2.778 2.778 , 1074
| CENTIMETERS . 1
PER SECOND x 10
SQUARE METERS*]2.5806 | 9.290 | 6.452 | '2.778 | 2.778 1o~k ]
PER SEGOND X 10-5 X 10~2 b ‘IO"4 'x 10_8 b 10"4
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Table 25

SPECIFIC HEAT

MULTIPLY . %
AN NUMBER . * =
A a |
& Z = S g
3 2 5 & S
3 = A = g i
-CBTAIN E ;‘:5 = rp;i ES 8 ‘Eé'
g (= [°h e g o
GRAM-CALORIES
PER  GRAM 0.239 1.000 . 1000
O '
K
JOULES *
PER GRAM o 4,187 4187
°K !
BTG
PER FOUND 0.23825 1 10C0.00
(o]
R
KILOGRAM-CALORTES :
2.3901 1.00065 :
PER GR&M - -3 1
ok x 1074 10
11-30
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Table 26

LATENT HEAT
L)
= 2}
%Qﬂg Eﬂi% sz DB:'Q
153 B o ot =0 0o E—ilﬂg
Q py O %mw o U a e O
Q L'} Ay
~ (&
=
KILOCALORIES 2.39 5.56
PER 1 0.001 ¥ 104 % 10~
GRAM
CALORIES ‘
PER 1000 - 1 0.23901 0.556
PRAM . :
JOULES *
PER 1187 4187 1 2.326
GRAM
BTU
PER 1800.0 1.80 0.4279 1
POUND
11-31
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Table 27

VISCOSITY
> MULTIPLY 2 s
NUMBER %! ~ i
% =~ | ES| “El8Ba8| 8 | 2%
2| 8| g8 |EEE| g | 2°
. a wm Em QU‘) 8 o [
T0 . m o 5503 Y c:é%%% & 28
R N =) SB| E2|B85| B | Bg
\L % g 8 (<YW ¢ s V5] (dn} o
GRAM PER CENTIMETER 1 10 1.488 | 4.788 1077 | 4.134
P -
SECOND (POISES) . 101 . 102 % 10 3
KILOGRAM PER : 1071 1 1.488 | 4.788 1072 | 4.2
(3 T . -
METER SECOND 4 10t < 1074
POUND MASS PiR 6.7197 | 6.7197 1 32.174 | 6.7197 | 2.778
FOOT SECON - - : : - -
FOOT SEGOMD x10° | x 107t : 1074 | x 1074
POUND FORCE SECOND 2.0886 | 2.0886 | 3.1081 1 2.0886 | 8.56326
v T " - - - - _/
PER SQUARE FOOT <103 | x 102 1x10 25 1070 | % 1078
CENTIPOISES 107 10°. | 1.4882 | 4.788 1 4.1338
X 103 X 1o4 x 10‘1
POUND MASS PER 2.4191 | 2.4191 | 3.6 1.1583 | 2.4191 1
° . S
FOOT HOUR c102 14103 <100 |y 10°
11-3¢
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KINEMATIC VISCOSITY

MULTIPLY B
™ s e
o HBER gl Bz & g
M2 OF o] mad g8 e 8 bt
N 7 mE e S o)
: = = = = o ) £
70 o Hm = SE &
- . > o i o b
OBTAIN e = e = K =
N SRS G g £
% = |95} o
W \
-2
SQUARE CENTIMETERS 1 104 2.5807 1
PER SECQND oA=L
: x 10
I
OMTT ST -4, z
SQUARE METER 107 1 T 140
PER SECOND <.5807 1 10

x 10
SQUARE FOOT 3.8750 | 3.8750 1 3.8750
Bt T -
F2R HOUR x 102L x 10 <
P xire] 1 - 2 6 & -
CENTISTOKES 10° 10 5. 5807 1




