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Ia~RD

This 1 the first part or Technical Documentary Report ASD
62-93 prepared by the Space and Info mtion Systems Division (SID)
of North American Aviation. In*. This in one of a series of reports
prepared during Phase Il of a plwmd three year study of- therml
and atmospheric oontrol systems for manned and ummiaed space vehi-

.1.s. Other reports ealeted during this phase ares

ASD "TR 61-164 Environmental Control Systems
(Part II) Selection for Urmanned Space Vehicles

ASD TR 61-24o Environmental Control Systems
(Part II) Selection for Manned Space Vehicles,

Volume I (unclassified) and Volume II
(secret)

ASD TR 61-161 Space Vehicle Environmental Control
(Part II) Requirements Based on Equipment

and Physiological Criteria

ASD TR 61-319 Raiation Heat Transfer Analyais
(Part II) for Space Vehicles

ASD TR 61-176 Integration and Optimization of
(Part II) Space Vehicle Environmental Control

ASD TR 61-162 Analytical Methods for Space Vehicle
(Part II) Atmospheric Control Processes

ASD TR 62-527 Atmospheric Control Systems for
(Part I) Space Vehicles

This study program was conducted by the Space and Information
Systems Division (S&ID) of North American Aviation, Inc., under
contract AF 33(616)-8323. It was sponsored by the Flight Accessories
Laboratory of the Aeronautical Systems Division. The Los Angeles
Division of North American Aviation, Inc. and AiResearch Manufacturing
Company of Los Angeles, a division of the Garrett Corporation were
sub-contractors in the study effort.

The thermal and atmospheric control study program was under the
direction of A. L. Ingelfinger and Arnold Gross of the Environmental
Control Section, Flight Accessories Laboratory of the Aeronautical

'Systems Division. C. Feldmanis of the Environmental Control Section
acted as monitor of this project. R. B. Sexton of S&ID served aL
Project Manager of the study program.
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ABSTRA'CT

'Passive, semi-passive,* active And heat sAge methods foti
temperature control are described, which include mathematical
equatiLons, tables and graphs. CompaIsons between the various
methods are made indicating their advantages and disadvantagesf.

A section is presented on thermal design considertotion of
space vehicle equipment indicating VsL.ous means for controlling
equipment temperature. Methods of thermal analysis and exakmples
of analyses are presented which :1nc2.Ude steAdyiistate And transient,
heat transfer, A brief discussio'n on dynmc response is also
included. Conclusions are reached b~crig adVifibeS In analysis-2
and design techniques9. Recommienda#.io cov.±' areas needing investi-
gation. and further studies.

This report has been reviewed And iii approved.

WILLIAM C. SAVAE
Chief, Evionmental Bz'tnch
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SECTION I

INTRODUCTION

STUDY PROGRAM

The Thermal and Atmospheric Control Study made for the
Aeronautical Systems Division is an analytical and experimental
program concerned with the problems of the control of the environ-
ments of future military space vehicles. Three broadly defined
tasks were designated for this study. They ares

1. Development of improved methods of analysis for predicting
the requirements for and performance of space environmental
control systems.

2. Development of methods, techniques., systems, and equipment
required for this environmental control

3. Development of criteria and techniques for the optimi-
zation of environmental control systems and the integra-
tion of these systems with other vehicle systems.

One endeavor to accomplish these tasks is a survey of industrial
organizations and military establishments to obtain data concerned
with current and future state-of-the-art of thermal and atmospheric
control. Other endeavors include evaluating existing and newly
created methods of analysis, selection, integration, and optimization
of control systems and components. The refurbishing and developing
of existing and new analog or digital computer programs, applicable
to this study, are included. In addition. laboratory verification
of analyses and new design concepts form a part of the effort
associated with these tasks.

To guide all these endeavors along lines which will find
immediate and practical application, components and systems associ-
ated with specific vehicles have -been studied. The vehicles
selected are representative of a number of earth orbital and
cislunar missions. These hypothetical vehicles are carried through
preliminary design and used as thermal and atmospheric control models.

Manusaript released by the authors JanuaTy 1963 for publication as
an ASD Technical Documentary Report.



The principal purpose of the study program and its several tasks
is to provide vehicle designers with a useful source of information
and with the best analytical procedures to be used in the design of new
vehicles. It is anticipated that vehicles going into service about
1966 will be the first to benefit from this program.

ROLE OF TEMPERATURE CONTROL

The control of equipment and compartment temperatures within
safe and reliable limits is an important consideration in vehicle
design. Temperature control is necessary in order to protect the
equipment and compartments from the extremes of high surface temp-
eratures of reentry and of low temperatures of absolute zero
space radiation. This control is also necessary for maintaining the
temperatures within close limits for precision eauipment which is
affected by temperature.

Temperature control is achieved basically by controlling the
heat transfer rate to or from the equipment, compartment, or vehicle.
In order to properly control this heat transfer rate, a knowledge of
temperature control methods and analysis techniques for predicting
heat transfer rates and dynamics response characteristics is
necessary.

ORGANIZATION OF REPORT

The purpose of Part I of this report is to describe many temp-
erature control methods, to compare these methods and to show some
techniques of analysis and examples. Future parts of this report
will deal more directly with design considerations and dynamic
response characteristics of the control method.

Analyses of the temperature control system requirements for the
hypothetical vehicles used in this program are presented in
References I and 2. Reference 3 gives examples of system integration.

In order to properly choose a temperature control system for a
space vehicle, the vehicle designer must know (1) methods of temp-
erature control and heat storage, (2) trade-offs and comparions
between these methods, (3) thermal considerations of the vehicle
equipment, and (4) heat transfer rates and thermal control dynamic
response requirements of the vehicle. This report has been
organized around these four major considerations.

The first three sections of the report describe methods of
temperature control. These methods have been grouped as passive,
semi-passive and active methods. Passive methods are those which
have no moving parts; semi-passive methods are those which have
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moving parts, flowing fluids or expendable coolants, and active
methods are those which require heat pumps. Comparisons of some
methods and coolants are also presented in these sections.

Aside from temperature control by heat transfer, another method
of control is available by use of a heat storage material with a
high heat of sublimation or vaporization within the desired temperature
limits. These heat storage methods and materials are described in
Section V.

All of the temperature control methods described in the preceding
sections are summarized and compared for advantages, disadvantages,
limitations, and trade-offs in bection VI. This section gives some
weight, volume, and surface area equations and comparisons for
various methods and maps the regions of application of these methods
in terms of temperature and heat load. However, be, ore the temperature
control method can be chosen from the previous sections, a determin-
ation of the vehicle equipment temperature requirements and methods
of heat removal and of heat transfer rates md control method
dynamics response are necessary. Section VII presents the thermal
considerations of space vehicle equipment in terms Of temperature
requirements, methods of heat removal, and future trends in equip-
ment thermal limits. Since heat transfer rates and dynamic response
of the control method are associated closely with the exact vehicle
and its requirements, the determination of these quantities usually
will require analyses. Some of these methods of analyses are
presented in Section VIII.

Future parts of this report will add to the content of these
subjects and describe design procedures for temperature control
methods and a detailed method of analysis of control dynamic
response.

i
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PASSIVE TE?4PERATURE CONTROL M4rHODS-

Ptaiive mdethods for the control of ternperatufts ate dh'aradter-
ized by containing no moving parts Or fluids, and r~quiring no, input

-Of power for their 6oeatiori. The inherent sitplicity of thedse
mfethods is readily appa1tent. Mgany of the early spkde' vVIIcdles, haV'h'
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q Heat transfer rate, btu/hr

q' Heat transfer rate per unit area, Btu/(hr)(sq ft)

R Earth radius, miles

RE Reflected solar energy from planetBtu/(hr )(sq ft)

re  Albedo

S Solar constant, Btu/(hr)(sq ft)

T Temperature, OF or OR

t Time, hr

W Mass of vehicle skin, lb

oC Absorptivity

C_ &issivity

O Angle between the incident solar rays and the normal
to the surface

@a  Angle between earth-sun line and vertical from planet
to satellite

Density, lb/cu ft

0" Stefan-Bolt z~ann constant
0.1713 x 10-t Btu/(hr)(sq ft)(°R4 )

Subscripts
cd Conductivity of gas

cv Conductivity due to convection

E Earth (or planet)

m Designation number (n 1, 2,-3 ...... m-l)

* Internal body surface

ra Conductivity due to radiation

R Reflected solar

a Solar

6?



sc Conductivity of solid conduction due to

fiber contacts

T Over all or total

CONDUCTION

The subject of heat conduction has been treated extensively in
many books on heat transfer, such as References (26) and (89),
therefore the discussion here is limited to selected material on
this subject.

Study of heat flow through many materials has established-the
fact that materials differ in their ability to conduct heat- Those
that are good conductors of heat are also good conductors of
electricity. This includes well known metals such as silver, copper
and aluminum. Many non-metallic materials such as wood, acid stones,
liquids and gases are poor heat conductors, and are classified as
insulators. Thus, depending upon the material utilized, either high
thermal conductance or high thermal resistance can be achieved.

Thermal Conductance

To obtain efficient heat transfer by conduction requires more
than just the consideration of the conducting material. As indicated
by the fundamental law of conduction, Fourier's equation

A A(T)

high heat flow rat- can be achieved by obtaining large values for
the term (kA/L) or the temperature difference'AT.

To obtain a large temperature difference between the heat
source and sink requires for a given heat source temperature,
the determination of a heat sink at the desired lower temperature.
For the temperature control system illustrated in V'igure I, the
intermediate heat sink is the vehicle skin, so that AT is dependent
upon the skin temperature, which in turn is governed by the net
energy exchange by radiation.

The term (kA/L) is a combination of the conducting property
of the conductor and its physical dimensions. Good heat conductors,
such as copper and aluminum, have specific gravity values greater
than one, therefore weight is an important consideration in addition
to conductiity.

7
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Increase in area A would increase heat flow rate, but it would also
result in larger conductor, and hence increase in weight. The most
significant quantity is the length 1, since smaller the value would
not only result in higher heat flow rate, but also lighter weight
conductor. For the simple system illustrated in Figure 1, the heat
source should be placed as close to the thermal radiating surface
as possible.

The conduction path as shown in Figure I is composed of
several solid conductors which introduces joints; thiwj joint
effects on heat flow becomes an important consideration.

Joint Resistance

For efficient design of conduction paths, knowledge of joint
resistance is necessary. A survey of available literature indicates
a lack of analysis and experimental data directly applicable to
spacecraft, particularly for extremely low pressure environment.
Many variables (which include tentact pressure, temperature, heat
flow rate, interstitual pressure, interstitual fluid, joint materials,
surface finishmaterial hardness and surface flatnesS) must be taken
into consideration to provide useful data on this subject' Some of the more
important earlier work on joint resistance was published in 1949. '
Weills and rder, Reference 4, conducted tests using copper, steel
and aluminum for varying temperature and pressure. Jrunot and
Buckland, Reference 5, used laminated and machined joints, using
steel with cement, steel, and aluminum foils sandwiched between the
surfaces. Only pressure was varied. In 1953, WADC, Reference 6,
reported on a-n experimental method of measuring thermal resistance
by using a Mach-Zehnder interferometer. The results of these
measurements were tabulated. Fenech, Reference 7, developed an
idealized model for thermal contact and compared the theoretical
analysis with experimental data for Armco-Iron contact surfaces of
600 RKS roughness for varying pressure and temperature. Graff,
Reference 8, introduced a dimensionless conductance ( hcp/k e)
which was used to correlate test data presented by other investi-
gations. Investigators for NACA, References 9, 10, 11 and 12, have
presented considerable amount of experimental data on aircraft joints
at atmospheric pressure for surface finish ranging from 10 to 120
microinch root-mean-square surface roughness. Contact pressure,
temperature and heat load were the principal variables. Figure 2
presents a portion of the data given in Reference 10. The influence
of surface finish and contact pressure on joint conductance is
clearly indicated. Recently, Fried and C~stello, Reference 13, have
presented the results of experimental work for tests conducted at
ambient pressures of l0 - 4 to lO-6 mm g absolute and relatively low
range of contact pressures, from 2 to 35 psi. The experimental values
indicate that joint conductance is lower at vacuum conditions.
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Tests were also condunted utilizing various interface shim materials.
The results of these tests are presented in Figure 3, indicating the
marked influence of soft materials, such as lead foil, in increasing
the joint conductance.

Based on the review of available reports, joint resistance can
be decreased by: (1) increasing contact pressure, ( 2) reducing
surface roughness, (3) maintaining surface flatness, and (4)
utilizing shim materials with lower hardness than the joint material.

The problem of analyzing thermal resistance of joints consists
of (1) determining the true contact area through which heat flows by
solid conduction and (2) the modes of heat transfer other than
solid conduction and their relative importance., True contact area
is difficult to establish because it is made up of mahr small points
of contact; which depend upon the surface roughness, contact pressure,
contact material hardness, and surface flatness. The amount of
deformation of the contact points establishes the true or effective
contact area.

Reference 13 suggests gaseous, molecular, or other conduction
through the interstitual fluid or filler, and radiation as possible
modes of heat transfer in addition to solid conduction through the
contact area. The contribution of each mode to the total heat
transfer has not been established,

The problem of joint resistance associated with cooling
electronic packages and components is discussed in Section VII.

Thermal Resistance

There are many materials available which can be used to achieve
good thermal resistance. Solids, solid particles, liquids and gases are
used in various combinations to provide the, necessary insulation.
The selection of the material is dependent upon, in addition to low
thermal conductivity, whether structural rigidity is important. For
example, insulation for cryogenic storage vessels must not only have
high thermal resistance but must have structural rigidity.

Solid insulating material, such as wood, stone and plastics are
not considered here because there are other insulations which not
only have much lower thermal conductivity, but also have lower
densities. Table 1 presents a list of representative insulations
that are comonly used and are readily available.

These insulating materials are non homogeneous and porous so
that thermal conductivity is a function composition, density,
temperature and particularly pressure. For materials of this type,

10
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heat transfer is not by conduction alone_ but also by convection and
radiation. Reference U suggestd for fibrous insulation, the term
apparent thermal conductivity rather than thermal conductivity should
be used and gives the following expression for the overall thermal
conductivity

k4 ( kcd + k6 + k 'a) + k  (2)
1-f

Table 2 of Reference 14 shows measured thermal conductivity values
for various densities of fiber insulation with four gases, helium,
air, carbon dioxide, and Freon 12 at atmospheric pressure except for
one test at 76 m of Hg pressure. The results indicate that at
atmospheric pressure, gas conduction is by far the most important
mode of heat transfer in fibrous insulation, contributing from 50
to 90 per cent to the overall thermal conductivity. Also at
atmospheric pressure, helium gas gives the highest thermal conduc-
tivity and Freon-12 gives the lowest value.

Figure 4, which is reproduced from Figure 6 of Referenco i,
shows the contribution by each of the different modes of heat -
transfer, at atmospheric pressure for changes in insulation density.
It is readily apparent that air conduction is the major mode of heat
transfer and does not change with change in insulation density.
Radiation and convection decreases rather rapidly with increase in
insulation density, up to about 3 lb/cu ft and further increase in
density has less influence on these two modes of heat transfer. Solid
conduction due to fiber contacts contribute very little to the heat
transfer in the fibrous insulations.

Since gas conduction is the predominant mode of heat transfer,
this can be minimized or eliminated by evacuating the gas from the
insulation. The marked effect of low pressure on decreasing the
thermal conductivity is clearly indicated in Table 1. The variation
of thermal conductivity with pressure for powdered insulation is

given in Figure 13.

By eliminating gas conduction by lowering the insulation pressure,
radiation becomes the predominate mode of -heat transfer. This mode
of heat transfer can be minimized by the use of powdered or solid
particle insulation or fibrous materials or by multiple layers of
highly reflective surfaces. This latter method is discussed more
fully in the part on radiation.
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Highly efficient insulating materials with lower thermal con-
ductivities than those listed on Table 1 have been developed through
improvements in cryogenic insulation. Table 6 of Reference 25 lists
a number of such materials. As indicated in Reference 25, the best
forms of insulation are the laminated types of insulation which have
mean thermal conductivities in the order of .000025 Btu/(hr)(ft)(OF).
However, they are not load-bearing so that for applications such as
insulating cryogenic storage vessel require additional structural
members which introduces the additional problem of heat leaks. Evacu-
ated powders and fibers have been used extensively, particularly in
small vessels. The thermal conductivities of these materials are
approximately ten times as high as those of laminated materials.

Cbristensen, Reference 15, draws the following conclusions with
regards to some of the commonly used insulation materials.

(1) Cellular foams are not the best insulations for space
environments because the totally enclosed interstices
cannot be evacuated by the vacuum of space.

(2) Fiberglass mats may be the best conventional insulation
for space application because they are vibration and
pressure resistant and have conductivities as low as
O01 (Btu-ftghr)(sq ft)(0F), at low temperatures.

(3) Fiberglass mats and powders must be used at the relativelyi
high densities of 5 lb/cu ft and more in order to reduce
radiation transfer through the insulation.

(j) Powders, while having the best thermal properties as
insulators, have the disadvantages of being non load
bearing or vibration resistant, and are susceptible to
effects. of moisture.

These insulating materials are applicable primarily for

axtremely low temperatures and are not suitable for specific appli-
cation such as for reentry bodies. The insulation requirements
during reentry -are low thermal conductivity at high temperatures for
short duration. This insulation problem is discussed in Part II
of this report and Reference 1.

RADIATION

Radiation is a very important means of heat transfer for
temperature control of space vehicles. Vehicle surface temperature,
disposal of waste or excess heat, highly efficient insulation are
all dependent upon radiation or the control of radiation. Knowledge



of thermal radiation and means for its control is vital for the design of
temperature control systems. Reference 18 gives a comprehensive treat-
ment on radiation heat transfer analysis. Reference 48 gives a detailed
analysis for the design of efficient radiating surfaces. A more general
discussion of thermal radiation is presented in many books on heat trans-
fer, such as Reference 26, 29, and 89.

The selection of surface coatings for space vehicles is one of
the important tasks to provide proper temperature control. Surface
coatings must have appropriate values of solar absorptivity and emis-
sivity to keep the vehicle surface temperature within required range.
The importance of both a and -C is shown in Section VIII, Methods of
Analysis.

Vehicle Surface Radiation

Many of the satellites placed in orbit have had surfaces made up
of several different coatings arranged in strips or patches, the per-
centage of each area having been carefully calculated. Table 2 illus-
trates the variety of materials and finishes which were found on the
internal or external surfaces of Explorer VII, Reference 17. In order
to determine the required surface coating a vehicle heat balance eq-
uation must be used such as Equation 63 of Reference 18.

Vijc, o( A -4o( V orAE 4  q~O (3)

In this equation the first three terms on the right represent direct solar,
reflected solar and planetary emission incident on the vehicle surface.
For each of these terms, a geometric form factor must be determined for
every orbit position of the vehicle with respect to radiating bodies,
such as the sun and the earth. A method for determining these quantities
utilizing a computer program is described in Reference 18.

The term Q represents the internal heat load that is flowing into
the surface. As illustrated in Figure 1, only that portion of the sur-
face which heat is flowing into would this term apply. The last term
represents the thermal energy that is radiated to space.

To illustrate how the required values for solar absorptivity and
emissivity can be determined, the following example is presented. A
sphere, which is in a circular orbit around the earth, is considered to
be spinning about its own axis so-that the temperature is uniform over
all the surface. Furthermore, it is assumed that the temperature varies
very slowly with time, thus dT/dt = 0. Equation 3 becomes

By assuming as - . and -4=, and introducing the following constants
into Equation 4,
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4 43 Btu/(hr)(sq ft)

re . 0.35 (Srth albedo)

R 396o miles

h = 300 Miles

PS - 0.25 (Eq. 45, eerence 18)

" ' }[ 1" h.-hJ i " 0.316 (Eq. 48, Reference 18)

Pc coE -= 0.316 cosO. (Eq. 49, Reference 18)

%- Sre = 151 (Eq. 6&., Reerence 18)

S[4re]s - 72.1 (Eq. 64, Reference 18)

a- 0.1713 x 10-8 Dtu(hr)(sq t)(oR4)

The folloving equation is derived for T,

T- too) 4s.i ?(L o~ + 133 + 5.401) ()

For the speolfic case when the orbiting sphere is at the sun-earth
line, surface temperature T is computed fromn Fquaton 5 for various 
values of emissivity and solar absorptivity. The results are plotted
on Figure 5. For a desired surface temperature, there are many co -
binations of values for emissivity and solar absorptivity which can
be used. Several coatings are Indicated on the figure, illustrating
the wide range of temperatures that can be obtained, high temperature
by using polished aluminum and low temperature by using white lacquer.
Also shown on the figure is that surface temperature of 320 F can be
obtained by using either aluminum silicone paint or black silicone
paint.

The curves pl oted' on Figure 5 are suitable only for prelimin-
ary calculations for low maIS vehicles with low power output. The
assumption that dT/dt * 0 would not be valid for tmst cases and
Equation 3 should be used to determine the instantaneous temperature.
Additional discussion on temperature determination of orbiting yehicles
is given in Section VIII.
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TABLE 2

Absorptance and Fnittance of Materials Found in Explorer VII
Satellite Vehicle (17)

Material Short Wave Absorptance Long Wave
(Solar Radiation) Emittanco

Sandblasted Aluminum o.42 0.21

Polished Aluminum 0.31 0.07

*Sandblasted Magnesium o.63 0.554

'Rokide A 0.15 0.77

Gray TiO2 Paint 0.87 0.87

White T102 Paint 0.19 0.94

Solar Cells 0.80 O.1.0

- Sauereisen 0.34 o.88

Fused Silica 0.06 O. 84

Gold Foil 0.21 0.07 j

(17) NASA TN D-608, "Juno II Sumary Project Report, Vol I, Explorer VII
Satellite" page 152
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In some cases, no surface coating may be suitable to provide
adequate protection from direct solar radiation. For such cases,
radiation shields, composed of highly reflective surfaces can be used.
The following pages present a derivation of equations from Dr. D. B.
MacKay of S & ID for the relationship of multiple shields with respect
to solar radiation to a vehicle. These equations are applicable to
insulation problems, such as those mentioned in that part on cryogenic
insulation.

Thermal Radiation Shiel

Dr. D, B, MacKay showed a detailed analysis for a method of
temperature control for lunar vehicles utilizing multilayer shields.
The following derivation of equations is essentially as it was pre-
sented in an internal S & ID document.

The heat transfer equations derived here are for a vehicle
whose surface is shielded by n layers of protecting material. It is
assumed that a vacuum exists in the space between the body and the
shield, as well as between the individual layers, and that no heat
flows by conductivity between the elements under consideration. One
further assumption is that the layers are flat, parallel and in-
finitely large, so that the configuration factor is equal to one.

Each. of the several layers is assumed to have an emissivity C
except for the outside surface of the last layer (the most external
one) which has an emissivity C-,,, The rate at which radiant energy
leaves the body whose temperature is To and emissivity is Oo
can be analyzed with the use of the sketch given below.

Internal N r

Body

L4eyrs of Whelds

Figure 6. Schunatic of Multilayer Shielding

20



.Heat transfer between surfaceO and layer 1 is

- 4, C- 4 -- I !+. -

and the heat transfer between layers 1 and 2 is

= 5~ , L 7- 26) = o' (T)Cr - I Z-T

SimilaA.y, it follows that heat transfer between layers (n-l)
and n is

Heat transfer equation between the nth layer and the environment is

For steady state condition, heat flow rate is the sam througb al
the la yers, ar thus equating Equation 7 and 8, the following relation
is obtained.

. fI o I

Equation 10 is typi a for W of the layers and show the change
in the value of the fourth power of the temperatures between succeeding
layers. For n ]Vaerso, there will be n-1 changes in value between the
first and the nth layer, or

Eqaating Equations 6 and 6

0 r, _ T +IT
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It follows that

70 (- . -7-T) (12

Also equating Equations 8 and 9, and simplifying,

7.# -. z-(

By combining Equations 11, 12 and 13, and simplifying,

4 . z~4 - +i___

which may be expresued simply as

-. + T.* + (c'.,.+ -c c C,

where

c, E (16)

C + (17)

C A. sc, + (18)

and finally,

. = 22
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Substituting Equation 19 and Equation 9, the general equation
for the amount of heat radiated through a cover consisting of n
layers as a function to To and angle 9 is obtained as

q1XC". +

Wen in free space, if a side of the vehicle is not exposed to the
sun

CA Cb +I

since C c0

Further in the particular case where E , kquation 21

reduces to

where

KIP, L- -f- C-,(I - 6+fzmC-.T 1 -(01-1) C (23)

IL

If C, e Equation 23 reduces to

Heat transfer coefficient KeC. versus n, the number of shields,
is plotted in kigure 7 for the case in which an enclosed body is
in free space receiving no solar energy. Figure 7 indicates a rapid
decrease in the value of heat transfer coefficient as the number
of uhle3o. increases from zero to 2. As n increases beyond 3, the
reduction in the value for ICeE t becomes negligible. Also indicated
on the figure, coefficient k &. is reduced by decreasing the value
for emissivity. By using three or four shields of low emissive
material such as aluminum foil, Cwo.or, very low values for the heat
transfer coefficient can be obtained.
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Figures 8 and 9 show a plot of i quation 20 for nw3 and
n=1, for the case the body is exposed to solar radiation for
which the incident angle and varies from 00 to 900. Curves are
plotted for several values of body temperature from 4000 to 800°R.
For a given. sun angle 9, the heat transfer rate increases almost
exponentially with increase in body temperature. Comparison of
Figures 8 and 9 indicates the reduction of heat transfer rate by
increasing the number of shield from 3 to 4, which is as expected.

The preceding analysis is limited for the case of infinite
flat plates but it does illustrate the effectiveness of using multi-
layer shielding. For surfaces of finite size, the interchange factor
between the layers must be computed since the geometric form factor
is not equal to one. This can be readily accomplished by utilizir7
the radiosity analog method described in References 18 and 30.

Other types of radiation shields, such as the bumper type
located in front of the vehicle, will be discussed in Part II of
this report.

CONCLUSIONS

Passive methods, because of their relative simplicity, have
been the sole means for temperature control of first generation space
vehicles. Although more complex cont561 methods will be required
in the future vehiclesp passive methods will be an integral part
of the over-all temperature control system.

High conductance heat paths can be achieved by utilizing high
heat conducting material and by placing the heat source close to the
heat sink, such as the vehicle skin. The conduction path should be
designed with a minimum number of joints.

An important consideration for the efficient design of conduction
path is the joint effect on heat transfer. Currently, there is a
need for more data, particularly at very low pressures, and a develop-
ment of methods for analysis. Limited information currently avail-
able indicate thermal resistance of joints can be minimized by: (1)
increasing contact pressure, (2) reducing surface roughness, (3)
maintaining surface flatness, and (4) utilizing shim materials which
have lower hardness then joint materials.

Through continued development effort, highly efficient insula-
tions have been developed. Most efficient insulations required very
low interstitial pressure to minimize or eliminate gas conduction,
which is the major node of heat transfer accounting for 50 to 90
per cent at the total conductance. In addition, radiation heat
transfer is minimized by use of powder and fibrous materials and by
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Figure S. Heat Transfer in Space (Three Shields)
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utilizing ultilayer foils. Foil type insulations are available for
vehicle thermal conductivity of 06000025 Btu/(hr)(sq ft)( F/ft) can
be obtained. Being none load bearing, this type of insulation usually

requires additional structure for rigidity.

Proper selection of surface coating for space vehicles is a
very important consideration for the efficient design of temperature
control system. Vehicle skin temperature has direct influence on
the interior temperature and thus effects temperature control require-
ments. Many surface coatings have been developed which provide wide
range of values for (s/.

An analysis for multilayer radiation shields has been presented
and the plots of equations developed indicate the marked effect of
shields to reduce radiation heat transfer. As shown on Figure 7, 3
or 4 shields should be used for maximum reduction in the value of
heat transger coefficient. Increasing the number beyond 4 has only
a small effect in reducing the heat transfer coefficient. Shielding

.. material should have low values for emissivity, such as alunirno
foil for which E = 0.05.
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Section III

SEMI-,PASSIVE TEMPERATURE CONTROL METHODS

Semi-passive control methods differ from passive systems in
having moving mechanical parts, components or fluids to assist in
transporting heat. However, there is no heat pump in the system, so
that the heat is dissipated at a lower temperature than that of the
source (except for expendable methods). The dynamic parts and com-
ponents of the system include shutters, moving masks, variable
insulation, fluid pumps, and controlled valves.

Semi-passive methods can be classified in a number of different
ways. The one used here is by the mode of heat transfer; that is, by
systems involving variations in conduction, in convection or in I
radiation. It should be noted that the use of some methods to be
discussed, namely differential metallic expansion or fluid expansion,
can also be used to operate switches, relays or other means to reduce
or halt the heat-producing activity of some component. This type of
operation is not considered here. A simplified method of analyzing
semi-passive control requirements with example problems is presented
in Section VIII.

NOMENCLATURE

A Area, sq ft

C p Specific heat (Constant Pressure), Btu/(lb)(OF)

C Specific heat (Constant Volume), Btu/(lb)(OF)

D Hydraulic Diameter, ft

E Black body emissivity power, Btu/(hr)(sq ft)

F Wind Force, lb

F Configuration Factor

f Friction Factor or Interchange Factor

G Sum of all incident radiation, Btu/(hr)(sq ft)

H Film Heat Transfer Parameter

h Film Heat Transfer Coefficient, Btu/(hr)(Sq ft)(OF)
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hr  Radiation heat transfer coefficient,Btu/(hr)(sq ft)(OF)

HP Power, ft-lb/hr

J Radiosity, Btu/(hr)(sq ft)

K Thermal Conductivity, Btu/(hr)(sq ft)(OF/ft)

LL u  Latent (or useful latent) heat of Vaporization,
Btu/lb

m Fluid Mass, lb

]i Mass Flow Rate, lb/hr

P Power Parameter

P Pressure, psi or psf

Q Heat Input, Btu/hr

q Heat Transfer Rate, Btu/hr

R Thermal Resistance, ( F)(hr)/Btu

T Temperature, OR

t Time, hr

u Velocity, ft/hr

v Volume, cu ft

W Weight, lb

e4 Absorptivity

CDielectric Constant or Emissivity

* Irradiation Angle with Respect to the Normal to
the S1i-face

tu Viscosity, lb/(ft)(hr), (or poises)

eDensity, lb/cu ft

Steffan-Boltzmann constant 0.1713x i0 8

Btu/(hr) (sq ft)(R)4
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eI Slat Angle Measured from Skin Surface

Subscripts:

b Boiling

c Critical

E Equipment or Compartment

f Fluid

g Gas

H Plumbing Hardware

Hx Heat Exchanger or Fin

0 Reference Properties

P Pump

T Tank

m, n Index number - ,2,3 

VARIABLE CONDUCTION METHODS

Differential Metallic Expansion

The simplest type of thermal switch is one made up of welded
parallel strips of two metals having different coefficients of
thermal expansion. Changes in temperature cause expansions or
contractions of the strips, but the differences in noefficient cause
a bending or warping that can be used to make or break a thermal
conductive path. This is illustrated in Figure 10. A number of
bimetallic elements and applications are illustrated in Truflex
catalog TRU-1 (Reference 20).

While simple in operation, this switch can be made quite sens-
ative to temperature changes, the make-or-break being co'ntrolled to
within a degree or less of temperature. The rate of heat transfer
may be less easy to regulate, being subject to the degree of finish
and contamination on the surfaces, and the forces between surfaces.
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Fluid Expansion

The use of fluid expansion or contraction to regulate heat flow

can take many forms. For example, a variation of the differential-
strip switch Just described would be one in which contact was made
or broken between the elements by temperature induced fluid pressure.

A thermal switch actuated by fluid volumetric change is illustrated
in Figure 11.

The thermal switch of Figure 11 is characterized by on-off
operation. Figure 12 illustrates a method of temperature c6"Itrol
employing a variable resistance heat path. This device also employs
a bellows containing a temperature - sensitive fluid, but this
material is not required to conduct heat. Heat transfer takes place
across surfaces of soft materials, the contacting area being variable
and related to the amount of heat to be conducted. These soft
materials may be rubber, cork or any other that deflects easily.
Thermal conductivity of such materials is usually low, but may be
improved by impregnating with metal fibers, ribbons, springs, chips
or other flexible paths, (21).

Variable Gas Conduction

The difference in conductivities of insulating materials before
and after degassing has been discussed in Section II and Table 1 of
this report. By regulating the amount of gas within the insulation,
it is possible to produce conductivities to meet specific requirements.

Table 3 shows the variation of several insulating materials with
pressure. The pattern of change is shown graphically in Figure 13.
This illustrates the general behavior of reduced-pressured insulation:
the very slow increase of conductivity with pressure increase, followed
by a rapid rise, and then a region of little change of conductivity.

VARIABLE CONVECTION METHODS

The methods examined here are of two principal classes: those
using expendable coolants and those having closed loops in which the
coolant is recovered for reuse. The environment assumed for all
systems is that of zero-gravity so that fans, blowers, pumps or some
other device is necessary to force convection.

Expendable Coolant Convection Method

Expendable coolant methods are .those in which a coolant absorbs
heat, usually with one or two changes of phase, and is then vented
overboard. Such systems are practicable only for missions of short
duration because of the relatively large weight and volume require-
merts of the coolant for the amount of cooling done., Two classes
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Figure 10 Differential Matallic Upansion Device for Controlling
a Thermal Path

tj
Heat Conduction Spring

Thermal Expansion Fluid

r -
I_- Contact Surfaces

Figure ]. Thermal Switc± For On-Off
Condr itivity Cont-ol

Rubber with Copper Wire Conductors
Variable Gap Resistance

Figure 12 • Thermal Switch For
Variable Conductivity Control
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are recognized: those having separate coolant storage and heat
exchange components; and those in which storage and heat exchange
are combined in one component. These are illustrated in Figures
14 ond 15 respectively. It can be seen that in the integral system,
no pressurant is required.

A comparative analysis of these two types of system (Reference
22) led to the conclusion that the separate storage arrangement had
decided advantages of weight and volume, while the reliability of
the integrated system was only very slightly higher. The greater
weight and volume of the latter resulted from two necessities:
(1) that of keeping an adequate portion of the heat transfer surfaces

wet (a) with acceleration possible in any direction, and (b) at the
end of a mission when the liquid level would be low because of coolant
losses, and (2) that of preventing the carryover of liquid coolant

through the vent. By providing heat transfer surfaces, storage
volume, and quantity of coolant in excess of the minimum requirement,

and by packing the coolant space of the exchanger with Fiberglass
wicking to disperse the liquid, a sufficient area of the exchanger
was kept wet to insure good heat transfer rates. The Fiberglass
wicking and the location of the vent entrance at the geographical
center of the exchanger will prevent the carryover of unvaporized
coolant. Although simple and reliable, these provisions add
considerably to the weight and space requirements of the integrated
system.

One of the problems in expendable methods is the expulsion of
the coolant from the tank. This becomes a major problem in space
where gravity cannot be used as an aid to expulsion. Usually some
form of bladder with a pressurized gas such as helium or nitrogen is
used. The gas is kept in a high pressure tanks and bled into the
coolant tanks to force the coolant out. The bladder is used to pre-
vent mixing of the gas and coolant. Control of the coolant tank
pressure is maintained by a pressure regulator between the gas
pressurant tank and the coolant tank. Another method of expulsion
is to spin the tank so that the liquid is forced out by centrifugal
force.

Selection of Expendable Fluids

Analyses of expendable fluid cooling methods will almost always
show the best fluids to be water and ammonia. While water will hold
most of the advantages, ammonia has a lower freezing point and can
therefore be used at lower temperature. In addition, ammonia vapor
can be used for certain pressurization applications where steam would
condense. Table 5 lists a number of materials that could be used as
expendable coolants and the important properties that would have to
be considered in making a selection. Note that the relative temperature
level between the coolant boiling temperature and the equipment operating
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temperature is also important in choice of coolant.

A relationship that may be of assistance in the selection of a
suitable expendable liquid is known as Trouton's Rule. This rule
states that the molal latent heat divided by the normal absolute
temperature of evaporation is equal to constant. However, this ratio
actually varies considerably, as seen in Table 4, but averages about
21. The polar or associated liquids, such as water and ethyl alcohol,
have higher values than the nonassociated liquids. This results from
the high heat of vaporization of these substances, and while it is
true that their boiling points are also relatively high, the difference
in temperatures is not as great as the difference in latent heat.
Attention should therefore be directed toward liquids having high
values of the latent heat of vaporization temperature ratio for
expendable coolants.

Figures 16 and 17 show the value of latent heat at various
boiling temperatures, for a number of possible liquids. It appears
from this that water has more ability to absorb heat than any other
liquid in the temperature range covered. The vapor pressures of
these liquids are shown in Figures 18 and 19.

A more complex method of comparing expendable coolants, than
Troutonls rule is the weight comparison technique developed in the
following part of this section.

Evaluation of Expendable Coolant Liquids

A number of comparisons, including Trouton's rule of L/r-
have been used to choose a coolant fluid.. However, most comparisons
do not seem to carry through to an ultimate goal of showing which
coolant requires the least total weight for a given heat load q,
equipment temperature TE, and time interval At.

Considering Figure 14, a useful coolant comparison can be made
for given values of q, TE, At.

The weight of the tank can be considered as a function of coolant
pressurw- density, the heat load, and latent heat of vaporization.
The thickness of the tank varies directly with the pressure so that
WT PT. Since the volume of the tank varies directly with the inverse
of density of the stored coolant, a spherical container with volume

r 2yland surface area L yields VoYj? , A., oW., , A-o (.V,)'

or Wv-/levs. Finally, consideration of the latent heat of vaporization

of the fluid determines the amount reired which also influences the
tank weight as a volume change, Wojc4- =PJF_ . Combining these
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terms, W?,4i/L,. or the weight of tank can be expressed as

W.= wTf3 "  where K is a constant.

The weight of the heat exchanger can be considered as an inverse
of the film coefficient of the coolant and the temperature difference
between this compartment and the coolant, Wor W = ____

where K2 is a constant.

The weight of the coolant can be considered as V-1- o
W.. Of course, the coolant flow path may include other weight

considerations such as tubing, fittings, pressure regulators and
valves but the weight of these components is usually not a direct
function of the coolant. Therefore this weight can be neglected or
considered as a constant = '<3

Combining the weight, described in the previous paragraphs, the

total weight becomes

+I IC - _t+ (23

Equation 25 can be simplified for comparison purposes by non-
dimensionalizing the terms in the equation. Such nondimensionalizing
could be based on a known coolant and flow system so that K, K2 , K3
can be estimated. The nondimensionalized equation wou-Ld appear as

K + K(W\(efl'.Kz (TI-Tb 4.. .- Q~z) +&(LIS (26)
kl- Lw e ) k-Lf;'(r -.- .-

where 0 is a known coolant and K', K' 2 , K' 3 , and W'0 are known values,

Wo W, W
This equation can be reduced even farther if' the boiling film

coeffibient of the-liquids is held constant by varying the heat
exchanger or cold plate flow area. Then I and Equation 26 becomes

KN - 4 K31 1(~ (27)

Equation 27 can be used to compare coolants for use in an open-loop
coolant method with known compartment heat load (q) and temperature
(TE). Tank weights and volumes can coolant method parameters,
estimated by Schroeder, Towe, Lake, and Wunderman of Boeing (Ref. 23)
are presented in Figures 21, 22., and 23 for use in comparisons.

Comparison Of Coolants For A Simple Open-Loop Expendable Coolant Method

Consider the sketch Figure 14, if the weight of the coolant
lines, fittings and pressure regulators is neglected then Kt3 = 0,
and -the weight of the method is dependent on the heat exchanger,
coolant, and tank. For a known ammonia method of this form with
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Q = 1000 watts and TE = 130 F, the equation constants can be evaluated.
Figure 20 shows a possible expendable water method and weight corn-
parison to ammonia.

The properties of the ammonia method 'are

Cj. 1.07 Btu/lb (OF

ko= 0.29 Btu/(hr)(ft)(%F)

I. 42.6 lb/cu ft

A= 0.0024 poises 4

L= 300 Btu/lb (15% to 85% quality)14.7 psia,

-280F

P4., 130 psia (700F saturated NH3 liquid)

and the weights are

1.5 lb --

W , =10.4 lb

W-r = 14.6 lb

We =26.5 lb

Or evaluation Kt constants:

Ki= - 14._ .----4 =o.SSI
Wo .6.5

W"

i<= - '0'6= "
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CoQlnt Conu-ol vae Pressure

*dsUien Tank - -1tgt ,
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10 1-1.000 x 3oh-.Z .04.

10 *1b..W.

/

.//

oi,!oloo Z
0 500 1000

Uthalp tu/b.

Coparison to Azmonia

WEIGHT (Lb) VOLUME (in3)

H20 NH H2

TankC 2 14.6 55.5 278

Heat Exchanger 5.2 1.0

Fluid 4.2 10.4

Total* U-14 26 55.5 278

*Does not include tubing, valves, cold plates

Figure 20. Expendable Water Method
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Use of these values in Equation 27 gives the following ratios of
W/WO , for coolant fluids.

Table 6. Weight Comperison Of Expendable Coolants
(Q = 1000 watts, TE = l30Ot = 1 hour)

I Tank Vapor Boiling Useable Weight Volume
Pressure Pressure Tempi Latent Ratio Ratio

Coolant PT PL TL Heat W V ?L** .... Wo

psia psia OF Btu/lb

Water 14*7 1.0 100 810 0.5 0.3

Ammonia 130 14.7 -28 330 1.0 1.0

Ethanol 14.7 100 200 1.,0+ 1.5
Freon 21 80 14.7 4, 80 2.2 2.1

Nitrogen 14.7 14.7 -322 70 2.0 4.0 Stored at
-3220Y

C02 Solid 14.7 34.7- -110 246 0.9 0.6 Stored at
-llOOF

Tank Pressure at 70OF except Nitrogen and CO2 (Solid).

Useful latent heat of vaporization to 85% quality for
high film coefficients.

Except Nitrogen and 002 (Solid).

Closed Cygle Convection Methods

There are a number of different closed cycle methods, all having
in common the conservation of the coolant for repeated use in heat
transportation. In the open cycle or expendable coolant syitems, the-
disposal of the coolant served the purpose of removing the unwanted
heat from the vehicle. Since radiation is the only means by which
heat may be rejected in space without this loss of the coolant, all
closed systems have a radiator as -a necessary component. Aside from
these two common characteristics, closed cycle systems my differ from
each other quite widely. A comparison of expendable and recycle methods
is included in Section VI* A number of methods of the recycle type
are described in the following paragraphs.
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Forced Convection

The basic convection loop accomplishes transfer of heat from a
heat sink to a heat-transport fluid, transporting the fluid to a
radiator, and a return of the cooled fluid to a reservoir or to the
heat exchanger. Such a method is illustrated in Figure 24. The
degree of complexity can be changed by the addition or removal of
controls for regulating the temperature of the heat sink. The
transport fluid may be ater, air, ammonia, or any one of other
liauids and gases.

The weight, volume and power requirements of a forced convection
loop depend upon the heat load, temperature range, fluid, and ducting.
One analysis has been made for a system employing ethylene glycol,
a pump-motor efficiency of 40 percent, a fluid pressure drop of
100 psi and a temperature change of 20OF of the fluid in passing
through the- radiator.. The power requirement was found to be 0.025
kwAw of heat rejected, and the weight to be from 3 to 10 poundsAw.
(Reference 3, Page 22).

Comparison Of Liquid Coolants For Closed Loop Semi-Passive Control Methods

The semi-passive closed loop liquid cooling method consists of
a flow-control valve, a space radiator exchanger, a pump and a com-
partment exchanger (See Figure 24).

Ideally, the cbmparison of various liquids for this method
mould include detailed design of the complete loop for each coolant.
However, such a comparison is time consuming and costly. Therefore,
the use of parameters for comparison purposes is advisable. Several
parameters which appear to affect the weight and effectiveness of
the loop are the pump power and the forced convection film coefficient
parameters.

The pump power par'ameter P has been derived in Reference 25.

This parameter is

_-_ for laminar flow

0.4

and P for turbulent flow. (29)
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For comparison purposes P, P , and Cp are used as ratios relative to
turbulent water at 80°F.

The film coefficient parameter H is based on MeAdams' equation-
(Reference 29) with D = 1 ft and V = I ft/hr where fluid properties
are evaluated at the average fluid bulk temperature. Note that
cpJ/k = Prandtl number is raised to the 0.4 power for use with the
bulk fluid temperature properties. Whereas, the more accurate Colburn
"j factor" has (er/< ) raised to the 1/3 power. However, the Colburn
equation as shown in Giedt (Reference 26, p. 169) is based on fluid
properties at the average film temperature. Since for evaluation
purposes it is felt that the bulk temperature of a liquid is more
likely to be known than the average film temperature, the bulk
temperature equation has been used. In the gas comparison, the
difference is less noticeable so that the more accurate Colburnequation is used.

o4 o.4(

o-z (,) (crj (30
kI

These two parameters, as well as other comparison information
such as freezing and boiling temperature, toxicity, flambility,
corrosiveness, and dielectric strength are presented for some liquids
in Table 7. A curve, Figure 25, shows the comparison of H and P for
various coolants at different temperatures.

Comparison Of Gaseous Coolants For Closed Loop Semi-Passive Control Methods

T --

Figure 26. Typical Closed Cycle Gaseous Coolant Loop

From this sketch, the fan power, CFM, pressure drop, heat
transfer film coefficient and dielectric constant can be seen to be
parameters for comparison of gaseous coolants. In addition, if a
sensitive component such as a stabilized inertial platform is part
of the equipment, the wind force becomes a parameter.
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For purposes of comparison of different gases the following
assumptions were made.

1) The heat load to be removed by the gas is the same for all
gases.

2) The maximum temperature rise in the gas is set.
(,&Tgas = constant)

3) The.flow of the gases is turbulent.

4) All parameters will be computed as ratios relative to
air at 700F.

The following parameters were derived using these assumptions.
(g gas, a = air)

Weight Flow Rate

czr (31)

C C
M&S

AF (32)

Film Coefficient

For turbulent flow in ducts or tubes:
0-0? L ( UIP0.2 - 4.331

\--a--' ( k ) (Gtedt, Ref. 21, p.169)

(uhere properties are evaluated at the arithmetic
meart boundary film temperature)

k. -U , € "a) k e.75
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Pressure Drop A =cpLU e Whre 0.14.- ;o IVZ0

1.6 o.8 6, .% .or~~~~o aAF =USPN7/M =OOs

' 'i

Power Requirement a? ( & V W

__C (35)

Wind Force on Platform ;r oe i~o U.

Dielectric Ratio

These ratios have been used for comparison of various gases
and results are presented in Table 8.

Reference 27 shows a comparison of gases for use as artificial
atmospheres in space vehicles. This report compares blower power
requirements and heat transfer coefficients for these atmospheres.
These ratios along with ratios for constant heat load are shown in
Table 9.

The forced convection-loop usually represents a relatively
simple method with good reliability, easy control, good stability
and relatively low power requirements. Size and weight may impose
excessive penalties while leakage is probably the greatest danger
of failure.

Most of the lightweight fans (and pumps) available for space or
airborne use have small bearings and high RPM to keep weight and volume
low. As a result, the life expectancy of these fans is seldom in
excess of 500 hours. More reliable fans for long life such as one year
continuous duty must be developed. Otherwise, the alternative is to
add more fans for redundancy.
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Vacuum Coolina Method

The vacuum cooling system is similar to an expendable coolant
.nethod, but has the advantage that the coolant is recovered for
subsequent reuse. In it, the coolant picks up heat from the heat

sink, is vaporized, and then flows to a radiator-condenser where it
is reliquified or solidified. The reduction in volume of the fluid
brought about by the change of phase creates the vacuum that gives
the method its name. The low temperature necessary for condensation
is easily obtained in space.

The vacuum cooling method may operate with liquid$ which are

aboard for other purposes, such as coolants or fuels to be used
during reentry. The power required may be a very small amount or
none at all. A schemat c diagram is shown in Figure 27A.

If the coolant is liquified in the condenser, it can be returned
to the reservoir simply by pumping. When the coolant is solidified,
it must first be liquified. This can be done by having the radiator
act as a collector of solar energy, as is illustrated in Figure 27B.
The operation of this arrangement depends upon the orientation of
radiator and absorber to deep space and sun, but by the manipulation
of valves, the functions of the two loops become interchangeable.

Silica Gel Cooling Method

The silica gel cooling method is a type of vacuum method in
which the vacuum is maintained by adsorbing the coolant in a silica
gel bed. The refrigerant comes from another silica gel bed here it
had been adsorbed previously.

The cycle commences with the driving off of the adsorbed
refrigerant from a silica gel bed by the application of heat. A
typical refrigerant would be sulfur dioxide, SO The vapor is then
condensed in a radiator and the liquid passed through a throttle
valve where the pressure is reduced. it next goes through an
evaporator where it is vaporized by heat picked up from the heat sink.
The vapor is then adsorbed by the silica gel bed. After all
refrigerant has been driven off from the first bed and adsorbed by
the second, the roles of the two beds are reversed. By the use of
appropriate interconnections, the same path through the radiator,
throttle valve and evaporator can be followed with either bed as the
source of refrigerant. A schematic diagram is shown in Figure 28.
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VARIABLE RADIATION MTHODS

One means of controlling the surface temperature of a space
vehicle for the condition of varying internal heat load and varying
solar radiation incident on the surface is to change the emissivity
or reflectivity of the surface. Several methods for varying the
emissivity are discussed in the following paragraphs. These methods
are characterized by a movable element whose position or attitude is
varied in order to change the emissivity or reflectivity of the outersurface of the vehicle.

Venetian Blind - Shutter Type Method

This type of controller is shown in Figure 29. With the shutter
open, the exposed area presents a surface of one emissivity, while the
outside surfaces of the "slats" in the closed position can be made to
have a different emissive and/or reflective character., By varying the
degree of opening, any value between the open and closed emittance can
be obtained.

One way of mounting the slats has been illustrated in Figure 29,
in which the slats are mounted to the vehicle surface by hinges. This
method permits some heat tobe transmitted by conduction so that the
slats serve as "radiating fins". Another way would be to pivot the
slats along their longitudinal axis, and thus no contact would be-
made with the radiating surface. The slats can be positioned by a
single mechanism actuated by volumetric or pressure changes in a
temperature sensing bulb, by photo-electric cell and by bimettalic
thermostatic elements.

The following discussion is a presentation of a way in which
the required values-for emissivity of the vehicle surface and both
sides of the 83Ats may be determined for a given heat load and vehicle
surface temperature. It will not be a complete discussion on the
design of the slats. This will be given in Part II of this report.

To make a rapid estimate for the required values for emissivity,
the following equations may be used:

- C4- - A 'A (37)

= e.j ~-04' (I Q-Coco) .08)
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These two equations illustrate the complexity involved in
determining required values for emiSsivity since there may be many
combinations of values for C and the slat angle 96. Further corm-
plexity is introduced for an orbiting vehicle because the solar
radiation incident on the various surfaces varies with the vehicle
orientation with respect to the various radiating bodies such as the
sun and the earth.

The above equations are not sufficient to accurately determine
the required values for emissivity since the radiation interchange
between the various surfaces are not considered and the equations
are limited to steady-state conditions only. A method which does
not have the above restrictions is presented in the following para-
graphs. This method utilizes the radiosity analog and thermal analog
networks described in Reference 18. The use of networks greatly
facilitates in visualizing and accounting for the various modes of
heat transfer and to establish the necessary relationships for the
analysis of the problem through the use of digital computers.

For illustrative purpose; the case in which the slats are
perpindicular to the vehicle surface will be considered and this is
shown in Figure 30. The incident angle of the solar radiation is
shown to be less than 900 so that a shadow is cast on side 3 and a
portion of side 2.

As showm in Figure 30, there are two sources which add thermal
energy, the heat load added to side 2 and the solar radiation in-
cident to the three sides. The heat load Q is assumed to be applied
directly to side 2 for the purposes of this discussion and requires
no further elaboration. Solar radiation requires careful considera-
tion because of the interreflection of the three sides. Only part
of the solar radiation impinging directly on a side is absorbed,
the remaining energy is reflected to the other sides, which in turn
reflects energy not absorbed back again. This is illustrated in
Figure 30 b.

The most convenient way to determine the amount of solar
radiation absorbed by the three sides is to use the radiosity method
described in References 18 and 30, and the radiosity analog network
illustrated' in Figure 31a. A single mode for each side is used for
illustrative purposes. For a more refined analysis, mre nodes
would be introduced. The radiosity method is limited to diffuse
emission and reflection so that it is assumed that the surfaces
considered here are of the diffuse form. One further assumption is
that the surfaces are sinilar to "gray-bodies ", C M c, with the
exception that the value for solar absorptivity o4 is different from
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infra-red absorptivity or emissivity.

The configuration factor F, for the three sides can be readily
determined by using the string method discussed in Reference 18, if
it is assumed that the "slats" are infinitely long.

By applying Kirchoff's laws for electric networks, three
equations are written for heat flow into the radiosity.nodes. The
surface temperatures or potential, El, E2 and E3 are set to zero
and the radiositiesy J1 , J2 and J3 are determined from the three
equations.

4A IcosI + )s J(A), 2 (J, -j ) FA) (-J,) +(- -- , 0 (39)

CA e,=.+(FA),,J.+(FA),,(j 3-4) + - o ( a

The values for Jl, J2 and J are then substituted into the
following equation to determine t~e amount of solar radiation ab-
sorbed by each of the surfaces.

,,/s,, ,.' , ,-,xs(42)

Since the incident radiation G on each side varies with
vehicle orbit position, which is time dependent, it is possible to
obtain the variation of Q absorbed with respect to time such as
illustrated in Figure 33.

Radiation heat transfer involves proper accounting of all inter-
reflections between the slat surfaces and the skin. This can be
readily accomplished by utilizing the radiosity analog network similar
to the one illustrated in Figure 31b. Since no energy is reflected
from space, the potential E. is equal to the radiosity J0. Also, the
emissivity is different from the one used in determining the solar
energy absorbed, Figure 31a, since the emitted radiation is assumed
to be in the infrared band, which has a longer wave length.

Again, three network equations are written from which radio-
sities Jl, J2 and J are determined. These values are then used to
determine the intehange factor .f, between the various surfaces
'and space.
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(T6AA~j .jl+ (F) J(43)

f . e-J )(A.C-j, CA)., a-. +, ).-FA).C,...

( ~(e ,-J. -,(P )5.(,,,-J,)-,(.'A,, (.s,-4,)*(A, (.,,-J,.) -.o (4,5)

To detemine the interchange factor between space and sides
1, 2 and3, let E -J3 =iand El= 92E 3=aM4 solve for 11 ,
J2 and J3, Then since

UA~s .(46)

To determine the interchange factor between side 1 and sides 2 and 3,
let E1 =1 and E = E2 = "0; and again solve for J1 , J2 and J
Then since

0 (49).-e3

similarly, 
(/49
) 6.- (o)

als. (IA) 2, = lA), (.)

The above procedure is repeated to determine the remaining
interchange factors. These factors are then used to determine the
radiation hermal resistance between the three surfaces and space
from the following equation.

-IA or. VA) (-r.+7 2)()
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The values for thermal resistance and solar radiation absorbed
are then utilized in the thermal analog network to compute the
temperature of the three surfaces. A typical network is shown in
Figure 32. In this network, RT represents the combined conduction
resistance and radiation resistance between sides 1 and 2 and sides
2 and 3.

/ A

By utilizing a computer program similar to the one described
in Section VIII, the surface temperatures can be readily determined.

Th above procedure will require several iterations to establish
the desired emissivities for the specified heat load and surfaces
temperatures.

Rotating I Ask Method

A temperature control method employing rotating masks was used
on the Atlas Able-4 Lunar Satellite (28). This is illustrated in
Figure 34. The spirally wound bimetallic strip sensed the internal
payload temperature and these temperature changes cause the rotation
of the mask through differential expansioti. or contraction. On the
surface of the vehicle were alternating 45-degree -segments of high
and low absorbtivity-to-emissivity ratio materials. The rotation
of the mask covered one and uncovered the other as required. Fifty
of these units were used on the surface of the spherical satellite,
placed as uniformly as possible to reduce the influence of varying
sun angle. About 20 percent of the satellite surface is so controlled.

Advantages claimed for this method include the fact that there
is, essentially, only one moving part. This adds to the simplicity
and reliability and helps to keep the weight relatively low.
Sensitivity to vibration is reduced because the unit is balanced
about its pivot point. The large number of individual units con-
tributes to the reliability of the whole system, since the failure
of a single unit will affect the degree of temperature control for
less than a similar failure would in some other systems.
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Translating Mask Method

The translating type mask operates in very much the same fashion
as the rotary mask. The essential difference is that the mask does
not pivot about a central point but moves laterally to cover and un-
cover surfaces of differing thermal characteristics. Figure 34 shows
the form of one translational mask method.

Four pairs of ribs are seen to radiate from the life cell to a
narrow cylindrical band. This band has an outer surface of polished
aluminum partially covered by alternating strips of aluminum oxide
paint. An outer concentric band has openings in it of approximately
the same size as the alternating polished aluminum and painted strips.
A battery-powered motor moves the outer band to expose the required
proportion of each surface in response to signals from a thermostat
in the life cell. The heat generated in the life cell is conducted
to the inner band through the radial ribs.

It is interesting to observe some of the reasons which favored
the choice of this method. The proponents note that:

"Since the shields represent added weight, it is desirable to I

place them where they would have the maximum effect in raising the
moment of inertia about the spinais, i.e., at the periphery of the
central plane."

"To prevent large axial temperature gradients in the life cell,
heat generated in it is best removed from near its middle, rather
than from its ends."

"Placement of the shields at the largest diameter of the
satellite would assure the least possible variation of incident
radiation, since the controllable surface can then not be shaded by
other parts of the satellite, but can at worst only be turned at
right angles to the incoming radiation."

The purpose in quoting these statements here is to emphasize
that some methods have certain advantages not possessed by any other
method. For example, the rotating mask method would be of no help
in stabilizing spin, but could prevent large axial temperature
gradients and would have far less variation of incident radiation
than the method described here.
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Mercury Film Temperature Control Method

A temperature control method has been suggested that would
utilize the fluid and reflective proerties of liquid mercury in a
manner illustrated by Figure 35. In operation, the temperature
sensing bulb, containing mercury, would be located in the region
where temperature is to be controlled. Increased or decreased
temperature would cause a volumetric expansion or contraction of
mercury with a consequent rise or fall of a continuous thin film,
in the space between a glass or quartz "window" and a suitable backing.
This backing could be of high absorptivity or high emissivity
naterial, depending upon a requirement to bring solar heat into or
reject internal heat from the vehicle.

At the present time, this system is undergoing an analysis
which shows some promise for satisfactory operation. The arrangement
has simplicity and reliability.

Other variants of this principle involve the use of pressure
changes to actuate bellows or pistons to move the mercury. The use
of a photoelectric cell to signal the start of a pump also suggests
itself. In each case, the object is to cover more or less of a
critical area with a reflective shield, capable of adjustment to
any position within a range and free, in the shield itself, of

moving mechanical parts.

Particle Cloud Shield

In this method, the evacuated space between the window and the
backing plate would contain a cloud of particles sufficiently dense
to be opaque to solar radiation. In an evacuated space in zero
gravity, the distribution of particles could be expected to form a
cloud of uniform density. The winlow would be cleared to permit the
passage of thermal energy into or heat out of the vehicle by the
formation of an electric field. This field would be formed by
applying an electric current to electrodes at the outside edges of
the system with the"kartitles then collecting at these electrodes.
To opacify the window, the current would be shut off and the brief
actuation of a vibrating device would then send the particles out in
a random distribution.

The particle cloud shield operates in a similar manner to that
of electrostatic precipitators used to remove fly ash from flue gas.
No development work has been done on this concept.
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CONCLUSION

The wide range of available semi-passive temperature control
methods gives a choice of control through variation in surface coating
or variation in the internal heat transfer rate. The variable coating
and variable conduction type control will usually be restricted to
equipment with small heat loads. Whereas, the forced convection
fluid loops and. expendable methods adapt better to equipment with high
heat loads since cold plate or direct forced convection cooling is
available for removing heat from high dissipating components.

The semi-passive methods are usually only limited by the
requirement that the heat sink (heat exchanger, vehicle skin, or radiator)
must be at a lower temperature than the equipment. Hoever, the
expendable, vacuum, and silica gel methods-do not even have this re-
striction.

At the present time semi-passive mdethods of variable surface-
and fluid loops have been used on some space vehicles. These methods
have proven to be reliable and fairly light. However, some coatings
have deteriorated and fluid loops have an inherent danger of leakage.
Much research is needed in improving coating and fluid loop
reliabilities.

Since extensive research in surface coatings is already under-
way, recommendation is made that some research be directed toward
fluid components and loops. If the probability of liakage is de-
creased, toxidcity, corrosiveness and dielectric strength become

,e.. libhle._qsiderations in mo~t fluid loops. As a result, basic
.- coolant considerations of weight, volume, and, surface area can be

used as the only criteria needed for optimization. Increase in the
efficiencies and operating life of fans and pumps is also desirable.
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SECTION IV

ACTIVE TEMPERATURE CONTROL METHODS I

Active temperature control methods have been aefined in this
report as methods which require a heat pump - - removing heat from a
source or evaporator to a sink or radiator-condenser at a higher
temperature, The cycles discussed in this section include vapor
cycles, gas cycles., and thermoelectric cycles. Modified gas cycles
which incorporate a vortex tube is also included.,

The zero-gravity effects of the space environment can create
major problems in the design and operation of the vapor cycles*
Consequently, detailed discussion of methods of design for evaporators
and radiator-condensers for operation in zero gravity is included,
Note that although the term "heat pump" is used here most of these
cycles are refrigeration cycles and cannot be reversed as in the
usual "heat pump" sense because the evaporators and condensers are
completely different in design due to the zero-gravity requirements.
The usual "heat pump" is less efficient than a refrigeration cycle
since dual purpose condensers and evaporators are .required resulting
in lower condensation and evaporation efficiencies.

The preceding zero-gravity effects are not a problem 'i the
gas and thermoeletric cycles. However, all ot the refrigeration
cycles have one drawback in common - - a high power requirement.
The power requirements are evident in the COP relationship of

Cop = COLG AD
METHOD POWER

Unfortunately, increas.4mg the efficiency of the compressor or system
does not drastically change the COP relationship, since the COP i#
more a function of the thermodynamics of the cycle- Thus, p~~ ...
penalties in weight, surface area, and volume must always be eeno

sidered in comparisons of active methods with passive and semim.
passive methodse



VAPOR CYCIZ MTHODS

For several reasons, vapor cycle methods should be considered for
certain space applications. These methods have high performance character-
istics, are able to provide refrigeration for large heat loads at the
required location, and can operate am a wide range of altitudes from
ground to outer space. The extensive developaent of vapor cycle systems for
aircraft and missiles provides a wealth of data and experience for space
applications. The use of the vapor cycle in space Introduces, however,
special problems involving the operation of components in a weightless
enviromment. r iaddition, the continued exposure of refrigerants to apace
radiation ma create new problem not considered In the past.

Nomenclature

COP Coefficientof performance

'Specific heat at constant pressure per unit mass

cp Molal specific heat at constant pressure

L Latent heat of vaporization

L Molal latent heat of vaporization

p Pressure

QR/V1  Cooling effect per unit volume of refrigerant at emressor inlet

R Ga constant

r Pressure ratio

T Temperature

a- Surface tension

16 Compressor efficiency

Copressor

Had Adiabatic hesA

N Rotational Speed

ns  Specific speed

Q Volumetric flow rate
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Eveivorator

A Evaporator heat transfer surfae

BO Donde number

go Gravity acceleration on earth

L Hydraulic diameter'

Q Cooling load

we Weber nubber

a- Surface tension

w.. Rotational Speed

Condenser

a !Tapred~ ratio

D !Tn inside diameter, ft

dh Equivalent hydraulli diameter, ft

F Fraction of vapor condensed In tube

Mean friction factor

h Beat transfer coefficient

hfg eat of vaporization, Du/lb

L Fin length, ft

k Conductivity of liquid

N Number of parallel tubes

p Pressure

q Slat rejection rate, BWt/sec

Qc Cooling load

QR Condenser beat rejection rate

Re Reynolds wnmber

T Tube, teupeature at wbich beat Is radiated to ouater opme

soI



Nomenclature

Condenser (Cont)

V Velocity

t Tube wall thickness, in.

We  Weber number

WT Combined tube and fin weight, lb

X, Tube length, ft

Efficiency based on Carnot cycle

- Emissivity

Stefan-Boltzmann constant

S Fin thickness, in.

et Tube specific weight, lb/ft F "

Fin specific weight, lb/ft

A' " Vapor viscosity, lb/ft)(see)

" " Surface emissivity

Stefan-Boltwnn constant, 4e8 x 10* Btusec)(sq ft N

K Fin thermal conductivity, BtuAsecyftt)F)

Thermodynamics and Operation

Basic Vapor Refrigeration Cycle - The ideal vapor cycle: consists of the

following processes (see Figure 36):

1-2 Isentropic compression of saturated vapor to high-slide

- pressure P2 (compressor)

2-3 Isobaric condensation to saturated liquid at high-side
pressure P 2 (condenser). The refrigerant may reject heat
directly t6 the outer environment or through an intermediate
heat transfer loop.

3-. Isenthalpic expansion of liquid to two-phase mixture at low-
side pressure P1 (expansion valve).
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4-1 Isobaric Isothermal evaporation to saturated vapor at low- I
side pressure P1 (evaporator).

The cycle closely resembles a Carnot cycle operating at the same
condenser sand evaporstor temperature, as indicated by 1'-2'-3-4'. This
similarity contributes to the high perforance charateristics of the vapor
cycle. The coefficient of performance of the ideal vapor cycle given by
Reference 31 expresses:

A - B(r-1) -
1 (A + B-1) (1-1/r) ()

where A.

@pg

r T2

This expression shows that the specific heats of the refrigerants and
operating temperatures of condenser and evaporator are the principal
Influences on cycle performance.

Basic Vapor Refrigerating Cycle with Superheating

To avoid compressing a two-phase mixture, actual vapor cycles usually
operate with superheat vapor at the inlet to the compressor. In addition.,
a small amount of subcooling is necessary at the inlet to the expansion valve
to prevent premature vapor flashing. These considerations lead to the basic
cycle with superheating shown on Figure 37. Assutng perfect thermodynamic
behavior of the refrigerant vapor, Reference 31 expresses the COP of the
cycle with superheating in terms of the COP of the previous basic cycle as:

COP 8. OVR,(pT2 - 1  (55)
COP

T,#
1I
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For typical operating conditions with Freon 11 and Freon 12 as refrigerants,
Figures 38 nd 39 show the beneficial effects of superheating in COP and
flow requirements. To reduce total weight and volume of heat transfer equip-
ment, a separate superheater, such as that shown in Figure 37, is preferable
to superheating within the evaporator.

Basic Vapor Refrigerating Cycle with Subcooling

As liquid subcooling degrades the quality of the vapor-liquid mixture
at the evaporator inlet, the heat transfer coefficient increases on the
refrigerant side. This has only a small effect on the size of the condenser.
If subcooling is accomplished in the condenser, the cycle COP is increased
but at the expense of a considerable increase in condenser size (Reference
31). Subcooling by heat transfer with expanded liquid refrigerant, as
shown in Figure 140, has negligible effect on the COP.

Cycle with Expander or Compressor Operating with a Two-Phase Fluid

A COP rise of approximately 30 per cent has been calculated for. an
expander operating with a two-phase fluid instead of the expansion valve of
the previous cycles (Reference 32). However, realization of this cycle
depends upon availability of efficient expanders which operate with. a two-
phase mixture. Similarily, compressors operating with two-phase fluids as
in Reference 33 have yet to be devaloped.

Compound Cyclfs

Figure 11 presents the compound cycle, & vapor cycle with two or more
stages of compression. This approach is required to avoid pressure ratios
that exceed compressor capacity. The compound cycle is identical in COP
to the basic vapor cycle of Figure 36, but the individual stage pressure
ratios and compressor displacement are different. Table 10 presents the
performance, pressure ratios, and displacement data for an ideal two-stage
compression cycle.

Cascade Systems

Cascade cycles may find wide application in space because of their
ability to reach high sink temperatures, a requirement for light and compact
radiators. As shown on Figure 42, a cascade cycle consists of two or more
vapor cycles interconnected to utilize the heat sink of the low temperature
cycle as the heat source for the high temperature cycle. This cycle might
be used for a single heat source as presented in Figure 42, or for two heat
sources at different temperatures. In the latter case, the high temperature
cycle of the cascade would contain two evaporators, one to receive the heat
from the high temperature source and the other to receive heat from the
condensing refrigerant of the low temperature cycle of the cascade.
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Table 10

Ideal Performance Of
Compound Vapor Refrigeration Cycles

(Referece 31)

W P, SSUU STAGE. reIGH, PEsSURE STAGE

Over-all Refrigerant, COP J PP V~/ Refrigeat 1 CO-P

2.02 *-f. 32.0 90.5

2.02 7-11 5,66 90,5 F-11 5.66 19.4
1.6& F-12 3.76 14.3 F-12 3.8 4.29
1.96 7-12 4.93 -.14 8.95 F-12 3.94 3.85 U11.
2.12 7-22 48 4-.. 40 .1 5.41. F-f1 4.55 5.66 19.o
1.95 P-22 4.84 14.10 5.4 F-12 3.94 3.83 4.11
2.02 F-1 5.66 90.8 -11 5.66 19.3
1.&1 P-12 3.76 114.3 7-12 3.83 11.39
2.32 F-1f 5.66 68.2 F-1 5.66 17.3
2.09 F"12 3.76 8.93 F-12 3.83 3.87
2.05 F-U 5.66 97.5 F-U 5.66
1.82 7-12 3.76 12.9 7-12 3.83
2.32 7-U 5.66 70.0 F-U 5.66 18.45
2.15 F-12 3.76 8.90 F-12. 5.83 373.

COITIONS: T1 a -20o,; T2  14 o
The intermediate pressure Co rrespoW to saturation
at 460t; 1007 approach in heat transfer equipment
(subcoolem, superheater).
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The important feature of a cascade cycle is the improved COP over the
simple cycle. For a typical cascade of two cycles, Reference 31 gives for
the COP:

COP a+ 4 1_ X 1 X 1-(6

'bC LCPi. W2 '?c Cl UP 2 J
where COP a coefficient of performance of the easeaded system

lc a efficiency of the compressors of'the cycle.

Figure 43 Illustrates the COP of a cascade vapor refrigeration cycle as a
function of the evaporator-condenser temperature.

Many authors (Reference 31 and others) recognize that this Improvement
in COP may not be an overwhelming superiority over other cycles, such as the
compound. For space applications, hoever, the cascade cycle permits the use
of different refrigerants to accommodate the heat sink temperatures. Ordi-
narily, this advantage is at the expense of ine.ased mechanical complexity.

Cycle Variants

There are mawy variants of the cycles studied previously, and Reference
31 presents a detailed treatment of their characteristics. Compound cycles
with intercooling and subcooling, with superheating, or with combinations of
subcoolers and superheaters have been considered by many authors. Their
complexity, precludes their being recommended for space applications at this
time.

Refierant

Previous study of the thermodynamics of vapor cycles shows that the
practical realization of these system depends primarily on the availability
of the refrigerants. In selecting these ifrigerants, two types of criteria
are generally considered. These are the thermodynamic actors and the
qualitative factors.

Themodnamc Factors

Thermodynamic factors, which determine the desirability of a ,refrigerant
from a performance standpoint, are considered below.

Refrig~erating Iffec Per Uit Volue. The refrigeration effect per unit
v n Wrefr_, mess a --TM et to the compressor, Qr/Il,
establishes the rate of refrigerant flow through the system. The size of

fsate expreeion, as obtained from:Reference 31:
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V, VI

It can be seen that the vapor pressure P1 of. the refrigerant at the
evaporator temperature Is an Important factor. Volatile Freons like Freon
22 have a large value of Qr/Vl, vhile the less volatile Freon 1 and 113
have lover values. Table 11 presents sme typical values of this ratio.

CritIcal Temperature of Refrierant. T . -The condenser temperature is
generally set far below the critical temperature to avoid any deterioration
in performance and problem of thermal stability. Since space requirements
may call for high condenser temperatures to satisfy optimization require-
mnts, a high critical refrigerant temperature would be most desirable. At
the saen time, the correspondIn pressure ratio must be within practical
limits; othervise, penalties would be Imposed on the compressor. To
illustrate, the critical properties of common refrigerants are presented in
Table 12.

-- An extensive search for high temperature refrigerants has been made
(Reference -*i) for aircraft applications. The results indicate the avali-
ability ,of refrigerants permitting a condenser operation above 2000?l. Table
13 presents the comparative performance of soe high temperature refrigerants.
No promising refrigerant has been found for operation at 5000F.

Coefficient -of Performance, To compare the COP attained with different
refrigerants, it is adequate to use the expression for the COPof the Ideal
cycle given by Equation 54. Figure 34 shows the variation of the COP as a
function of the fluid variables A and B for a typical operating temperature
ratio of r w 1.2. For comparison, the attained values of COP for sm
common refrigerants (Freons) have been placed on the same graph. The char-
acteristic values associated with the variables A and B are tabulated in
Table 11.

When a wide range of temperatures is considered in the selection of
refrigerants, it is comon practice to consider their relative merits by
calculating and comparing their COP's. A typical cparison is shown In
Figure 45, where it appears that within a conventional range of temperatures,
Freon 11 has a good COP. For a higher temperature range, mrcury, water, or
some of the high temperature refrigerants of Table 13 are better.
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Qualitative Factors

Qualitative factors, as veil as thermodynamic properties, contribute to
the selection of the most suitable refrigerant. The qualitative factors
generally considered most important in earth-surface applications are:

corrosiveness
toxicity II
fammability
handling problems
availability

In addition to these factors, space operation places emphasis on other charac- I
teristics such as behavior n weightless envirnments and properties associated
with radiation resistance.

Among the physical ptoperties of the refrigerants, surface tension is
considered most Influential n a weightless environment. For example, if
mercury is used as a refrigerant, a.! design concepts must be modified to
accommodate its non-wetting property. The commonly known refrigerants of
the Freon family are wetting liquids with relatively small values of surface
tension, as shown In Table 14. These low surface tensions would reduce the
influence of capillary effects in components of refrigeration systems.

Refrigerants selected for space applications must have radiation
resistant qualities. Fluorinated organic compounds of the Freon family are
reported to break down in space environments. While refrigerant behavior
under radiation has been reported principally in classified publications,
Reference 35 does present data on the breakdown on Freon ll and ga radi-
ation. A detailed investigation is needed on this subject since space radi-
ation includes particles as ell as electromagnetic waves.

COmpressors for agor Cycles

Various types of compressors have been used successfully in vapor cycle
refrigeration. In space application, the centrifugal type appears promising
because of its light weight, small volume, and high reliability.

As in all types of compressors, the centrifugal compressor is defined
by its specific speed,

6270 (gad)

where ns  s Specific speed

N rotatioJn speed, rpm

Q a volumetric flow at the Inlet to the compressor, eu ft/min.

Had * ablbatic head, ft
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Table 1

Surface Tension Of Liquids (Against Air)

(Referenee 32)

Liquid 0- (dynes/em)

Benzene 28.9

Carbon Tetrachloride 26.8,

Ethyl Alcohol 22.3

Mercury 4,65

Water 72.8

Freon 11 19

Freon 12 9

Freon 13B1 4I

Freon 21 19

freon 22 9

Froon 112 23

Freon 113 19

Freonf324 13
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For good performance, the design of these compressors should place them
in the specific speed range of 0.060 to 0.20. On this basio, Figures 46 and
47 give the rotational speed required by these compressors for operation with
Freon 31 and Freon 113. Assuming that good reliability can be achieved with
a single-stage compressor operating at 80,000 rpm, these curves establish the
lowest practical limits of application of centrifuga compressors to cooling
capacity of 3.5 Ton and 1.0 Ton, for Freon 11 and Freon 113, respectively.
The use of multistage compressors further lowers these limits.

Table 3.1 presents the possibility of the application of other types of

compressors, such as the rotary or reciprocal types.

The rotary compressor of the type known under the trad name of "Hell
Rotor" can be considered for application in the lower range of cooling
capacity. While its performance Is on a parity with other types, its mechan-
ieal design is more complex than that of the centrifugal compressor.

The reciprocating, cmpressor can be used in very small cooling capacity
(fractional tonnage) following development of high piston speed4.

Physical Characteristics of Compressors and Drive Mechanisms

Compressor physical characteristics are most Important in system studies.
Presently, most of the centrifugal compressors considered for active temper-
ature control systems are driven by 400 s-c motors. They are directly driven
or geared to the motor. In general, the weight of these compressors represents
15 to 30 per cent of the total weight of the compressor and motor unit. Table
15 presents the physical characteristics of these compressors. With avail-
ability of high frequency current, direct drive using a high speed electric
motor would reduce considerably the weight of these units.

Table 15 provides a-icomparison of the physical characteristics of typical

rotary and piston comyressors.

The evaporator in a vapor cycle refrigeration system is the heat exchanger
in which heat is transferred from the source to the refrigerant. In com-
ventional evaporators operating on earth, the heat transfer regime is a
mixture of two basic boiling mechanisms, one a transfer due to forced con-
vection and the other a contribution due to pool boiling. Boiling takes
place by the formation of bubbles around nuclei of unknown nature. These
vapor bubbles grow and collapse with a rate controlled by the liquid temper-
ature, pressure, and surface tension. For effective transfer, these bubbles
must be contiMn usly removed from the heat transfer area, which thus remains
wet. Removal of a bubble takes place by its collapsing upon contAct with a
subcooled liquid, or under the Influence of the Inertia of the surrounding
liquid. In a zero-gravity environent, there are no body forces. A still
liquid without inertia does not contribute toward the remoial of these
bubbles., The coefficients of boiling heat transfer would therefore be
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Table 15

Physical Characteristics Of
Typical Compressor Units

NOMINAL HP' LHNGTH DIAMETER WEIGHD SOURCE
TYERATING (in.) (in.) (ib)

Centrifga and

Electric Motors, O0 a-c 5 12.75 8.8 22.0 AiResearch

10 12.75 8.8 27.5 Units

25 12.75 8.8 33.5

50 16.00 9.0 53.0

100 20.00 9.25 90.0

Bell Rotor aM
Electric Motor 13 35.0 Stratos

Reciprocating 1/6 7.25 Ii..O 7.5 Great Lakes
Electric Motor Compahy
oo a-e 1/3 7.50 4.0 10.0

1 9.10 5.0 15.5

5 14.00 8.0 50.4 o

105



several orders of magnitude lower than those usually accepted. Forced con-
vection would then remedy and help maintaIn the heat transfer coefficients
at a higher level by contributing to the removal of the vapor bubbles.

Conventional Design

It appears that a conventional evaporator can be used for zero-g appli-
cations if the amount of forced convection is increased. This 111 occur at
the expense of a higher pressure drop or a reduction in AT across the heat
transfer surface.

t f conventional designs are to be applied effectivey to space equipment,
the parameters characterizing these processes nost be maintained close to the

values known to yield satisfactory operation on earth, since the boiling heat
transfer is a mixture of dynamic and thermal processes. For dynamic similarLity,
dimensionless Bonde and Weber nubers =ust be introducted, along with the
usual Reynolds number.

The following example Illustrates %1e evaluation of these mmbers for a

:typical, eath application design.

Given these conditions:

Fren of densitye - 91-4 lb/cu ft or 1.1113 gr/ccm

Surface tension 1 a 19 dynes/m

Rvdraulic diameter L w 0.1 in. or 0.254 cm

Acceleration of gravity on earth go a 986 cm/(see)(sec)

Local gravity field g = u

Flow of fluid in evaporator, V 1 fps or 30.48 cm/see

Sonds Number, M6 a 41.9C

Weber Number, We a 2  .18.15

For a Bonds ==bar saller than 1,, the gravity field has & peodrn
effect on capillary forces. In the above example, this takes place in an

enviromment with g w 1 go. To maintain this simlarity in lov gravity

operation, the evaporator requires a larger L and thus becomes heavier and
more voluminous. As the gravity field is a3most non-existent, there is
increasing difficulty in keeping the Bonde number at the same magnitude as
in conventional design. An Investigation must be made into this deviation
to determine a rational design approach.
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Inertia force ill be preponderant in comparison to capillary force if
the Weber nober it larger thean 1. From the above example, a velocity of 1
fps still yields a good Weber number. Thus, it appears that this number can
be easily maintained &a designing for zero-gravity.

Since the therml pvcess is generally correlated in terms of the previous
physical parameters, the heat transfer parameters possibly can be maintained
within a range of practical values. Pending further investigation, of the
problem of zero-g boiling, these arguments are presented to support a design
approach based on the conventional technique for evaporation design (Reference
3 and 32).

The size and volume of some light weight evaporators using the plate-fin,
tube-fin construction are presented on Figures 48,, 49 and 50. The success of
the conventional approach is presently supported by the operation of the plate-
fin evaporators used on the Project ibreury environmental system as shown in
Figure 51. The heat transfer surface on this unit is made from offset finned
packages. The offset fins act as turbulators, creating a flow field that aide
vapor bubble entrainmint.

Vortex Evaporators

Vortex evaporators have been considered for, space applications to take
advantage of the artificial gravity field induced by rotating the fluid in
stationary passages. Pbysically, the evaporators consist of tubes with
twisted tapes inserted internally. The boiling refrigerant flows inside
these tubes in a helicoidal path. The rotational motion imparts an artificial
gravity field in which

guW 2 r 0~9)

where g' a "gravitational" force, in/(sec)(sec)

U) a rotational speed, radians/sec

r a radius of rotation, in.

The rotational speed vJ can be calculated as shown from Reference 6 by
assuming that the flow follows the twist Y of the blade with a mean axial
velocity Va,

A YD Q (60)

where UJ . revolutions per minute

a axial velocity, fs

D Ada,*4.*i f t

Y nmber of diameters advanced per 1800 twist
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Preliminary evaluation of the merits of the vortex evaporators has been
made with a simple modification of the Roshenow correlation for boiling heat
transfer:

haK 2ur]O*1 D L2/3 (61)

where
h a boiling heat transfer coefficient, Dtu/r-ft2-°F

go a acceleration an earth

K a a grouping of physical properties of this fluid (Reference 32)

Evaluation of the pressure drop due to the two-phase flow an the vortex side
of the evaporator can be made from dta in Reference 36 and Lockhart-
Mbrtinelli theory.

The results of the calculations of vortex evaporators carried out by
Reference 32 are shown in Figures I8, 1.9 and 50. It appears that the vortex
evaporator does offer an advantage In weight and volume accompanied by a
reasonable pressure drop. These comparisons have been made. with a one-g
evaporator. If due consideration is given to the reasoning of the previous
discussioncalltng for a relatively higher forced evaporation, the convention-
al evaporater wouid not take the-more favorable position in the competitive
picture. Although these preliminary calculations have been made with data of
reasonable reliability, further Investigation is still needed to Insure the
definite advantage of the vortex ev&porator for zero-g application.

Evaporators, Using Capillary Material

Capillary material has been proposed in space evaporator design to
provide a liquid feed to all surfaces. Reference 32 describes a typical
design using capill materal in an e-water evaporator in which a wick,
baving the trade naw of Liquid Lock, fills the boiling side of the heat
exchanger.

A capillary evaporator for use in space applications must present some
free passages for the boiling bubble to escape. Such an approach Is shown
in Figure 52. Here a cross-flow evaporator is presented. Air flows in one
side through the plate face surfaces. Fibrous material originating from
water storage lines up the other side of the heat transfer surface. The
surface tension properties of the fibrous material move and distribute the
water along the heat transfer surface. When evaporation takes place, the
vapor escapes through the perforated spacer fin.

Besides the possibility of use in connection with a storage reservoir,
the capillary material my requIrs a forced convection lower than in other
designs. Heat transfer data an, these materials, particularly in zero-g
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operation, are still scarce. Pending further experientation, Reference 32
s= = nsts usg the correlation due to Gilmour

( ' J \L Z 'rP o.G I (62)
Cr~~ G, \ I,

where

GI a

q/A - heat flow Btu/(hr)(sq ft)

h heat transfer coefficient, Btu/(br)(sq ft)(oF)

c. liquid specific heat Btu/(lb)(°F)

k * liquid therval conductivity Btu/(hr)(ft)(O7)

p a absolute pressure lb/sq ft

De a dimension parameter

/ x liquid viscosity lb/(hr)(ft)

e a liquid density lb/cu ft

a surface tension, lb/ft wick

a porosity factor 1 fiber

A preliminary investigation of these materials by Reference 32 shows
that merial stability is the major problem. Unless the material is
properly selected or the additional forced convection is kept within a
limiting value, the behavior of the material alters after a period of oper-
ation. Table 16 presents the physical characteristics of some wick materials~reported to be promsing in Reference.32.

In some instances, the refrigerant of the vapor cycle rejects heat
directly to the outer space without an intermediate heat transfer loop.
This rejection takes place In a condenser-radiator. For simple analysis,
the heat rejected per unit of cooling load is calculated as:

QR I + 1 and (X)Pot . T1
~ ~cTaCt ane t -Tl T2  (63)

115



where QR a Heat rejected

-Ct u Carnot efficiency

Qc x Coolant load

COPet a Carnot coefficient of performance of the vapor cycle

T a a Condenser temperature

T2  - Evaporator temperature

f this beat rejection is to an absolute-zero outer epace, the radiator
area is then given by

q"= 4 . Q
PI

____To (64)

"LC C 6rcy

Equation 64 is shown on Figure 53 to offer a rapid estimate of the
ruIred radiator area. It is calculated for an evaporator temperature of
403; (T an anasue emissivity of the radiator surface of 1.

In applying conventional techniques to the design of condensers, --squired
-to operate In weightless environiafts, the ain -problems are:

a. Maintaining a reasonably stable flow at the interface of the
condensing film and the vapor.

b. Coalescing and collecting the condensed refrigerant.

Stability of the Fow

With wetting refrigerants, such as Freon, a thin layer of condensate
tends to form onthe condensation. Non-etting fluid such as mercury appears
In the form of condensate droplets. If the vapor velocity is sufficiently
high, the Interface between vapor and liquid becomes unstable. Any sal
perturbation will be amplified and thus tend to destroy the continuity of the
ltee ace. oA 'sluggy" flow tubes place with an increase In pressure drop
and with the resulting possibility of completely clogging the condensing side
of the condenser. The decreasein condening heat transfer coefficient may
be a negligible adverse effect since the controlling c6efficient is generally
on the cooling side, that Is, the radiating of intermediate heat transfer
loop sides.
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Factors contributing to the stability of the interface are discussed
below:

Viscosity. Higher viscosity results in an increase in the damping of
all the disturbances. For Freon type refrigerants the viscosity is relatively
small; thus, in laminar flow stabilizing with viscosity effect is less feasible.

Turbulence. A condensate film with a turbulent flow regime will have
good damping characteristics. As Freons have low kinematic viscosity, the
condensate film will soon reach the transition Reynolds mmber and benefit
from the subsequent turbulence.

Gravity Field and Surface Tension. The stabilizing effects due to
gravity and surface tensions have been extensively examined. In a zero-g
field, condenser operation is closely related to surface tension effect.
Stability then consists. of maintaining the velocity of the vapor phase below
the critical value. Theoretical investigations of the hydrodynamic stability
of thin film of condensate reported in Reference 39 show that if the Reynolds
number and Weber number of the condensate are kept within the range shown in
Figure 54, stability exists for a wide range of small disturbances. The
following examples illustrate the use of this relationship.

Given:

Condensing Freon .l 250o?

Tube diameter a 0.2 in.

Condensate thickness m .001 in.

The corresponding Reynolds and Weber numbers are tabulated for typical
vapor velocities, V, in the following:

Velocity, fps Reynolds Number Weber Number

1 1.37h .15
10 13.74 15.0
50 68.7 395.0
100 1374------

Figure 54 shows that the velocity of 1 fps an absolute stability exists.
For velocity of the order of 50 fps or higher there is a possibility of In-
stability. The tolerable degree of Instability for a satisfactory condensing
process has not been determined. Therefore, the theoretical anses can at
best serve as a guide to the designer.

Coalescing and Collecting the Condensed Refrigerant

This will also be a problem in zero-g enviromint. Although sponge
materials have been suggested, the most practical solution currently

no8
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seems to be In a tapered tube configuration. In Figure 55, the surface
forces acting on the fluid (pressure and surface tension) will cause a slug
of a wetting liquid to migrate towards the larger end and a non-wetting
liquid toward the smaller end. Under forced condensation in a tapered tube.,
a slug will be dravn into the header of the condenser in one direction or the
other. Besides this, the taper helps to maintean the vapor velocity constant,
thereby avoiding the usual deceleration of flow found in a constant diameter
tubeL. Because of potential advantages of the condenser-radiator with tapered
tubes, a detail treatment of the subject is warranted.

Heat Transfer Coefficient on the Condensate Side

For space design, it is generally assumed that the controlling thermal
resistance is on the radiating side; the film condensation coefficient is
much higher than the radiating coefficient. In the design of ground equip-
ment, the film condensation coefficient is given by well-known heat transfer
correlation data. The question nov arises, however, as to the applicability
of this relationship to space equipment. Pending further classification, on
this matter, a low limit to this coefficient can be evaluated by assuming
that heat transfer takes place by conduction only. The relative values of
the hc and br are given as

Vic 0~
dh

... : 0-4. • .. T -3

then h. 4 (65)

Reference 32 gives the numerical values of the ratio shown in Table 17. It
appears that for Freon U1, the assumption of the radiating side, as the
controlling thermal resistance ls stil valid.

Size and Weight of Condenser-Radiators

To arrive at the size and weight of a radiator using tapered tubes, the
following assumptions are made:

a. Condensation in the tube is unIform, and 90 percent or more
of the entering saturated vapor is condensed in the tube.
This condition must exist to produce the situation pictured
In Figure 55 which permits easy coalescing and collecting of
the liquid condensate in a zero-g environment.

b. The thickness of the condensate film in the tube is negligible
compwred to the tube diameter. The vapor velocity and the
tube length are constant.
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Table 17

Minimum Ratios For Condensing-Side To Radiating-Side
Heat Transfer Coefficients For Integral Condenser-Radiators

Saturation Condensation
Fluid Temperature Tuabe Dieter (h./h )mi

OrliOF In.

Freon 11 320 0.5 3.6

Freon UI 320 2.0 0.9

Freon U 250 0.5 1.57

Freon 1 150 2.0 3.25

Mercury 400 0.5 60

Mercury 400 0.5 160

Sodium -800 0.5 20

Sodium 1250 0.5 396

Sulphur 0 2.0 2.0

Sulphur 1100 2.0 0.5
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c., The physical dimensions of a redator element consisting of a
tapered tube and the corresponding fin area are shown in
Figure 56. Mean arithmetic values have been taken wherever
integration of a variable dimension is required.

d. The elemental radiator is designed around a fin of aluminum
weight, which according to Reference 40, occurs with

C__ O.5S 5 ; R]1-I'MYTT8 (66)

The equations for determining the required length of the tube to condense
a fraction F of the entering mass of vapor is given by:

- e~4~j+ 7~~?(67)

The weight of the radiator element is calculated from the expression

x 7)+21)+ ex'(_(68)

The specific weight of the radiator is given by Equations 67 and 68

WT  _____5 ______+__._ rCt+ *0T--?- (69)

With this design approach, the specific weight is seen to be independent of
the rate of heat transfer. It depends only on the pbyical dimensions of
the passages and the radiator temperature.

From Reference 40 the pressure drop in the elemental radiator is,

p -1- o-+0 -3

.1? .Ioo ±..(L) ~(70)

123



,Do

K2 L.

. 1- %/D
0

Ta"D D
0 +

"-'-
SLo. Go Do

Pftwe+ 56. (Womst of Tapered Tube Condenser Raldiator.



TAPERED TUBE RADIATOR

EXISSIVITY 01Q9
TUBS .THICUESS t *0,020 3
FIN THICKNESS .'0.020
TUBE MATHRIAL
FIN MATERIAL -173 LBAT
959 CONDENSATION IN TUBB
VAPOR VELOCITY 1 FFS at 250OF Coidems~r

10 FPS 1800? Condenser

FRION 11

Xj, LNbTH OF TA11ERED TUBS

0

4-

125I



The friction factor is that of a two-phase flow given by the correlation of
Martinelli, Bergland-Gazley or Koster in Reference 41.

As an illustration of this design procedure, Figure 57 presents the
Characteristics. of a condener-radiator for Freon Ul at 150OF .and 2500F,
where 95 per cent of the entering vapor is assumed to be condensed. The
specific weight shown applies also to other refrigerants operating at the
same temperatures, in accordance with the previous analytical expression.
The pressure drop, calculated with extrapolated data of Bergland-Gazley, is
of small magnitude, a condition that satisfies the assumptions used in the
design approach presented here. From Figure 57 It is seen that the specific
weight changes little with tube diameter. Proper diameter is determined by
the space available for the radiator length and also the taper angle of the
tube. For instance, very small tubes have considerable taper angle that
precludes all the assumptions used in the calculation.

Condensers with Curved Passages

Curved passages have been proposed for space condensers to provide a
force similar to that of gravity. Here, the entire mass of the condensing
refrigerant flows over a helicoidal path. At anr point along its trajectory,
the fluid is subject to centrifugal force due to local acceleration defined
by the tengential speed and the corresponding radius of curvature of the
path.

Two contributions account for the heat transfer in curved passages of
the condensing refrigerant shown in Figure 58. As the condensate layer on
Wall B is relatively thin due to centrifugal action, there is good heat
transfer. On the other wall, the condensate layer

Condensate layer

Figure 58. Flow in Curved Passages

is thicker. The heat transfer rate is compensated, however, on mixin due
to the secondary fXov Inherent in curved passages, and the fluid temperature
will be closer to that of the Wall A. As a result, heat transfer rates are
practically the same on both walls. Usually, these rates are taken as those
of the flat plates (Reference 2).

A conceptual design of a condenser with curved passages is given in
Reference 32 and shown in Figure. 59. This spiral condenser consists of
curved layers in which the coolant and condensing refrigerant flow Is
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counter-current. For some typical operation of vapor cycle systems,
Reference 32 reports a preliminary design study yielding the characteristics
of spiral condensers. The heat transport fluid was taken as an alloy of
sodium and patassium (22% Na - 78% K) that melts at 12OF and has a high
conductivityo --

Pending further experimental work, the feasibility study has been made
with the same design procedure as for a ground-use condenser. A relatively
good vapor velocity (20 fps) and a resulting condensing heat transfer co-
efficient of 275 Btu/(br) sq ft)(OF) have been used. Flat plate data have
been applied without consideration of the stability of flow or the slugging
under zero-g operation. The computed characteristics of the spiral condenser
derived from this study are shown in Figure 60 through 62.

Rotating Condensers

Another method for providing the body forces required for satisfactory

condensation in zero-gravity environment is to use a centrifugal force
suppled by rotating the equipent itself, the principle of operation in a
rotating condenser.

Figure 63 Illustrates a rotating condenser de'pign. Vapor from the com-
pressor is sprayed on a series of rotating hollow discs cooled by coolant
flow. The vapor condenses in tese discs and the Liquid condensate, in the
form of droplets or thin fibe, is centrifuged outwprd by the rotation of the
discs. The liquid is collected in an annular ca ael from which it is
returned to the liquid main due to a pressure dix rence.

Though a rotating condenser, with its extra pbwer requirements and
complex design, is thought to, offer little promise compared to other approaches,
a fully detailed design study has been carried oUt in Reference 32. The
weight and power requirements of vapor cycle systems using Freon 1 are
shown in Figure 64 and 65 for some typical operatig conditions.

Actual Performances of Yor Cycle Systems

Actual performances of vapor cycle systeks are often needed for com-
parative studies such as system analysis. While system-performance can be
calculated from that of the components, it is desirable to get a rapid approx-
imation of the actual value wlthout detailed calculation. This is best
handled by the Introduction of a cycle efficiency defined as:

Scycle Actual COP of cycle
yj; M of cycle

The actual COP is calculated, accounting for the performance of all the
components, while the Ideal COP Is evaluated from'purely thermodyniaic
processes. For lllustri4.ve purposes, Figure 66 presents the cycle efficiency
achieved on a high speed aircraft vapor cycle system as derived from prelim.
inary calculations found In Reference 1.
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Demonstration of Vapor Cycle System Analysis

Consider a vapor cycle system to be designed fok space application. The

requirement: are as follows:

Evaporator temperature 40OF

Condenser temperature 1 150-250OF

Cooling capacity - 1000-2000 Btu/min

A simple cycle with a superheat of 2001 and a compressor efficiency of
60 per cent will be assumed.

Selection of the Refrigerants. Following the steps presented in this
study, the factors governing the refrigerant selection are evaluated. The
COP of the common refrigerants, the refrigeration effect Q/V1 , and the
pressure ratios of the compressor cycle are shown in Figures 67, 68 and 69.
Table 18 lists these refrigerants in order of COP for a condenser temperature
of 2500F.

There appears to be little to choose from when the relative standings
of each refrigerant are added on a basis of 1, 2, 3, 4. 0ther._.actors,. such
as state-of-the-art in component development, must be taken into consideration
in a final selection. For illustrative purposes, Freon 11 has been chosen in
this example.

Performance Characteristics and Estimate of System Weight. 2
Condenser. Table 19 represents the characteristics of a Freon ll system
operating at a condenser temperature of 250OF. With a COP of 0.85, the
compressor power required for a system with a cooling capacity of 2000
Btu/min (10 tons) is 55.4 hp. The radiator accounts for 69 per cent of the
total. The estimated radiator weight would be considerably higher with
protection from meteoritic damage.

Table 19 also shows the weight estimate for a system with 1000 Btu/min
in cooling capacity. It can be seen that the system weight variation relates
principally to radiator weight. Thus, fbra reasonable range of cooling
capacities, the system weight can be written as:

WT2 - wf % (1- ) (71)

where WT a system total weight, lb

WTI u weight of system components compressor, refrigerants,evaporators, etc., except condenser-radiator, lb.

T2- condenser radiator weight, such as given in Figure 57, lb.
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Table 18

Summary Of Properties Of Selected Refrigerants

Evaporator Temperature - 407

Condenser Temperature - 250oF 0Ra

of Pressure Condenser Evaporator Positions in

Performance QV1  Ratio Pressure Preceding() PC/PS PC psia o T(cp & , columns -

F-11 0.85 F-113 2.06 F-lI 20.4 7-113 102 7-114 3 12

7-21 0.77 F-114 4.15 F-21 23.2 F- 182 F-21 3.5 13

7-113 0.63 F-11 6.7 F-1f 26 7-21 295 F-11 6 13

F-II4 0.28 F-21 11.1 F-113 28.5 F-i14 310 F-113 13 12
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Table 19

Vapor Cycle System
Weight and Performance Characteristics

CONIDIONS OF OPERATION: FREON 11 EVAPORATOR 400F
RADIATOR CONMSR 25"
20o SUPEREEAT: 60% COMPRESSOR EFFICIENCY

WEIGHT, LB FOR COOLIMG SOURCE OF
CHARACTERISTIC CAPACTY, IN Btu/min, of. INFORMATION

1 2000

Evaporator 7.5 13.5 Data from Ref. 32
Plate Fin Design 25% for header

P a 0.3 psi&;
T airside 2 25°F

Superheater 7 10 Reference 31

Expansion valve 3 5 Reference 31

Receiver 3 4 Reforence 31

Refrigerant 7 10 Reference 31

Temperature Control 6 6 Reference 31

Centrifugal compressor and 35 50 AiResearch Mfg. Co.
400 cycle a-e electric motor

Condenser radiator with 104 218 Figure 57,
tapered tubes and
conventional design 3 lb/(sec)(Btu)

Total 172.5 316.5

COP .85 .85

Compressor hp required 27.7 55.4



W Increment in radiator weight for meteoritic protection, lb.

QC Cooling capacity, Btu/sec

QR Heat rejected to outer space, Btu/sec

This formula, valid within a given range of capacities, is predicated
upon a radiator weight that is large compared to that of other components.
For a wide range of capacities, variation with capactity of the evaporator
weight, electric motor weight, and of other component weights must be taken
into account.

1500F Condenser. Table 20 presents the characteristics of a Freon 11
system operating with a condenser temperature of 1500F. With the thermo-
dynsamic properties of Freon, a COP of 2.3 is achieved as coupared to 0.85
for the 250°F condenser. Thus, a 10-ton cooling system requires a compressor
power of only 20.5 hp.

Because of operation at a lover temperature level, the radiator specific
weight (weight per unit of heat rejection rate, lb/(Btu)(sec) Increases.
Relatively, resulting radiator weight is even larger than in the previous
case*

Condenser Temperature for Optimum Vapor Cycle System Weight

The demonstration estimate indicates reasons for high condenser temper-
ature operation to decrease the system weight. The examples indicate a
difference of only 6.5 per cent between 150OF and 250OF operation. With the
150OF condenser, this difference would be further reduced with a compressor
of higher efficiency (compatible with present day technology). Retaining
Freon U. as a refrigerant, operation at a temperature higher than 250OF will
not be advantageous, from the weight vievpoint, as the COP begins to deter-
iorate considerably, Introducing a larger amount of heat to be rejected to
the environment. This problem must be considered in addition to that of
refrigerant stability. Thus, the feasibility of higher condenser temperature
operation is to be sought in the high temperature refrigerants mentioned
earlier n this study.

The Vapor Cycle Subsystem in the Thermal Environmental Control System

If integration of the vapor cycle subsystem in an enviromnental control
system is considered, an optmum weight of both the vapor cycle and power
systems may require a condenser operating temperature different from the
optimum of the vapor cycle system alone. From the previous numerical examples,
the ratio

a OP1500F/OP2500o 2.71
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Table 20

Vapor Cycle System
Weight and Performance Characteristics

CONDITIONS OF OPERATION: FREON 11 EVAPORATOR 40OF
RADTATOR C0ON SR 1500F
200 SUPERFMAT: 60% COMPRESSOR EFFICIENCY

WEIGHN, LB, FOR COOLING SOURCE OF

CHARACTERISTIC CAPACITY, IN Btu/min, of IMFORKATION

1000 2000

Evaporator 7.5 13.5 Data from Fig. 48.,
Plate fin design 49, 50 25% for

P z 0.3 psla header
T airside - 256F

Superheater 7 10 Reference 31

Expansion Valve 3 5 Reference 31

Receiver 3 4 Reference 31

Refrigerant 7 10 Reference 31

Temperature control 6 6 Reference 31

Centrifugal cmpressor and 25 35 AiResearch Mfg. Co
1400 a-c electrical
motor

Condenser radiator with 129 258 Fig. 57, WT
tapered tubes and con- rR
ventional design 5-4 ib/Btu/sec

Total 187 5 341.5

COP 2.3 2.3

Copressor hp 10.25 20.5
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indicates that operation at 2500F requires 2.71 times more power. The energy
rejected due to inefficiency in the generation of tbe necessary compressor
power is then much more.

In Reference 41, the optimization of this system assumes that the energy
associated with the inefficiency of power generation is rejected to the en-
vironment at the same temperature as that of the condenser of the vapor cycle
system. For optimization, this study calls for a high condenser temperature,
even beyond the limits of existing refrigerants.

While the weight consideration is of prime importance, the integrity of
the Vapor cycle system must still be considered. Previous numerical examples
consider Freon 1 for operation at 2500F. Practically, such a system would
require a change in refrigerant after short periods of operation. There also
exists the possibility of using Freon 113 with a lower COP, a higher system
weight, and a considerable improvement in reliability.

GAS CYCLE MUTBD

Gas cycle eooling methods should be considered for space application for
several reasons. For example, the problems usually associated with vapor
cycles, such as toxicity, leakage, and availability of the refrigerant, can
be avoided by proper selection of the working fluid. More important, however,
Is the absence of problems associated with weightlessness and with two-phase
flow.

Gas cycle cooling can operate in an open or a closed loop. In the open
circuit, the gas circulating through the cooling loop is supplied directly
from the source. After being processed in the cooling system, it is then
returned to the same source. In the closed cycle, the same amount of refriger-
ant, contimously circulated through the cooling system, absorbs heat from
the environment through a heat exchanger.

Nomenclature

A Radiator area

ep Specific heat at constant pressure

Hd Adiabatic head

J Conversion factor

K Gas adiabatic exponent

N Rotational speed

no Specific speed of compressor

P Pressure



Nomenclature (Cont)

Q Cooling load

r Pressure ratio
I,

T Temperature

V Volumetric flow rate

V Flow rate

r Efficiency

0- Stefan-Boltzmann constant

e Emissivity

Subscript

c Compressor

E Source beat exchanger

m Arithetic mean value

t Turbine

* Reference area

Thermodynamics and Operation

Gas cycle cooling systems usually operate on the reversed Brayton cycle,
though cooling systems using Stirling and other cycles have been successful.
The Brayton cooling cycle is shown on the T-S diagram of Figure 70. The
system diagram of this closed cycle is shown schematically in Figure 71. The
cycle consists of four major components: compressor, turbine, radiator, and
beat exchanger. In an open cycle, the heat exchanger is eliminated as the
cooling fluid is allowed to flow directly to the environment.

The gas entering the compressor is at Condition 1 and relatively warm.
In going through the compressor during Process 1-2, its temperature and
pressure are raised. This gas then flows at constant pressure through the
radiator, rejecting heat to the sink, which must be at a lower temperature,
during Process 2-3. The cooled gas is then expanded in a turbine during
Process 3-A, where work is abstracted from the fluid. At the turbine exit,
the gas temperature is low enough to absorb beat from the environment, as it
does during the constant pressure Process 4-1.
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Performance Chaacteristics

Gas cycle system performance is measured by its coefficient of perform-
ance, defined in the same way for gas as for vapor cycles:

Cop a Beat Extracted

SCycle Work

In making a generalized study of the Influence on the performance of
the cycle, it Is assumed that the 6frculating fluid is a perfect gas and
that the evaporator and radiator operate with a 100 per cent efficiency.
Pressure drops in these components are not taken into account.* The COP of
the cycle of Figure 70 can then be vritten as

ATk '2
COP a i_ T

AT,

where ATE  a Temperature rise in the source heat exchanger

&Tc a Temperature rise in the compressor

ATt , Tempersture drop in the turbine

T Temperature of the turbine exit

The ratio ATETL -is of interest to the designer of cooling systems,
for it establishes thI heat transfer from the environment to the system.

Effect of the Adiabatic Exponent

The above temperature ratios can be calculated in term of the cycle
pressure ratio r, of the turbine and conpressor efficiencies Ott nd , I# and
of the adiabatic exponent of the gas k. That is:

r P2.

10 1Z A)T4 (1-4t)yte

b T c 7r,+. .
(74 )

*Effects of the inefficiency of the compoients on cycle performince re

discussed in Reference 31.



where =r k 'l' -

P*or a given value of tbe design ratio of tAbperatures, ATE/T4, it can be
seen that the nature of the fluid influences COP only through the exponent k.
Figures 72 and 73 present the COP that can be achieved for two typical values
of the ratio AT /T and assumed values of the compressor and turbine effi-..
ciency. In addition, these figures carry the lines of constant Tm, where

Tm is the aritbmetic mean of the Inlet and exit radiator temperatures.

Air, a refrigerant that has man advantages in the gas cycle, shows a
low COP compared to that of conventional vapor cycles. To achieve comparable
COP values, air cycles would have to operate between pressure ratios of 1 and
2 with a resulting low value of Tm/T41 a characteristic indicating the require-
ment for a larger radiator area. These figures also show that the coefficient r
of performance does improve with fluids of lower values of k, and that there
is not an appreciable difference in COP for k values between 1.4 and 1.666.

Effect of Specific Heat, cp

From the analytical expression for COP, it appears that the specific
heat of the gas does not affect cycle performance. In a gas refrigeration
system it does influence the flow rate through the system in accordance.with
the relati6nship:

w Q 75)e XTE

where w w Refrigerant flow rate, lb/sec

Q w Cooling load, Btu/sec

ATE x Temperature rise in source heat exchanger, OF

p ."Specific heat at constant pressure, Btu/(lb)(OF)

To introduce the concept of specific flow rate, i.e., the flow rate
required per unit of cooling load, the above relation is written as:

Ya -1 (76)
Q cT4 ((A-T;T)

It can be seen that the specific flow rate, w/Q is inversely proportional
to the specific heat, c. This flow rate is often used as an approximate
measure of the size of ehe equipment required for the cooling system.
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iLI1
Besides the flow rate, the specific heat also establishes the boundaries

of practical application of the gas cycle using compressors and turbines.
For this type of equipment, the energy input per unit mass rate of flow is
given by relationships such as the head rise in the compressor:

Had = JcpTbet [r(k-/k) _ (77)

The head, Sad, represents a temperature rise and cannot be taken above
the limits set up by the physical properties of the material. It follows
then that for a given inlet temperature Tlp the specific heat establishes a
maxim=n value of the pressure ratio usable in the gas cycle.

-Radiator Area

In this comparative study, it will be assumed for simplicity that the
radiator rejects heat at the mean temperature Tm to outer space having a
temperature of O°R. The radiator area required for a cooling capacity Q
is given by:

0.Q A a- e 17- (78)

where Q a Cooling capacity, Btu/hr

S 'Btefan-Boltmamn Constant O.171 x 10-8 Btu/(br)(sq ft)(OR) 4

A a Radiator area, sq ft.

a Xmissivity, dimensionless

(T inlet+ T ei
2 e t Radfator' OR

The area A* of a radiator required to handle the heat rejection rate Q at
the turbine exit temperature T4 is now defined as:

Q a A*.4CT (719)

Using Equation 78, a nonidmensional relation is now established:
1

A . -7 (80)

This dimensionless area ratio is shown in Figures 7. and 75 superimposed
on various values of pressure ratios, COP and k. For a typical pressure
ratio of 6, a gas with a value of k w 1.1; however,, the radiator area is -

smaller by 35 per cent. For a large nmber of gases with k 1.4p operation
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at a COP of 0.5 requires an increase in radiator area of 30 per cent over
that of a system having a COP of 0.2.

The variation of the radiator area with pressure ratios is presented in
Figures 76 and 77. Starting with small pressure ratios, the radiator area
increases as it must reject the mechanical energy input in addition to the
cooling load. As the pressure ratio increases, the radiator temperature
rises, permitting a higher rate of heat rejection with a consequent decrease
in required area.

Fluids For Gas Cycle S§ystems

Among the fluids usable in a gas cycle, air has the most advantages. A
major advantage is the possibility of non-toxic open cycle application in an,
environmental control system for human use. The components for the cycle are
well developed and available today. Extensive studies of both air andhydrogen gas cycles may be found in Reference 47.

Hydrogen deserves consideration because its k value of 1.4 yields the
same COP as air. Its high specific heat, however, dictates a lower flow
rate for any given refrigeration load. The advantage of hydrogen lies then
in a reduction in the size of the system components when large cooling
requirements are encountered. One disadvantage is hydrogen's high combusti-
bility.

Helium has an intermediate value in specific heat and a k value of 1.666.
Although its COP is lower than that of other gases, helium has the advantage
of being inert.

At the outer end of the spectrum, gases and vapors with K u 1.10, such
as Freon 113 or 11 or benzol (C6  , are capable of achieving a high COP.
However, their low specific heat values would require larger components.
They find use where the cooling load is small, since the system components
can be large and still remain practicable. The temperature stability of
these organic vapors may preclude their operation at high temperature.

System Components

'Compressors

The selection of the compressor for gas cycles can best be made by
applying the concept of specific speed, as introduced in the discussion of
vapor cycles. The specific speed is defined by the relation

NJ (81)

6270 (Had)
0,75
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where ns  u Specific speed

N = rpm

V a Volumetr3Lc flow at. compressor exit, cu, ft/min

Had Adiabatic head, ft

Theoretical and experimental work on compressors has led to associating
each type of compressor with a range of specific speeds. This is shown in
Table 21.

If the specific speed is now calculated as a function of the cooling
load, the following auxiliaroy relations are applicable:

Perfect gas equation PAr -?.T

Specific heat afid kc relationship J C~ (!k)
Volumetric flow equation V - (I) .TL

Adiabatic head equation N j J T(1 )

An expression for the specific speed is formed by combining these equations:

N ~ 7R*Aj ' (82)

where N a rpm

Q a 3Wu/irm

P a lb/sq ft

cp - Btu/(lb)(OF)

Equation 82 Indicates that the range of specific speed and consequently
the type of compressor to be used depends upon the following factors:

a. The physical rotational speed

b. The operating pressure level of the cycle
a. The cycle pressure ratio
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Table 21

Range of Suitable Specific Speeds For Various Compressor Types

COMPRESSOR SPECIFIC SPEED
TYPE Maximum ns  Minimum ns

Axial 1.0 0.3

Mixed Flow 0.3 0.2

Centrifugal 0.2 0.06

Rotary 0.005 0.002 L

Reciprocating 0.005 0.0001

Table 22

Range Of Suitable Specific Speeds

TURBD1E
TYPE SPECIFIC SPEED

Axial .3 - .7

Radial .15 - .3

Rotary 0.03 - .15
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d. The adiabatic exponent or specific heat ratio, k
e. The specific heat, cp

f. The temperature of the gas at the inlet to the source heat exchanger.

Since air is used most frequently in the gas cycle, calculation have been
carried out for some typical values of these factors with air as the thermo-
dynamic fluid. Figure 78 shows the type of compressor to be used for various
cooling loads with a selected rotational speed of 40,000.

The requirement of low radiator area dictates an operation of the gas
cycle between the pressure ratios of 5 and 10, according to Figures 74 and
75- Figure 78 shows that, within this range, a rotary or a piston compressor
would be used for a larger cooling load. The previous speeds and pressure
levels can be modified over a wide range to accommodate the type of compressor
available to the system designer.

Turbines

Turbines for gas cycles are selected in the same manner as compressors--
by using the concept of specific speeds. For turbines, the specific speed
is also defined as

where N a rpm

V a Volumetric flow rate of turbine exist, eu ft/min.

Had = Adiabatic head, ft

The range of specific speeds associated with different types of turbines
Is given in Table 22.

The turbine specific speed can be expressed in terms of the cycle vari-
ables and par.meters and does not differ greatly frcm that of the compressor.
For perfect gas operation in the gas cycle on Figure 70, the following
relations may be established:

gad (turbine) ]lHad (compressor)

Vexit (turbine) Vinlet (compressor) *

na (turbine) n ns (compresor)r.

(0 + oE)~ As5 - (compressor) (4
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Since the design temperature ratio TE is small in magnitude, the

specific speed of the turbine is approximately the same as that of the cor-
responding compressor of the same cycle, or

na(turbine) Isn (compressor)

The data presented on Figure 78 can be used to select the proper turbine for
the typical cycle. For the range of specific speeds established by the
previous table, it can be seen that a radial turbine can be used over the
range of cooling loads of 400 to 1600 Btu/min.

Radiators and Heat Exchangers

A detailed calculation of the required dimensions of the radiator of
the gas cycle system, where the temperature of the fluid changes from entrance
to exit, can be made using the design methods presented in Reference 48.

The heat exchanger of the gas cycle cooling system allows heat transfer
from the environment to the gaseous refrigerant. This transferred heat is
the cooling load of the system. The heat exchanger is essentially a gas to
gas exchanger for which numerous light-weight and compact types of construc-
tion, suitable for space applications, have been studied and produced in
Reference 49.

Example of Gas Cycle Systems

Despite its low performance, various applications of gas cycle systems
can be found in space vehicles. For instance, an open air cycle can be con-
sidered for emergency operation in a life support system.

For illustrative purpose, the performance and weight characteristics of
such a system delivering various cooling capacities are presented in Table 23.

A low pressure ratio cycle (3:1) is selected as a numerical example to
offer a good COP and simplify the problem of selectig the system compressor
and turbine. Table 23 shows that the main weight of the system is in the
radiator, which contributes between 65 per cent and 75 per cent of the total
weight'for the range of cooling capacity considered here. Even with an
optimistic approach to the system, the specific wight is still a considerable
number; 75 to 65 lb per ton of cooling capacity.

Further improvement in the specific weight of the above system is possible
by operating at a much higher cycle pressure to yield a higher heat rejection
temperature, but at the expense of higher energy consumption. From the view-
point of integrating the cooling and power system, operation at a higher
cooling radiator temperature may-not lead to a lighter overall unit, as noted
in the preliminary investigation of Reference 47.
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Table 23

Weight and Performance Characteristics
Of A Gas Cycle Refrigeration System

Conditions of Operation:

An open system with air as working fluidTurbine exhaust temperature, T4 u 50OF
Compressor inlet temperature, T1 * 80OF

SYSTEM CHARACTERISTIC COOLING CAPACITY BT/ SOURCE OF DATA
200 600 1000 _

Cycle pressure ratio, r 3 3 3

Coefficient of performance 0.37 0.37 0.37 Figure 71

Power requirement, hp 12.72 38.16 62.75

Refrigerant (air) flow rate, 0.464 1.390 2.22
ib/bee

Equations 79, 80
Radiator area, sq ft 182 486 910 Emissivity = 0.9

Fin Eff'ness z0.6

Radiator weight, lb 52.5 157.5 262.5 0.02 in. thicr

Alum. - 173 lb/ft3

Compressor and expander, lb 10 15 25 AlResearch data

Electric motor and gear 15 -735 50 AiResearch data
weight, lb

System total weight, lb 77.5 207.5 337.5

S ific weight, lb/ton
1 ton of refrigeration * 77.5 69.2 67.520 Btu/min) 77.5
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ACTIVE TEMPERATURE CONTROL SYSTEMS WITH A VORTEX TUE

The vortex tube has often been suggested for use in temperature control
systems because of its extreme simplicity and its adaptability to small,
localized cooling requirements. Actually an expansion refrigeration machine
with no moving parts, it is simply a straight length of tubing into which
compressed gas is admitted tangentially at one end. In the counter-flow
design illustrated in Figure 79, cold gas emerges from one end of the tube
and hot gas exhausts from the other.

While many theories (References 50 and 51) have contributed to the under-
standing of this system, a simple presentation of its mechanics is as follows:
in expanding between the nozzle blades shown in Figure 80, the gas enters the
tube to form a free vortex flow pattern. In the central core of this vortex,
viscosity of the fluid modifies the free vortex velocity distribution shown
in Figure 8 1a into a forced vortex distribution, as in Figure 81c. In the
conversion, the velocity decreases in the center core and increases in the
outer layer. Equivalent to a work transfer from the center to the outer
layer, this results in the gas becoming cold in the center and hot on the
periphery. Simultaneous with this tangential flow, a longitudinal flow
pattern, shown in Figure 81d, is established. This permits the cold gas to
exhaust at one end and the hot gas at the other end.

Nomenclature

T Temperature

WT  Inlet air flow

K Adiabatic exponent of working fluid

r Inlet pressure/cold end pressure

q Rate of heat transfer of the tube to outer environment

d Diameter hot tube

p Pressure

M Cold gas produced as a fraction of entering gas

ir Hot end pressure/cold end pressure

T Temperature difference

1Efficiency



OUlT 4-HOT AIRL~i~2rLJ ~ OUT
HL HOT AIR VALVE

COMPRESSED
AIR IN

COLD "AIR ORIFICE

FIGURE 79.
VORTEX 1TUBE

LABORATORY MODEL

1.65



COMPRESSED AIR NOZZLE BLADES

PLENUMI
CHAMBER

COLD AIR
DISCHARGE ORIF1

VORTEX DETAIL

F Igure so.
Vortex Tube Nozzle

Design

3.66



AL WALL

FLOW .. /
Ice

TUEAALLL'

r - i_ . r re

I CROTATIONAL

4 ~ FLOWDsrutoofhe covrso oFow
TUEWL

,, IRROTATIONAL I /

6.• .• ,
ToRttonlFo ik. Ft Tub

N OZ Z LE • " - 4- " -  "

/// / ORIFICE , '

COLD AIR OUT,. ,

b. d.
Conversion of Irrotational Flow PatternTo Rotational Flow In the Tube

Figure 81. Vortex Tube Flow Patterns

167



Subscripts

1 Compressor inlet

2 Compressor exit

3 Inlet, vortex tube

Ii Cold end, vortex tube

h Hot end, vortex tube

c Compressor

t Turbine

E Evaporator

C Condenser

Characteristics of the Vortex Tube

Performance

Althoug theoretical analysis has been unsuccessful in predicting per-
formance of this device, much experimental information has been obtained.
The- performance of a vortex tube of given design is governed by the foilow-
Ing relationship:

where Y x amount of cold gas produced, as a fraction of entering gas

T 3  z inlet gas temperature

Y s Inlet pressure/cold end pressure

1 n hot end pressure/cold end pressure

q m rate of heat transfer of the tube to outer environment

In reporting an investigation of the vortex tube, Reference 52 gives
the relationships of the cooling potential, &T. a Tin w Tcold , to /i for

two pressure ratios. These are shown in Figure 82. A recent study
(Reference 52) carried out with q a o,- over a range of pressure ratios r
between 2 and 10, shows that the best performance of an optimum geometric
configuration is achieved when there is a back pressure at the hot end so
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that 1Y x 1.1 to 1.4. The optimum configuration requires a good flow stabil-
izer at the hot end with a tube length that has been obtained from experimental
data.

The heating and cooling effects and the amount of cold flow in a vortex
tube are obtained from a basic relation given by writing the energy conser-
vation equation:

Size and Weight

Sizing the vortex tube for an active temperature control system is princi-
pally a question of determining the nozzle area that passes the amount of
fluid to be processed and of using a proper hot tube diameter.

While the equations governing compressible flow give the nozzle area,
the hot tube diameter is given by a design equation from Reference 52 as:

(86)

where cA - Diameter of hot tube, in.

WT a Inlet air flow, lb/min

P1 Inlet pressure, atmospheres

The cold tube diameter is determined by the continuity relationship for
the amount of cold air P produced. The hot tube length can be determined for
the optimum operation with the stabilizer previously mentioned. According
to Reference 52, this should be from 6 to 12 times the hot tube diameter.
Figure 83 indicates the size of a typical vortex tube ind its design condition.

Thermal Control Systems Using the Vortex Tube

As an expansion refrigerating device, the vortex tube can take the place
of a turbine, particularly in a gas cycle. Since the cooling effect of the
vortex tube is generally one-half that of a turbine, the coefficient of per-
formance of a gas cycle using the vortex tube will not be as good as that of
a corresponding conventional cycle.

The T-S diagram of Figure 84 shows the processes of a reverse Brayton
cycle with a vortex tube for the hot and the cold gas. Neglecting the back
pressure required for optimum operation, the hot gas, at the same pressure
as the cold gas, is assumed to be cooled to the temperature T1 to permit
compression in the same compressor as the cold gas. Here an important

170



w j
z z
144I

Figure~~ ~ 4Ii 83 yi'l otxTb

171- I



HEAT RADIATED

VORTX T3 RADIATOR

POWER
COMiPRESSOR UNIT

HEAT __ RAIAO
RADIATED RADIATOR

T2 LINES OF CONSTANT
PRESSURE

p2pn

TT

p2/pI

Figure 84. The Vortex Tub* In a Brayton cycle

172



difference between the vortex tube and turbine cycle appears. In a turbine,
energy extracted from the cold gas goes into the shaft work used to drive the
compressor, thus bettering the cycle performance. In the vortex tube cycle,
energy from the hot gas is rejected to ambient along the Path T,-T. Unless
this energy is used profitably, such as for heating a thermoelectric refrig-
erator, the cycle performance will be low.

With the assumption of no pressure drop in heat exchange equipment
(Paths T2-T 3; Th-Tl; T-T 1 ), the coefficient of cycle performance is calcul-
ated In the same way as for the gas cycle:

COP " TZ

.Ac (i -L.& ) (86)

where: OP = Heat extracted
Cycle work

ATc " Temperature rise in the compressor, #R

AT9 Temperature rise in the compressor, OR

T4 - Cold air temperature of vortex tube, oR

P *c u Compressor efficiency

The ratio &'-/Tr4is a design parameter of interest. The temperature T3
entering the vortex tube is obtained from:

T.... -v+.y Y (.7)

where I*: cooling efficiency of the vortex tube defined on the same

basis as a turbine:

_ 3 -_. (88)
_r3

Figure 85 presents the variation of COP, T /T, as a function of the
pressure ratio with practical values of the mai parameters.

THEMMECTRIC MEVTD

The basic content of this discussion is taken from internal reports
written by M. E. Stelzriede of SaID,

173



K =1.4

-0.75

it = 0.35 to 0.45
= 0.5 =constant T3IT

0.-11

0-0 -- ------ *11

aV'4



Advantages and Disadvantages

Thermoelectric devices have a number of features which make their Incor-
poration into the cooling and power generation systems of space vehicles
appear attractive. Some of these features are the following:

1. Technical simplicity, compactness, lack of moving parts and lubri-
cation requirements, and consequently a relatively high degree of
reliability.

2. Freedom from noise and vibration.

3. Freedom from a requirement for consumable refrigerants and the
related plumbing and leakage problems.

I, Freedom from toxic materials.

5. A minimum of maintenance and ground handling requirements.

6. The use of d-c power; if solar power or power produced by a thermo-
electric generator iV used, conversion from a-c to d-e is un-
necessary.,

7. Insensitivity to duration.

8. Adaptability to applications in weightless state.

9. Versatility; the same. basic device can be used for heating, cooling,
or power generation.

10. Design adaptability which pei~mnts Peltier devices to be incorporated

into panels of component packaging.

1. Potential capabilities for miniaturization.

12. Usefulness over a wide range of ambient temperatures and in
moderately corrosive environments.

13. Low mass production costs; most suitable materials are relatively
- inexpensive and readily obtainable in large quantities.

1i. Simplicity of control; temperatures within small spaces can be
held to close tolerances. Different areas can be selectively heated
or cooled.

Generally speaking, most of these claims are justified. Many of the
companies in the thermoelectric field tend to overemphasize these attractive
features, however, and to minimize some of the limitations. This tendency
is partly the result of the usual sales-department optimism which is manifest

175



with relation to an new product. It is also due partly to a lack of appre-
ciation of the true potentialities of the devices at their present state of
development.

The following list indicates some of the limitations of the Peltier
cooling devices when used in primary cooling systems:

1. Power requirements are unfavorable; coefficients of performance
using current materials are low compared with those of other cool-
ing systems.

2. The ratio of weight to cooling capacity of practical Peltier cooling
devices is high compared with other refrigeration systems, especially
in the large capacity ranges.

3. Heat exchange at the hot and cold juctions may become the factor
limiting the range of practicability for this type of system.

The warrent intense interest in manned space vehicles makes It urgent
that all potential types of enviromnental control systems be explored to
determine their place n craft of this kind. The main reason this study was
Initiated was to perform such an evaluation for thermoelectric cooling
devices from the hard, practical viewpoint of a weapon system manager.

Nomenclature

a Seebeck coefficient (volts per OK).

A Total cross-sectional area of a cooler divided by the number of
elements (square centimeters).

B Active material volume proportionality factor. -

F Factor of merit of active thermoelectric material.

i Total current (amperes).

10 Current passing through each element (amperes).

k Thermal conductivity of active thermoelectric material (watts
per centimeter -oK).

L Length of thermoelemnt arm (centimeters).

o  Arm area ratio yielding maximm combined figure of merit.

M Ratio of total voltage drop of thermoelement to ZR portion.

N Total number of elements In cooler.
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Ne Number of elements connected in a series branch.

Pr  Number of parallel rows of Ne elements each.

Q Rate of heat flow (watts).

Qo Rate of heat removal from heat source (watts).

Rate of heat rejection to heat oink (watts).

Total electrical resistance of two arms of thermoelement (ohms).

S Total area of active material in refrigerator (square centimeters).

Sn. Area of n arm of thermoelement (square centimeters).

SO  Area of both n and p arms of thermoelement (square centimeters).

Sp Area of p arm of theremoelement (square centimeters).

Ta Temperature of heat source (OK).

Tb Temperature of heat sink (°K).

Te Cold junction temperature of Peltier coler (OK).

Th Hot Junction of Peltier cooler (OK).

&T Temperature differential between hot and cold Junctions (OK).

VO Total voltage drop across one thermoelement (volts).

V Supply voltage to Peltier cooler (volts).

Vm Volume of active thermoelectric material (cubic centimeters).

W Electrical power input to cooler (watts).

Wm Weight of active thermoelectric material (grams or pounds).

Z Figure of merit of thermoelectric material (OKlI).

Z0  Optimum combined figure of merit of two.

Subscripts

n n arm of thermoelement

p p arm of thermoelement
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Specific weight (grams per cubic centimeters)

Coefficient of performance (watts heat per electrical watt)

" -c Carnot, or ideal, coefficient of performance (watts per watt)

-E o  Optimum, or maximum, coefficient of performance (watts per watt)

jElectrical resistivity of thermoelectric material (ohm-centimeters)

Potential Aplications

Peltier devices utilize a principle which has been known for a century
and a quarter; that when an electrical current is passed through certain V
types of material a temperature differential between the two ends is produced.
These devices are heat pumps and in this function are quite effective. The
density of heat pumped, In wtts/unit area, is enhanced by a temperature
draw-down at the surface facing the cooled object or space, and a temperature
build up at the surface toward which the heat is rejected. Consequently the
heat flow density may be many times that which is typical of straight con-
duction through a solid material.

A Peltier heat pump, as any other type, refrigerates by transferring
heat from a region where it is unwanted or not needed to another region where
it is needed or where it may be disposed of. In a manned space vehicle its

potential applications are most likely to be one of the following: (a) trans-
ferring excess heat from a mechanical or electronic component to the vehicle
compartment; (b) transferring heat from one compartment to another, and (c)
disposing of excess heat from within the vehicle to space.

Thermoelement Design for Peltier Refrigerators

Tn this section, a more detailed and logical technique of calculating
performance capabilities and designing elements is presented.

The design equations are approximate, being based on several simpli-
fying assumptions:

1. The thermal and electrical characteristics of the junctions I
between the active materials and the conducting strips are .

neglected.

2.- It is assumed also that all heat flow occurs in the active material.
Losses caused by heat back-flow. from hot to cold plates between
element arms, and heat losses from the sides of the cooler, are.
neglected.
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3. The thermoelectric characteristics of the active materials are
assumed to be independent of temperature within the range between
the hot and cold Junction temperatures.

Despite these assumptionsp the answers are adequate for a first approx-
imation required for preliminary design purposes. More precise values of the
pertinent variables required for later stages of design can be obtained by
digital computer techniques, using more exact relationships.

Design Problem Classes

At various times, the refrigeration system engineer may be faced with
one of a number of types of problems relating to Peltier refrigerators. He
may, for example, be required to analyze the theoretical performance of an
existing component under certain temperature conditions. At another time he
may be required to design a new cooler to meet certain specified conditions
of weight and performance.

In the latter case, the relative emphasis placed on such factors as
weight, power consumption, and cost will determine to a great extent the
maifier in which he applies the design equations. Reliability is always a
consideration, and is, in fact, a strong point in favor of Peltier coolers.
It may be necessary to design a cooler of a specified refrigeration capacity
with relatively loose bound of available power to fit within certain space.-
In another situation, power may be most critical, with some weight and size
penalty tolerable. Problems of this type lend themselves to ready solution
by means of the equations discussed in this section.

In the unlikely situation where cost is the most critical factor, a
cooler may be designed around thermoelectric slugs of a standard size and
configuration.

Approach Used

The procedure outlined here covers a very general design problem: the
synthesis of a design for an optimum-performance Peltier ref-igerator to
operate at or near room ambient temperature. It is assumed that any necessary
variations in heat load can be handled by switching modules in and out of the
circuit as required, keeping the current flowing in each element reasonably
constant and near the design point. The element arms will be proportioned in
such a manner as to minimize input power requirements, and consequently the
design equations based on optimized performance can be used.

In the interest of overall optimization of the vehicle system, certain
compromises mast be made in the design of the refrigerator. Some of the
compromises which enhance systems integration are discussed in this section.
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'Design Procedure

Within the framework of the general problem formulated for this discussion,
the designer may wish to know general performance capabilities, volume and
weight resulting from optimum design, or all details of the required design,
including the number and configuration of elements and how they must be
connected electrically. A complete solution may be determined through three
steps which correspond to these considerations.

Determination of Optimum Performance. The maximum coefficient of per-
formance with a Peltier refrigerator is capable of achieving in a given set
of conditions can be determined by means of the following sequence of calcul-
ations. The equations are shown as they are given by Ioffe (Reference 56).
Additional equations, such as those for the volume of active material, are
ieveloped in this report.

1. Selection of Temperature Range and Materials

The range from the cold junction temperature Te to the hot Junction
temperature Th across the active material (Figure 86), for specified source
and sink temperatures Ta and Tb, depends on the current flowing, refrigera-
tion rate Qo, mode of heat exchange (conduction, convection, or radiation)
at the two sides, and nature and area of heat transfer surfaces. Conse-
quently the weight and complexity of the auxiliary thermal equipment, as well
as the weight and performance of the active thermoelectric materials, must
be considered in selecting a suitable temperature level.

Pending a more detailed analysis of the Integrated vehicle system, the
following general guide may be used during preliminary design to select a
suitable range:

1. A low value of Tc and a high value of Th favor efficient extraction
of heat from the source and disposal to the sink, respectively, and
thereby simplify auxiliary heat transfer equipment.

2. A high mean temperature, (Th + Tc)/2, improves performance of the
Peltier device.

3. An excessively high temperature boost, Th - T , Increases both
the input power requirements and the weight o the active materials.

In the absence of any other specific temperature criterion, the error in
the calculated performance of a cooler operating near room temperature will
not be great (for first approximation, at least) if a cold junction temper-
ature of 300 K and a temperature boost of 0 K ar more aed accuracy of
threom300 parameters maye boostpof 5arby u more detailed anyis
with more exact equations.

The best materials for refrigeration at moderate temperatures are n-type
and p-type bismuth telluride. The quality of a material is judged on the
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basis of its figure of merit

z. a2 (89)ke

where

a a Seebeck coefficient (volts per OK)

K a Thermal conductivity (watts per centimeter -OK)

I Electrical resistivity (ohm-centimeters)

The figure of merit may be taken directly from published performance
curves or determined from the other thermoelectric properties. Bismuth tell-
uride having figure of merit values higher than 0.003 K-1. However, it is
thus far uncertain whether these results are- ,repeatable.

2. Combined Figure of Merit

Because two different materials are normally used together in a
cooler, it is necessary to compute an optimm effective or combined figure
of merit. They may be expressed as

ZO p -An)(2p 1n)90)

Q rkjWp (90)n)

The subscripts in Equation 90 refer to the p-type and n-type materials.
This optimum figure of merit can be achieved only by proportioning the cross-
sectional areas of the two arms of the elements with respect to each other.
The magnitude of the optimum combined figure oftmerit lies between that of
the better and that of the inferior of the two individual materials'

3. M Factor

The total voltage drop vo in each element is

7 " (ap "h)(Th - To)+ IoR

where

10 * Optimum current flowing

R * Total resistance of the two arms of the element

The ratio of the total unit voltage drop to the Joulean portion IoR
under optimum conditions is a useful parameter in msn design calculations.
It can be shown tobe M (91)

1.82--, .. , , _ - _- +--+-



3. Optimum Coefficient of Performance

The optmm, or maximm, coefficient of performance o hich can
be achieved from two materials in the specified temperature range is

Th
.o To- M- (92)-- I

cc F ~

where

4c a Carnot or ideal coefficient of performance -1

F a Factor of merit

This optimum performance can be attained only after the elements have been
proportioned geometrically for the level of current-supplied.

The variation of 4ro is shown as a function of &T in Figure 87.

5. Power Input

The required power input can be found from the refrigeratior
capacity' and optimum coefficient of performance-by

w _(93)
~0

6. Disposal Heat

The heat to be discharged from the hot junction to the heat sink
is the sum of that removed from the heat source plus the heat equivalent of
electrical power supplied

One of the factors determining the field of applicability of Peltier coolers
is the ability to remove heat from the hot plate.

Determination of Quantity' of Active Material. The required volume and
weight of act.ve material may be determined from the material characteristics
and the junction temperatures without making a detailed element design.
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1. Element Arm Ratio

The ratio of the arm areas required to optimize the configuration
of the element is

(95)

2. Resistivity Factor

A factor joining the resistivities of the two element arms appears

in many equations. It may be defined as

r 0 ep4+% e (96)

3. Volume Proportionality Factor, B

The volume proportionality factor B ollects into one term much of
the influence of materials properties on the volume of active material. It
is defined as

B a . (Fk Dp 97
rZo (l+L) r (1+1)

3 o Do

4i. M~inim. Acceptable Length

Ya order to establish the geometry of the elements, a value for either
minimum total area or minimum acceptable element length is required. To
keep the junction resistance below about 10 percent of that of the elements
themselves, a mininum length of approximately 0.5 centimeter must be used.

5. Volume of Active Material

The volume of active material may be expressed in a form convenient

for calculation

1( ) (Th Tc) ( )(9
2BM To (M Th)(Th -Td)

6. Weight of Active Material

The weight of acti" material may be found by means of the
expression

185 Wm * (99



where

= Specific weight of active material (approximately 8.0 grams
per cubic centimeter)

7. Modification of Hot and Cold Junction Temperatures

The Junction temperatures may now be refined from the values origi-
nally assumed by making a three-way trade-off among active material weight,
weight of power generator, and weight of auxiliary thermal equipment. With
the new optimized temperatures, the previous solutions may be iterated to
obtain closer approximations of performance.

Determination of Circuit Configuration. After the performance and the
element configuration have been determined, the electrical arrangement of
elements must be establisho. Outlined here are the factors to be considered
in this aspect of device design.

1. Series Circuit

One arrangement of thermoelements for a Peltier refrigerator is a
simple seriea circuit, (Figure 88). The total current passes through all
elements and is equal to

I X* 10 (100).

where

V Voltage supplied to refrigerator

The voltage drop across each element is

*0 (ap- S)(Th -Tc) M '(101)
M - i

To utilize the available voltage V, the total number of elements N
must be

N • e - V,...

where

Ne  lmber of elements connected in series

The.total area of active materials in all elements has been determined
by methods previously discussed. The area of material in one elembnt is
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Voltage Drop, Vol

(a) Nr IlRow

Io 1/3

II

Voltage Drop, Vo

----- V

W- I

W=IV

(b) Nr 3 Rows

Total Thermoelement Area Same in Both Cases

Total Number of Elements Per Row, N., Same in Both Cases

Figure 88. ftu±vaeut Seres and er'ea-f" aale. Themoelectric
Cimcuit omfLg'am' s
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Areas of the individual arms of an element are

p ___ (104)

Sn (105)

Equations 100 through 105 are adequate for determining the configuration of
elements for a simple series circuit. This arrangement provides for the
smallest, num~ber but largest individual size or thermoelements.

2. Series-Parallel Circuit.-

In the equivalent alternate element layout (Figuie 88) there are
Nr parallel rows (in this case, Nr a 3h- each containing N8 elements in
series as-before.* The total number of elements Is

N *Ne Nr (106)

-Because. thit number of elements in series is the same as in the simple

srisconfiguration, teachtvltg do is t ae h oa urn
Is dividoid equallyr among the parallel brance, and consequently the unit

,'10 3 (107?)

The' ttl at fe ement'and the areas of the Individual arms may
yed Equatio through 105.- The total area of all elements Is

unaff by the subdividing Into elements.* The effect of using
* , es-parallel cu. 'design .is simply to use a larger number of smaller

elements, while t same values for mass bf iterial and current

It be desir -t use a serepraelaanm

s 'ovr-a lar area.- This reason must be agonot other equally
ktant..cons jationa, such as the fact .se of a series circuit

i pLfee fy - ication by rdcnthreOf Junctions.

-- Factors t~rollin Active )tra o
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BVm (Th + Te) (1 - i) (108)

%L2
2M T (M-T) (ThTO)

This equation has been solved by means of the digital computer, and the
solution is presented graphically in various forms in this section. The
curves given here show how the volume, and consequently the weight, of active
material may be minimized by improving the material quality and by carefully
selecting the temperature range. However, in many cases, the auxiliary
theremal equipment rather than the active material may represent the most
significant components of total weight. Hence, care should be taken in
choosing the operating temperature range to ensure that the gross weight of
the refrigeration system is not increased as a result of achieving economy
of active material.

Cold Junction Temperature

Figure 89 is the solution of Equation 108 for a pair of materials having
a combined figure of merit of 0.002K" 4 as a function of cold Junction temper-
ature for temperature differentials up to 120 K. The envelope of these
curves represents the minimum volume which can be attained by using the
specified materials and still maintain optimum performance. The AT curve,
which touches the envelope at any point, represents the temperature differ-
ential to be employed for corresponding cold Junction temperature in order
to achieve minimum weight. A series of such envelopes for pairs of materials
having combined figures of merit from 0.001 to 0.005 K 1 i s plotted in
Figure 90. The temperature differentials yielding minimum volume are cross-
plotted on these curves.

From Figure 90, it is apparent that the minimum volume which can be
achieved decreases rapidly as the cold Junction temperature increases. For
example, the volume of materials, having a Zo value of 0.003 K-l, can be
reduced 4 percent by increasing the cold Junction temperature from 300 K
( AT u 62 K) to 40 K ( AT - 106 K). This latter example will be realistic
only after future development. Even individual figures of merit, as high as
0.003, have not yet been consistently obtained. The highest temperature
differentials which have been reported thus far are about 80 K.

Temperature Differential

The curve in Figure 91 shows B Vm/L 2 % as a function of the temperature
differential. The materials selected have a combined figure of merit of
0.002 K- 1 for various cold Junction temperatures. The locus of minim
represents the mlimwu volume which can be achieved for given temperature
differentials. The interpolated value of Tc at any point on the locus
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represents the cold junction temperature for the corresponding value of
temperature differential.

The method of balancing the weight of active material against weight of
power generator may be obtained from Figure 91. For a case in which the cold
junction temperature is 320 K, the weight of material increases as the temp-
erature differential is decreased from the optimum value of 48 K. However,
in making this change in differential, the coefficient of performance improves
(Figure 87). Consequently, the weigh of the power generator required to
enable the cooler to pump heat at a specified rate decreases. The weight of
heat exchanger at the heat sink side would also increase slightly because of
this decrease in differential. The overall optimum differential would be the
one which optimizes the sum of the weights.

The correlation between temperature differential and cold jvnction
temperature for optimum material weight is presented in Figure 92. The
optimum temperature differential is roughly proportional to the cold junction
temperature. ....

Material Quality

As shown in Figure 93, for a constant cold junction temperature of 300K,. the volume miy be reduced 28 percent by increasing the figure of merit

from 0.003 to 0.O0C K-1. An increase in the cold Junction temperature,
coupled with an improvement in material, provides a greater advantage. For
example, assume materials having a Zo value of 0.0025 K,

"1 Tc of 300 X,
and- AT of 52 K. If these are replaced by materials having a Z0 value of
0.0034 K,"I Tc of 350 K, and AT of 93 K, the volume may be reduced by half.

CONCLION

Vapor Cycles

As an element of the active thermal control system for space vehicles,
the vapor cycle system finds its application in meeting a requirement for
large cooling capacity. Two general conclusions concerning Its use are:

1. With the present state-of-the-art, the components of the vapor
cycle can be made to operate in a zero-gravity environment by
introducing some modifications to present designa .for ground
application. Within a condenser temperature range of 150OF to
2500F, a simple vapor- cycle using Freon. 11 appears most prcnmising
for space application. The evaporator of this zero-g vapor cycle
would be of conventional design, using a heat transfer surface

- such as the plate fin or vortex type. The condenser would be of
the radiator type using a tapered tube design. Other components
of the cycle are common to that of high speed aircraft environ-
mental control systems. This present-day a"oach is characterized
by a specific weight on the order of 35 lb/ton of cooling capacity.
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2. To place the vapor cycle system in a more favorable position in the
thermal control system, the most important step is to achieve a
high COP at a temperature beyond 2500F. This approach is the most
effective way to reduce the radiator weight that contributes largely
to the system weight. It can be achieved by:

a. A continuous search for high temperature refrigerants

b. A development towards a quantum jump in performance of the
compressor used in the system

co Advances n other components, such as high performance, light-
weight evaporators and condensors.

Gas Cycles

As an element of active thermal control systems for space vehicles, the
gas cycle system is characterized by a low coefficient of performance. Under
favorable conditions, this performance is approximately one-half that of a
vapor cycle. Among mazy usable fluids, gases with the lowest K values offer
the best performance. As these gases do not lend themselves readily to an
open cycle system, however, the many advantages of the gas cycle system are
nullified.

Despite low performance, an application of the gas cycle system may be
found iii certain requirements, as, for example, in an emergency system to
back up a malfunctioning vapor cycle. Its position in the emergency cooling
spectrum lies between that of a passive cooling system and an extra vapor
cycle system.

Vortex Tube

The results indicate a low COP compared to the gas cycle using a turbine.
From the study of the variation of / in Figure 44, the assumed value of
0.5 gives a realistic value of COP for the pressure value range of 2 to 3.
At higher pressure ratio, it Is smaller and the COP of Figure 85 represents
optimistic values. It is seen then that, for best operation of the vortex
tube, a low pressure ratio is preferred. From the system viewpoint, it may
not be desirable because of the low temperature level at which heat is
rejected to the outside environment. Thus, use of the vortex tube is bene-

ficial if there is a heat transfer loop where the system can parasitically
reject heat and also where the energy from the hot gas can be put profitably
to work.

Thermoelectric Method

The initial surge of interest In semiconductors has tended to lead to
overoptimism among people in the thermoelectric field regarding the place of
Peltier cooling systems in space vehicles. The attractive aspects of
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thermoelectric devices are balanced by an abundance of practical limitations.

It appears that at the current state of the technology other refrigera-
tion systems, such as the vapor compression cycle, are better fitted to
perform the primary refrigeration task for space vehicles. This conclusion

-is -reached after considering relative weights, power requirements, and cost.
In an unlikely situation where excessive weight and power requirements are
not objectionable but reliability is of extreme importance, Peltier cooling
could become competitive. For Peltier cooling to become generally competitive
with other methods at reasonable temperatures, a major breakthrough in the
materials field will apparently be required. In areas where heat Pumping
may take place at a very high temperature (presumably in an unmanned vehicle
or in a portion of a manner vehicle distant from the passengers), thermo-
electric systems may have a very definite application even at the present
state-of-the-art.

The place of Peltier devices in the spot-cooling of temperature-
sensitive electronic components having a low level of power dissipation from
a small volume has already been proved. For this application the close-
control capabilities of thermoelectric systems more than offset the dis-
advantages they may have with regard to weight, power and cost.

The use of Peltier heating during shady period on board the vehicle will
also be limited. It cannot be used to pump heat inward from space during
these periods because there is no significant external source from which heat
can be pumped. On the moon it may, however, become feasible to pump heat
into the vehicle from the moon's surface during the nights.
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SECTION V. HEAT STORAGE METHODS

A heat storage method may be used aboard a space vehicle in
preference to a cooling method for one of a number of reasons.
These reasons include:

(a) The occurance of a peak heat load during a limited period,
and in excess of the capacity of the disposal system.

(b) An increase in reliability and possible saving of weight
over a cooling method.

(c) A desire to recover the heat for some purpose at a later
date.

The purpose of such a method may be, therefore, to replace or
supplement a cooling method.

~NCI ATURE '

C Required Thermal Storage Capacity, Btu/hr

Cp Specific Heat, Btu/ibF

h Heat Transfer Coefficient, Btu/(ft) 2 (hr)(OF)

k Thermal Conductivity, Btu/(hr)(ft)(OF)

4 Heat Quantity, Btu

Qe. Heat quantity Stored as eat of Fusion, Btu

Qr Heat Quantity that can be stored, Btu

Q0 ' Heat Quantity stored as sensible heat' Btu

q Rate of Heat Transfer (per unit length), Btu/(hr)

R Radius, ft

Rf Radius at which fusion fronts meet, ft

r Radius of Fusion Front within Storage Cylinder
at time 9, ft
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ro  Radius to edge of solid phase storage material
outside, ft

r2  Radius to edge of solid phase storage material,
inside, ft

T Temperature, OR

To  Maximm Temperature of Operation, OR

.t Thickness of container wall, ft

W Weight, lb

x Distance from outside wall to fusion front
at time 0, ft

xs, Distance from centerline to container wall, ft

N Thickness of container Wall, ft

A Heat of Fusion, Btu/(lb)

e Density, lb/(ft)3

0 Duration of Latent Heat Transfer, hr

Gi Duration of Latent Heat Transfer, Inside, hr

Of Duration of Latent Heat Transfer, hr

Or Duration of Total eat Transfer, hr

0s Duration of Sensible Heat Transfer, hr

Subscripts:

F Fusion

f Working Fluid

i Inside
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m Melting

0 Outside

a Storage Material

w wan

1 First Material to be Compared

2 Second Material to be Compared

METHODS OF HEAT STORAGE

Because of the nature of heat energy, it can only be stored
in some material. In space vehicles., this may be in a part of the
structure or the equipment, in the fuel, or in a a--terial especially
provided for the purpose.

Storage in equipment or structure would be possible for
relatively small quantities of heat and for relatively short periods
of time. Heat storage in the fuel may be advantageous, especially
if the fuel is to be vaporized and burned immediately. It may be
argued, phowever, that this procedure is not heat storage but is an
expendable coolant system. In any event, it could be applied only
to those vehicles carrying fuel for space or reentry propulsion.
The purpose of the present study is to explore the third meansa:f
storage, the use of materials serving no other function than to
store heat.

* HEAT STORAGE MATERIALS

Materials used for heat storage are selected on their ability
to "soak up" or hold heat in one of several ways. The simplest
method is to absorb heat without phaae ,or chemical change, until
the material reaches the temperature of the heat source. The amount
of heat absorbed is, in this case, the product of mass, temperature
and heat capacity.

A more effective material is one which has a fusion or melting
temperature somewhere within the range of temperatures to be en-
countered. In such materials, a considerable amount of heat can be
absorbed as heat of fusion, so that the capacity of a given quantity
of material is increased without an increase in the operating
temperature range.
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The capacity of the system would be greatly increased if, after
undergoing fusion and) further temperature increase, the material
could then be vaporized. It could then absorb an even greater
quantity of thermal energy as latent heat of vaporization. However,
the large increase in specific volume caused by vaporizing the
material would be an inconvenience that could not ordinarily be
handled aboard a space vehicle.

An endothermic chemical reaction between maten als, at essen-
tiall, constant temperature, can also serve to increase the ability
of a system to absorb heat within a given temperature range. In
cases where the stored heat is to be recovered later, it is necessary
that these reactions be reversible, in other instances this may not
be necessary.

Somewhat similar to the employment of chemical reactions be-7
• tween materials would be the use of endothermic dilutions* Here the

addition of water to either a dry chemical or a concentrated
solution is accompanied by an absorption of heat from the surround-
ings. This approach has received little if amy attention and
merits further exploration.

The. Ideal Storage )NteriaL

A material which would be ideal for the storage of heat would
have the following properties:

Thermal -
High heat capacity
High termal conductivity
High boiling point
High latent heat of fusion
Melting point within the expected range of temperatures

Pbysical or Chemical -

Stable or restorable to original composition
Non-toxic
Non flammable
Non explosive
Non Corrosive
Low density
In solid state at start

Other -
High availability
Low cost
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It is obvious that no single material possesses all these
desirable characteristics, In the following pages, the need for some
of these properties is discussed and the search for materials
approaching this paragon is described.

REVIEW OF HEAT STORAGE REPORTS

Two of the reports available on heat storage have been
selected for close examination in the present report (References 57
and 58). they are comprehensive and summarize the results of
studies of several thousand materials. In addition, they are of
relatively recent publication.

These reports have two separate and distinct areas of study
whose principal difference is the respective temperature range
considered. The electronic cooling report (57) is concerned with
temperatures of approximately 100 to 4000F, while the other (58)
covers materials suitable for temperatures of 1200 to 30000 F, In
the two following subsections, the contents of these reports are
summarisede It is believed that in this way the most important
aspects and problems of heat storage may be presented, as well as
d1ta on the properties of various heat storage materials. Obser-
vations on hW-b flow analyses are also included.

Heat Storage Cooling Of lectronic Equipment

Purpose and Scope of Investigation

The purpose of the investigation reported in Reference 57 was
to study the cooling of electronic equipment in high speed air
craft by the use of latent heat sinks, and to study the character-
istics of materials suitable for such use. In these studies,
operation of the heat sink was not expected to be continuous, but
only during transient conditions of high ambient tamperature, such
as could result from aerodynamic heating. A similar situation in
space vehicles may occur during relatively short periods of trans-
mission of data accumulated over longer periods of observation.

The scope of the investigation included literature searches,
experimental research and the analysis of the accumulated data. In
the following discussions some of these results are examined and
related to the present study.

202

- - -/XXC-



Selection Of Materials

A literature search was made for materials having reversible
solid liquid changes of phase occuring within the temperature range
expected, and having "fairly reasonable" heats of fusion. This
-osulted in a list of almost 600 potentially suitable chemical
compounds, most of which were organic The number was quickly re-
duced by eliminating those which were toxic, scarce, costly, flamm-
able or having other undesirable properties. The reduced list is
seen in Table 21.

Compounds 1, 2 pnd 7 of Table 24 are shown to have two latent
heats of fusion. This results from a double melting point which is
characteristic of almost all glycerides. Tristearin, when moderatelyr
heateds will melt at 55oC while absorbing 16 gm-cal/gm. Upon further
heating, it becomes solid again until reaching 726C when it remelts
with a latent heat of fusion of 55 gm-cal/gmo

The materials of this table have been listed in order of in-
creasing melting temperatures.- ky selecting one with its melting
point within the range of temperatures to be encountered, a heat
storage capability equivalent to the latent heat of fusion may be
obtained. The temperature above the melting point to which the
material can be raised varies with the material and may be limited
by evaporation, decomposition, or other change of property.

Other Sections Of Report

Other sections of Reference 57 cover the arrangement of heat
storage devices, heat flow analyses, and the results of experimental
work. The storage arrangements -tudied in this report were for high
speed aircraft and are not directly applicable to spacecraft,
except, perhaps, during reentry. In any event, this subject is
considered from a space point of view later in the present report.

The heat flow analysis is made for three separate phases. .

(a) from zero time until meling be'gins at time 01

(b) from time 01 until convection currents become important
enough to be considered, at time Q'

(c) from time 92 until the end of the transition of phase
from solid to liquid.

203



TAE 24 POSSIL cUIoMMW FOR HEAT-STORAGE E VIES

Fusio Temp Heat of Fusion
Chemical 00 OF gm-cal BtLu

No. Ocmon Name Symbol an lb

1. Tristearin (C1 7H35 C00) 3C3H5  56 133 45.6 82.1
72.5 162.5 54.5 98.1

2. Heptadecanoic Acid C17H3402  60 140 45.2 81.450.9 91.6

3. Octaosance C058 6o.3 140O.5 53.6 96.5

4. Beesvax 61.8 143 42.3 71.6
5. Hydrogenated Cottonseed 62.3 144 144.3 79.7

Oil

6. p-Cloroaniline H04C6H 1C 69 156 37.2 67

7. Dotriacontane C32H66 70 158 35.9 64.6
52.2 -94

8. Acetamide C2H5oW 71 160 57.7 103.9

9. Brocmphor Co1 1 5o D. 77 171 41.6 74.9

10. Durene ClOH14  79.3 175 37.4 67.3

11. Metbyl Borobenzoate C8H202 Br 81 178 30.2 514.4

12. Dimetbyl Tartrate (CfOH)2  87 189 35.1 63.2

13. OL-Naphto 0zo%7OH 95 203 38.9 70.0

14. Glutaric Acid (C-f2 )3 % 12  97.5 207.5 --. 4 67.3

15. p-xylene Dichloride C8H8C12  100 212 32.9 59.2

16. Catechol C6 H4(OH) 2  10i4.3 220 49.4 88.9

17. Acetanilide c8*9 0 115 239 36.3 65.3

18. Sucoinic Anhydride (C' H2O)g0 119 246 48.T 87.7

19. Benzoic Acid C6 H5CO0H 121.7 251 33.9 61.0

20." Stilbene, (C6H5 M) 2  124 255 39.9 71.8

21. Benhamideq C69 5 00NH2  127.2 .261 4o.48 72.9
22. Phenacetin CHm3 A6 d05  137 279 32.68 58.8
23. O,(-OGuose C0H206 1141 286 41.7 75.1

24. Aetl-p-toluidine CH3C0=6ff4CH3  146 295 43.0 77.14

25. Pheialhydraze C6H5 2 1MC 5  155 311 32.21 58
Denzldebyde

26. salicylic Acid 1OC6 0 159 318 45.6 82.1

27. Denzanilide CdHW0HCJ 5  161 322 38.8 69.8

28. Mannito1 0641406 166 331 7o.3 126.5

29. Hydroquinone C6602 172.4 342 61.7 111.1

30J p-Aminobenzoia hcid C6 H14(NH2 ) Coon 188.5 371 36.5 65.7
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A fourth phase would also have to be considered beginning at the
time that all melting has been completed and continuing until the
highest temperature is reached.

Differential equations were established for the first three
phases, but no attempt was made to solve them because of their
complexity. It was noted that the disregard of convection currents
would be an assumption that would simplify these solutions. (In a
zero-g field, this would be a necessary assumption). However, the
investigators felt that an experimental determination of the pro-
tection time offered by a heat storage device would be " a much
more rapid solution for preliminary engineering estimates".

The pertinent part of the experimental program covered transient

heat flow during melting and the measurement of the time required for
representative electronic equipment to reach a fixed percentage of
the steady-state temperature. The conclusion reached was that the

data obtained experimentally could not be predicted by known analytic
methods. This serves to supplement the previous statement that
experimental methods are much more rapid than analytic. The heat
storage materials used in the study were beeswax and paraffin.

The conclusions reached by the authors regarding this entire
program of study and test include: (1) that heat storage materials.
such as beeswax and parrafin, cannot protect, adequately, repre-
sentative electronic equipment during a step increase in ambient
temperature from 50 to IOF, for as short a period as 20 minutes.
(2) that cooling methods exist that are more adequate and offer
much better protection for the same weight (3) than an evaporative
cooling system using water or a nater-alcohol solution can absorb
10 to 20 times the heat absorbed in a latent heat sink, per pound
of system weight. (4) the heat transfer rate for an evaporating
fluid is 100 to 1000 times that into a storage system, during a
step increase in temperature. It should be emphasized, however,
that for space flight a direct comparison cannot be made between
expendable and storage systems on the basis of heat transfer and
absorption alone.

Heat Storage At Higher Than Electronic Equipment Temperatures

Purpose And Scope Of Investigation

The purpose of the study reported in t0ference 58 is to
determine and to analyze the potentialities of a number of thermal
energy storage materials. The scope of the studyr was threefoldt
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(1) a literature search for heat storage materials and their physical
properties; (2) a research program to obtain unavailable data on
properties of these materials; (3) a thermal analysis of some heat
storage systems. Another investigation of the physical properties
at high temperature of some materials of construction is also re-
ported but is not of interest in the present investigation.

This program differed from that on electronic cooling in that
the range of temperatures was considerably higher, being from
approximately 1200 to 3000°F. Also, the concept of an endothermic
chemical reaction as a heat absorber was considered, as well as the
more usual phase-change type of storage.

Results Of Literature Search

The purpose of the first part of the literature search was to
study compounds which might be able to store thermal energy through
heats of reaction. This may be referred to as the chemical storage
of heat. The materials sought would be of liquid" as both reactants
and products, in the desired temperature range of 1200 to .3000F.
Liquids were considered to be most desirable because they would
have the least volume change and the best heat transfer character-
istics, and because the design of such systems would be simpler.
Another requirements was that the chemical reaction be reversible.
In addition, it was desired that the storage capability be at least
400 Btu per pound of storage materials

The reactions believed by the authors to be most promising
involved alkaline earth metals and halides of alkaline metals.
However, the conclusion reached was that the reactions do not
become thermodynamically favorable until vaporization of the
volatile metal begins and that, therefore, this form of storage
does not warrant further study.

Another part of the literature search covered peritectic
reactions of binary alloys and of double salts compounds and
eutectics. It was concluded that these reactions showed promise
and should receive further consideration.

The method of heat storage having the most promise was con-
cluded to be the use of latent heat of fusion of certain selected
compounds. Table 25 lists fifteen materials having melting tempera-
tures between 1200 and 30000F, and heats of fusion greater than
300 Btu per pound. Some of the materials, such as lithium hydride
and the other alkali metal hajides, Are reactive with most construc-
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TABLE 25. HEAT OF FUJSION OF POTENTIAL HEAT 1TOPRAGE MATERIALS

MATERIAL Melting erature Heat of Fusion

LiH 961 12TO 1000*

Si 1683 2570 710

Be 1556 2341 56

VSi 2  1927 3009 489

TiSi 2  1813 2803 4T4

LiF 1121 1558 4So

rSi , .1823 2821 46

MgF2  1536 2305 390

coSi2  1599 2418 380

M'vSi2 1375 2015 361

(irSi 1873 2911 342

CaSi 1518 2172 338

CoSi 1733 2659 310

Li42 B203  1033 14+00 310

Na 1268 1823 300-345
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tion materials. The mixed oxide and binary metallic compounds do
not have this disadvantage.

Theoretical Heat Transfer Analysis

The equations derived in this section of the report were
intended to permit comparisons between potential heat storage
materials. They are not Zonsidered to be adequate for determining
an exact heat release rate at any time, but only an average rate
for the period under consideration. One reason for this is the
fact that poor heat conducting solids are expected to build up on
the colder wall during heat release, so that the heat release rate
will continuously vary.

The variables included in these analyses are the thermal con-
ductivity, density and heat of fusion of the material, and the
geometry of the material container. Three geometric forms were
considered, cylindrical capsules, the annular space between con-
centric cylinders, and thin blocks which would conform to the shape
of the working fluid reservoir. Heat transfer to and from the
storage material is accomplished by means of this working fluid.

The following equations and definitions are either basic or
easily derived, and are applicable to all geometric fonms

or. = as +e,+ (109)

Qr "Ir Or (110)

e P = T-,) (11)

WS "(112)

er=es 4e, (:15) -eS cps (21)'+

Gr e|+G

I--

mQ%

Of (.117)



Equations were derived for each of the three geometries
described. The important equations for the cylinder and block case
are given here, but the reader is referred to the original report
for details of' their derivation.

Equations For Heat Storage Material Contained In 0Cidialar

CplEes (See Figure 94&),

0 - ,eL (11)

+20

G; xen,(119)

%I?*- kS (320)

!wuaions For HetStorage Material Contained In Rectangular
Blcs (see Figure y~b)

~+ 4.W

Fornegigilefilu and wall1 resistances; this becomes:

. (223)
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CONCLUSION

The mass of the equipment and structure can serve as a heat
storage medium. However, the use of materials with high heats of
vaporization or fusion can give a higher heat storage capacity at
a relatively low weight. Unfortunately, the problem of maintaining
gooi heat transfer to the face of the heat storage material in a
zaro-gravity environment makes this method limited in usefulness.
The expendable coolant method has many advantages over direct storage
because of the forced convection boiling.

Equations for predicting, the rate of decomposition and heat
storage of heat storage materials are complex and inaccurate.
Therefore, direct experimentation is necessary for good measure-
ments of decomposition time and heat storage capacity in most
applications.
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SECTION VI

COMPARISON OF TEMPERATURE CONTROL
METHODS AND SYSTEMS

INTRODUCTION

The comparison of temperature control methods is desirable in order
to select the ideal control method for a particular application. Of course,
the variety and differences of the methods makes comparison fairly difficult,
especially in the general case. Considering all of the parameters involved,
the main criteria for comparison appear to be the following in order of
importance:

1) Performance: control lits, maximum cooling load, response,
adaptability;

2) Weight: weight of components, fluid, penalty weight of power

requirements;

3) Volume: volume of tanks, components;

4) Surface area: surface area of radiator and power source;

5) Reliability: redundancies, mechanical and electrical failure,
possible damage to vehicle equipment from malfunction;

6) Others: cost; corrosiveness, flamability, and toxicity of fluids;
maintenance.

Some comparisons using these criteria are included in the first part
of this section. Other parts of the section deal with (2) combinations of
methods into control systems and comparison of these systems and (3) special
considerations for control methods due to mission, equipment and vehicle
requirements.

The first part of this section deals with comparison of methods.
Various passive, semi-passive, and active methods are tabulated (Tables
26, 27, and 28) and described and limitations and advantages of each
method are discussed. Following these tables is a chart (Table 29) and
curve (Figure 95) useful in comparing passive, semi-passive, or active
methods-in general. This table shows that the skin or radiator temperature
and maximum heat load dissipation per unit area are useful in comparing
the methods. In addition, this first part includes a discussion and curves
of penalty weight and surface area for power requirements useful in
evaluating the power requirement for fans, pumps, compressors, controllers,
and heaters in terms of weight.
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Also included are weight, volume and area comparisons and discussions
of reliability and other criteria. Expendable and recycle cooling, transport
fluid loops and conduction and convection paths, and expendable heat sinks
and space radiatorm are compared by use of weight paremeters. Volume and
area comparisons of these methods are also made. The reliability discussion
includes relative reliabilities of methods, possible redundancies and affects
of malfunctions. The discussion of other criteria includes fluid properties,
cost, and maintenance considerations.-

The second part of this section pertains -o combination of methods into
w )rkable systems for space vehicles. Some of these combinations are broken
down in terms pf compartment loop, intermediate transport loops or heat
transfer paths, and sink or space radiator loops. Comparisons of overall
systemi performance, weight, volume, reliability, and other criteria is
included for some of the more typical systems. Finally, this part includes
an example vehicle problem with solution for choice of the methods and total
'control system by comparison of methods.

The third and final part of this section deals with the effects of
mission, compartment and equi-pment requirements, skin and radiator tempera-
ture linits, and volume, weight and area allowances on the choice of control
methods. For example, a long duration mission would usually eliminate the
expendable control method, an extra hot or cold requirement would eliminate
most of the usual coolants, and accurate control requirements can eliminate
passive ant sometimes semi-passive methods. Temperature limits and vehicle
area, volume and weight allowances also affect the choice of control methods.
As a result, some comparison of the affects of temperature and area require-
ments for various methods are included.

NOMENCLATURE

A Area, sq ft

C Specific Heat, BtW(lb)(OP)p
D Diameter (Hydraulic Diameter), ft.

E Electric Power, KW

H Effective Latent Heat of Vaporization, BtW/Ib ( of system )

h Film Heat Transfer Coefficient, Btu/(hr)(sq ft)(°F)

h2 Radiation Equivalent Heat Transfer Coeffcint Btu/(hr)(sq ft)(°F)

HP Power, ft-lb/hr
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Ki Core Flow Area/Core Face Area [
K2  Constant (See Equation 131)

KQ3  Approximately 3. to 2 lb/sq. rt;-

Ki4  Constant (See Equation 134)

k Thermal Conductivity, Btu/(br)(f t)(0F)

L Latent Reat of Vaporization,, Btu/lb

m Mass Flow Rate, lb/lw

P Power, ft-lb/w

p Pressure# paf (also, psia-)

Q Volume Flow Rate, OF'

q, Heat Transfer Rate, Btu/lw

Power, Dut/lir

T Temperature, OR

t Time, hr

U Over-all Conductance, Btu/(lw)(sq ft)(0 F)

V Volume, cu. ft

W Weight, lb

X Distance or Length, ft

OC Absorptivity, nondimensional

e- Emissivity, nondimeniona3.

C- Effectiveness (Coefficient of Performance)

fl Efficiency

Density, lb/cu ft

WStefan.Doltzman Constant, 0.1713 x 10-8 Btu/(iw)(eq ft)(R1 )

Subsoript:

B Equipment or Comp~artment

C -ocmpressor or Pump

co core, Beat Nkobazger
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CP Cold Plate or Heat Exchanger

E Expulsion System,

EX Expendable Syst-

Fr Freon

f Fluid'

H Hardware

P Power

Pi Pressure Regalator

r Radiator

RE Refrigeration System

S Solar

t Tank

v Vehicle Skin

WEIGHT AND AREA PENALTIES FOR TEMPERATURE CONTROL METHOD POWEH REQUIREMENTS

In order to compare temperature control methods, a common comparison
parameter must be considered. Frequently, thiS parameter becomes the weight
comparison of methods. Consequently, it becomes desirable to determine the
weight of power generation and storage equipment required to furnish power
to the fans, pumps, compressors, controllers, and heaters. This weight can
then be included in the total weight of the controL method for comparison
to other methods.

Figure 96 and Figure 97 show some typical weight penalties for
additional power requirements. The weight penalty sometimes varies as a
function of the vehicle power requirements - i.e., the weight penalty for
adding 100 watts to a 50 watt vehicle may be much higher than 100 watts to
a 5000 watt vehicle. The solar cell and battery weight curve is based on
S&ID power supply data. The fuel cell weight is based on proposal data.
The fuel cell weight should be higher since battery storage will be required.
Also, fuel cells require abou6 0.82 LB/KW HR of fuel (hydrogen and oxygen).
Thus, the weight-of a fuel cell power supply is a function of time. If the
curve presented in Figure 96 is used, 0.82 LB/KW HR should be multiplied
times the time and power requirement and included in the total fuel cell
system weight. (Frequently, the water generated from the fuel cell reaction
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can be utilized for cooling or drinking purposes thus eliminating the
0.82 LB/KW HR fuel weight penalty. Also sometimes normal boil-off from
engine fuel tanks can be utilized cutting down fuel cell weight requirements),

Figure 97 shows a curve of weight versus power requirements based
on solar-turboelectric and nuclear power plant data plus storage (as pre-
sented in Reference 27). Other data available indicates that structural
weight considerations might raise the weight to the dashed curve shown.
Note that actual weightpenalty for adding a small amount of power &E to
a system is really a product of the slope of the weight versus power curve
multiplied by the added power &E. 1.E - .

Figure 98 shows the surface area requirements for a solar cell
power source. This curve is useful in estimating surface area including
radiator and power requirements. Such a consideration is necessary for
valid comparisons of temperature control methods. Radiator area can be
estimated from Figure 99.

WEIGHT ESTIMATE EQUATIONS FOR TEMPERATURE. CONTROL METHOD COMPARISONS

The following equations (Table 30) for estimating the weight of
components have been found from a literature search and some simplified
analyses.

COMPARISON OF STRAIGHT VAPOR CYCLE AND COMPOSITE PELTIER SYSTEM

To evaluate the composite system alongside a conventional vapor
cycle system it is not necessary to resort to an extremely detailed com-
parison; a very gross comparison is sufficient. The advantage demon-
strated by a Rankine cycle system in several important-'respects becomes
quite apparent. The comparison described here is based on a refrigera-
tion load of IOKW in both cases.

The composite cycle consists of the Peltier evaporator discharging
heat to the transport fluid, which is Freon 113 at 130OF (or 3280K). The
single stage compressor operates over a pressu.e ratio of approximately
5:1 and feeds vapor to the radiaor at 2450F. The Rankine cycle roughly
follows the path 1-2-34-1 as shown in Figure 100. (No superheat is
assumed in this case). The pressure, enthalpy, and temperature of the
fluid at beginning and end, of each step of the cycle are also tabulated
in Figure 100.

In the straight vapor cycle,. on the other hand, a conventional heat
exchanger replaces the Peltier evaporator. The existing compressor stage
is kept as second stage, while a first stage is added to raise the pres-
sure from 2.7 to 18.7 and thus simulate the gas temperature and pressure
conditions at which the Peltier evaporator delivers vapor to the com-
pressor stage, for a common basis of comparison. The cycle follows the
path 1-2'-3'-4-1 in Figure 1000 As far as the general system configura-
tion is concerned, the Peltier evaporator is replaced by a conventional
heat exchanger and a first stage of compression.
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NOTE: Curve is for 100% solar radiation. Area
requirements for rotating vehicles may
be tripled.

300

250

04

200

0.
~1.0- 20

Power - E KW.

Tigure 98, Surface Area Penalty for Additional Power for Solar, Cells
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Figure 99 Raiator Area has1uate Curve
(ii=Area Requiremenits)
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Table 30. Weight Estiate Equations

Component Weight Equation (ib)

Blower (23) W = 3.24(fpi  + 0.011 (Q.) (Eq. 124)

Pump (23) W = 5.61(Q)0.75  (Eq. 125)

Motor (23) W = 2 + 4.HP 04 HP< 1 (Eq. 126) Ff
W = 5 + 1.5HP . < HP<IO 0

Fluid in Pipe W = '() 1 (Eq. 127)
14 f

Storage Tanks W =K4o (see Figure 21) (Eq. 128)

Piping W (constant for AN tubing at D),(l,5)(X) (Eq. 129)

1.5 - accounts for brackets, etc.

geat aer W =l.48c (V) 0.882 + Klp Vo (Eq. 130)• (25)

core flow area-KI core face area

Cold Plate W. K2 (q/hAT) (Eq. 131)

Power Source W (dW/dE),x (q,/3,410) (Eq. 132)

(23) (dW/dE) --penalty slope, lb/kw
(See power penalty curves)

Power Source W = 5.1 11P 7.5 (HP-hr) (Eq. L,3)
AP Generator
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Table 30 (Cent.)

Component Weight Equation (ib)

Space Radiator W =K 3A-r (Space side) (Eq. 134)

W 4q + go (Fluid side) (q .5
h.K (EAt.5

(use larger va~ue).

COMP-?essor W 19 + 0.7(HP-) o < ip-<loo (Cenfrifugal) (Eq. 1.36)
& 4otor

W 5 + 9(HP) 01iP4 100 (Reciprocating) (Eq. 337)

(From Section IV., Table 15)
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Refrigerant: Freon 113

0. 3

Combined Cycle

.Straight Vapor Cycle

Enthalpy, h

Fluid Prouirties

T 1 2450 F T4=2450 F

/l935psia P4 =93-5 psia

hi .62 Blm/lb h- =1 13 Btu/lb

T2=130F T3=130 0 F

2-e7psia. p3=18.7 psia.

262Btu/lb h =98 Btu/lb

T2 1.0rT 3 -40 0 F

p2-
2.7 psia. p 1=2,7 Psia,

h'-62 Dim/lb h,'m8406 Dim/lb

Figure 10)0. Ramikine Refrigeration Cycles For Freon 113
And Compound Thermoelectric Methods
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eight of Evaporator

For the purpose of this comparison it was assumed that the film heat
transfer coefficients in the heat exchanger were 15 BTU/hr-ft2-OF for air
and 150 BTU/hr-ft2 -OF for Freon. The area on the air side was assumed to
be six times that on the Freon side. With the air temperature dropping from
1O0°F to 500F, and with a Freon temperature of 400F, the log mean tempera-
ture difference in the exchanger is 280 F'.

The product UAFr of the overall heat transfer coefficient times the
Freon surface area may be ca culated to be 56.4 BTU/hr-OF. The required area
on the Freon side is 22.6 ft and on the air side 135.6 ft"2 . A he-at exchangor
having a total heat transfer area of 158 ft2 would weigh approximately 15.4
ib, including the fins on the air side.

The weight of thermoelectric material alone for the conditions assumed
has been previously computed (Section IV) at 35 lb/KW, or 350 lb for 10KW,
excluding the Junction plates and fins. The complete Peltier evaporator
would be almost 25 times as heavy as the straight Freon exchanger. The
weight of the thermoelectric material was based on an arbitrary length of
one centimeter. At the current state of the art the area corresponding
to this length, approximately 0.164 cm2 or 0.4 cm equare appears to be a mini-
mum, and thus the total weight cannot be readily reduced below the 350 lb
specified,

Cmpressor Power

The amount of heat transferred to the refrigerating fluid in the case of
the straight Freon system is simply 10MI or 570 BTU/min. In the case of
the Peltier evaporator, the electrical power which is applied to pump the
OKW of heat has been seen to be also converted to heat and must be carried
away by the Freon. Thus, the total heat transferred to the refrigerant
in this case is

70 + 7o + 7 . 2400BTU/min

At 40OF the refrigerant absorbs heat at the rate of 84.6 - 62.0 = 22.6
BTU/lb in the straight vapor cycle evaporator. The amount of refrigerant
required for the vapor cycle is 570/22.6 = 25.2 lb/min. The compressor adds
113 - 84.6 = 28.4 BTU/lb and the compressor input power is, therefore,
assuming 70 percent efficiency:

p ZS nu8.424.2 hp
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In the composite cycle, on the other hand, the evaporator transfers
heat at the rate of 90 - 65 = 36 BTU/Ib at 130-F. The amount of refrigerant
required is 2400/36 = 66.7 lb/min. In compressing the vapor from 18.7
psia to 93.5 psia, the compressor adds 113 - 98 BTU/Ib to it. The
compressor input power for the composite cycle is then:

PCOM. 6 .4 15 = 33.7 hp.
0.7 n .

It is noted, therefore, that the compressor for the straight vapor
cycle requires almost a third less power than that for the composite cycle
and is consequently much lighter.

Radiator Area

The amount of heat which must be removed from the refrigerant in either
cycle is 13 - 62 = 51 BTU/lb. In the vapor cycle, therefore, the heat
removed is 51 x 25.2 = 1290 BTU/min. In the composite cycle it is
51 x 66.7 = 3400 BTU/min. The radiator area requirement is proportional to
the heat to be dissipated anu consequently the radiator for the cumposite
cycle is about 2.6 times as large as for the straight vapor cycle. This
item of comparison is extremely significant, inasmuch as the design of
radiators and their facilities for storage during boost is critical at the
current state-of-the-art.

Fan Power for Forced Convection

The cross-sectional area of the thermoelectric material is small
compared to the required air and Freon heat exchange areas. The composite
evaporator must, -however, be designed to allow for the full 135 ft 2 of
area on the Freon side. The air side heat exchange area will also be of the
same order of. magnitude as in the straight vapor cycle exchanger. The,_..
rates of airflow will not be much different. Since it can be shown that
fan power is but a small portion of the total power, this component of
power may be considered equal in the two cases without introducing a great
deal of error.

It is instructive to determine the order of magnitude of power required
to drive the fan. An airflow of 47.4 lb/min is required to remove 101W of
heat with an air temperature drop of 500F. The volume of a rectangular
plate an fi1 heat exchanger having a total area of 158 ft2 is about
0.45 ft. The exchanger may be arbitrarily proportioned at 0.5 ft in the
direction of airflow and 1.0 x 0.9 feet in cross section. The total pressure
drop across the exchanger is about 0.08 psi. The input power required,
assuming 0.60 efficiency, is about 0.35 hp, or 260 watts.
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Overall Coefficient or Performance

The overall coefficient of performance of each system is the ratio
of the heat removed from the compartment to the total power consumption
of the system. In the composite system, power is consumed by the thermo-
electric materials, by the compressor and by the air fan:

CO__. ___0_0 O. WAT 

The straight vapor cycle uses power only for the compressor and the fan:

G% = 1.1. 00 M O.4S0 w-rvs

The overall coefficient of performance for the straight vapor cycle is thus
seen to be more than three times as great as for the composite Peltier-vapor
system.

Sumary of Comarison

The preceding paragraphs have compared the straight vapor cycle with
the composite system in several respects. The results are sumarized in
Table 31.
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Table 31. System Comarison for 10KW Cooling Capacity
(Peltier vs Vapor)

Straight Composite
Vapor Peltier-Vapor
Cycle Cycle System

Evaporator Weight (ib) 15.4 (total, 350 (thermoelectric
including fins) material onlyexcludes

Junction plates, in-
sulation, fins, etc.)

Compressor Input 24.2 33.7
Power (h)

'Radiator Area (ft ) A (240 at 2.65A (635 at 200°F
200(,F 14in.) Min.)

Air Fan Power (hp) .0.35 0.35

Overall Coefficient 0.545 0.174
of Performance

It is seen that in all important respects the straight vapor cycle
shows a decided advantage over the one containing the Peltier evaporator.
The basic reason is that the Peltier evaporator requires the use of
electrical power to transfer heat. This power is not only employed at a
low utilization efficiency but also completely degenerates to heat and adds
to the heat load of the second stage. The property of thermoelectric m
materials by means of which it concentrates the heat flow into a small
flow area cannot be used effectively because adequate heat transfer areas
at the air and Freon sides must still be maintained.

The comparison as it was made here is conservative in that assumptions
were made which favor the Peltier system. A realistic appraisal, in, which
more nearly optimum conditions were chosen for the Rankine cycle, would
probably yield even more striking results than those shown here. For
cooling very small volumes having low heat output, however, the Peltier
system b.gins to be competitive with a vapor cycle.
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WEIGHT COMPARISON OF EXPENDABLE COOLING IETHODS TO RECYCLE COOLING
METHODS WITH A SPACE RADIATOR

Figure 10. offers a visual comparison of the expendable and recycle
cooling methods. From these sketches, the weight, of the expendable method
is a total of the weight of the expulsion system WE, the weight of the
fluid 14f, the weight of the tank Wt, the weight of the valve W , the weight
of the controlled compartment heat of changei, or cold plate (i used) Wc,
the weight, of the tubing and fittings (hardware) WH, and the weight of the
pressure regalator Wv. Similarly, the recycle methods weight is the sum
of 4V, Wp, 4, W, the weight of the pump or compressor W, the weight
penalty for the pump power W1, and the weight of the space radiator W1..
For the trade-off point, where both methods weigh the same.

W .= we +W,+W .W,, +W, 4W+ -W,,.= W =W-W ' W V.. 4W ,'

(139)

Also, the heat load rejection must be the same so that

- = W,=(a o)

where - = heat load BTU/HR,

t time, HR and

= - - useable heat of vapoitzation(or enthaluy diff.) BTU/LB
Wax Expendable -system weight

B"t \ -W = .)

orL (341)

Substitution into equation 3./+ yieldsFurtermre,~ ~.~ '~ fr te reycl mehodradiator.

= Recycle system efficiency including radiator effectiveness.

".= Radiator temperature (OR).
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This equation can be used to compare expendable methods with recycle
methods where r L is a constant dependent on the two methods compared.

A curve of T y versus t for various Y ratios is presented in
Figure 102. A r

Example

Use of Figure 102 can be illustrated by a comparison of a known Freon
21 method to an expendable ammonia method.

The known Freon 21 method has a coolant capacity of 1000 watts wth a
600 watt compressor and a 2000F radiator. The minimum radiator area for
this method is O .

--r " r 1.,, (. .6r

and the method efficiency is 0= 0 = O. 62'5.

The weight of this method (including power penalty) is 260 lb as shown in
Figure 103.

Using Figure 21 with WEC. = WO. = Z60 b.

and W..'% W +WL shows that W - 15 L0.

calculating K with L = 300 BTU/lb,. for ammonia stored to 5000 psi yields

K =' W.L . = _,_ = so"r0.

Referring to Figure 102 with K = 5070 and Tr = 6600R, gives t 11 hours
(which agrees with the value shown in Figure 103).

SURACE AREA AND TOTAL WEIGHT COMPARISONS OF SEMI-PASSIVE AND ACTIVE
RECYCLE COOLING MTHODS.

The comparison estimates of weight, radiator area, and power require-
ments made in Section VI for active control methods are all based on a 40-or
50OF compartment temperature. This temperature is the ideal temperature
for control of a manned vehicle as reported in Reference 25.

For practical comparison the power penalty weights and areap from
Figures 96 through 99 have been added to the tabulated values for the Freon
1 vapor cycle, air gas cycle and Peltier cycle in Section VI. In addition,

area and weight values for a semi-passive 60% ethylene glycol-water cycle
have been calculated. These areas and weights are plotted versus cooling
capacity in Figures 104 and 105.
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TEMERATURE CONTROL S7STEMS

In most space vehicles with internal heat generation, a combination of
temperature control methods is required for optimum design.

The most complex temperature control systems are usually encountered
on manned re-entry vehicles where an air circulation semi-passive look
is required in the cabin, a liquid semi-passive or active loop is required
to control the air temperature and cool electronic equipment, and an expend-
able method is required to cool the vehicle during re-entry. Several
systems for manned or large electronic compartments are shown in Figure 106.
The coolant fluids indicated on this figure are the optimum fluids indicated
in Sections III and IV. Comparisons of weight and surface area requirements
of active and semi-passive liquid loops Figure 104 and 105 indicates that
the semi-passivd loop will usually be chosen unless an extremely large
cooling capacity is required. The semi-passivu liquid loop is almost always
chosen over the passive heat transfer control for large compartments with
heat dissipation since modulation of compartment temperature is possible
and liquid to air heat exchangers and liquid cold plates can be used.

For small equipment compartments most of the methods discussed in
the previous section can b; considered depending on heat dissipation and
temperature requirements. Several temperature control systems for small
compartments are shown on Figure 107.

SPECIAL CONSIDERATIONS IN COMPARING TEMPERATURE CONTROL M4ETHODS

The comparison of temperature control methods becomes more complex
when the special considerations of an actual vehicle are included. Some
of these special considerations are type of mission, compartment temperature

.requirements, skin and radiator temperature limitations, and vehicle weight,
volume and surface area restrictions. Table 32 lists these considerations
with some of the parameters ana effects on comparison of methods.

This table illustrates only a few special considerations. Other con-
siderations sometimes become even more important. For example, in one case,
an electronics manufacturer chose a relatively inferior coolant semi-passive
liquid in order to insure a high dielectric constant and no flamability,
In this case, the prime consideration was reliability. This coolant required
heavier heat exchangers, cold plates, ana lines, more pump power and higher
line pressure drops. But the manufacturer was willing to overlook these
penalties to be assured that, should a liquid line leak slightly, no elec-
tronic equipment would be impaired.
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This example case and the table are important in illustrating the fact
that optimization of a coolant method cannot be done by arbitrary weighting
of all the parameters affecting a choice. Weighting of the parameters must
usually be done in consideration with the particular requirements of each
vehicle. Reference 3 of this program is a study of integration and optimi-
zation of environmental control systems.

CONCLUSION

General results obtained from comparison of methods in this section
are summarized in Table 33 and Figure 108. Table 33 shows the relative
position of passive, semi-passive, and active methods for different com-
parison parameters. Figure 108 establishes the usualy boundaries for the
basic methods relative to temperature and heat load. (Note that boundaries
for heat load on this figure are fairly arbitrary.)

Figures 103, 104, and 105 are specific comparisons of methods for use
in controlling a 40 to 500F compartment such as a manned compartment.
Results from Figure 103 indicate that the expendable method will be lighter
than an active method for missions up to 44 hours with a 1000 watt heat load.
Figure 105 indicates that a semi-passivo liquid cycle will be lighter than
an active vapor cycle for heat loads up to iLeOO BTU/hr. Interestingly,
Figure 104 indicates that no trade-off exists in surface area requirements.
The lighter active Freon 11 vapor cyle requires more surface area than a
heavier Freon 11 vapor cycle and the semi-passive cycle always requires
less surface area than the active Freon cycles.

The specific comparison used in-this section indicates that surface
area and weight estimates for various methods for use in space vehicles are
affected significantly by power penalties. A considerable amount of error
is introduced by the rough data on power penalties and component weights.
A detailed study of power penalties of weight, volume, and area is recom-
mended as a necessity for valid comparisons between methods. Also, componen.
weight estimate equations are in error when compared to off-the-shelf hard-
ware. Evidently very few components are actually optimized for minimum
weight and volume. Thus, optimization of components is necessary before any
meaningful equations for prediction for component weights and volumes can be
derived and used.
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Table 33. Rating of Methods

Method Passive Send-Pasaive Active
Paxameter

Expendable Other

We ight* 1 1- V
Ti-Dependent 2 3

(3) for high) (2) for high
beat load beat load

Vobme 1 Tkas Dependent 2 3

ReflabiIty 3, 2 2 31

Bond i 2 3 1
Control

*ncude powler penalties. 1 -beat

+ Passive \
or ~ (o ledpsiveT

0 100
Svehicl, skin or raditorte ..Mture

Pgure 1.08. 2euperature Control Methods An a Jntion Of !s~rture AMd Beat Load
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SECTION VII

THERiAL CONSIDERATIONS OF SPACE VEHICLE EQUIRENT

This section is presented to give the enironmental systems
designer a familiarity with the thermal characteristics of the marv
components and systems he is called upon to support, and to emphasize,
by example, the necessary role of the thermal engineer in arriving at
optipized equipment design.

The heat generation characterists of typical equipments are
discussed and, where possible, the thermal circuits describing the
modes and paths for rejection of the generated heat are presented.
The temperature limits of equipments are then categorized showing
present state-of-thw-art, the nature of the limitation (materials
prooesses, etc.). and the approaches and promising methods of improv-
ing the temperature limitations.

Having considered the heat generation characteristics and
temperature limitations, the basic methods of controlling the thermal
effects are investigated. These are categorized as:

(1) Decreasing the heat generating rates
(2) Developing components for higher operating temperatures
(3) Protecting from generated heat
(4) Removing generated heat

A practical design problem follows illustrating the application
of some of the techniques.

NOMENCLATURE

,nlish Letter Symbols

A heat transfer area normal to flow, ft
2

Af fluid flow area, ft2

C flow stream capacity rate, w ep Btu/hr-°F

Cp specific heat at constant pressure, Btu/lb-°F

cv specific heat at con.tant volume, Btu/ib-°F

D diameter, ft
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e base of the natural logarithms (2.7183)

f coefficient of friction, dimensionless

F failure rate

0 mass velocity, w/Af, lb/hr-ft
2

g gravitation constant, ft/hr
2

h heat transfer coefficient. BtuAhr-ft2 -oF

HP horsepower

I current, amps

k thermal conductivity, Btu/hr-ft-°F

L length, ft

MN molecular weight

N nth number in a series

P pressure, lb/ft
2

q heat load, Btu/r

R thermal resistance to heat flow, OF hr./Btu

T temperature, OR

t temperature, OF

t thickness, ft

U overall heat transfer coefficient, Btu/hr-ft2-OF

V volume, ft3

W weight, lb

w flow rate, -lb/hr

24~8



A difference

Sviscosity, lb/hr-ft

P density, lb/ft 3

summation

ratio of specific heats P/Or

Subscripts

1 initial conditions

2 secondary conditions

O out

R rejected or radiator as noted

T tbtal

TEMPERATURE LIMITS OF EQUIPMENT

For orbital flight, few high temperature problems are anticipated
with mechanical equipment due to the generally high levels of permissible
temperatures. Mechanical equipment such as valves and gears can be
exposed to temperatures in the neighborhood of 5O0F. Hydraulic
equipments are presently capable of withstanding temperatures in the
order of 400°F, with O00F the target temperature for the near future.
During re-entry this is not necessarily the case and environmental
protection will be required. However, the major emphasis of this
discussion is concerned with the more critical electrical and electronic
components.

-One of the primary problems facing the electronic designer in the
thermal design of electronic equipment is the determination of the
maximum temperatures which electronic parts can withstand. The maximum
temperature is usually limited by the thermal coefficients of the
electrical characteristics of the part and their effect on electronic
performance, the degree of reliability and life desired, and the
temperature which the part can survive without- outright failure. The
thermal effects on electronic performance are considered to be peculiar
to the clrenits involved and indirectly related to the heat removal
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problem. Therefore, a discussion on the thermal coefficients of
electrical parameters is not considered a subject of this report. It
is realized that the degree of cooling can alter the electronic
performance by lowering the temperature spread and, in some instances,
special cooling means will be required for this purpose. However, in
most electronic equipment, the life, reliability and survival temper-
atures are the primary thermal factors.

Much remains to be accomplished in the determination of temperature
vs. life or reliability for electronic parts. In general, such
information is difficult to obtain. A reasonable collection of material
on the maximum survival temperatures of electronic and electrical
component parts is available. A considerable amount of this data is in
terms of ambient temperature which is inadequate in the design of densely
packaged electronic equipment. It is anticipated that the parts
manufacturers will ultimatelv rerate their products and also assist in
determining their compatibility with coolant fluids.

A list of the temperature limits of several representative
electrical and electronic components which are representative of the
present state-of-the-art are shown in Table 34. The particular detailed
part or reason for the temperature limitation is indicated where known.

In the 15o-200 F (66-93C) group are listed the 28-volt d-c over-
voltage and differential reverse current relays. The purpose of these
relays requires pickup and dropout within a relatively narrow tolerance
and the effect of elevated temperatures is to cause operation outside
the tolerance band before an actual material failure occurs. This
limitation may apply to other relays limited by critical pickup and
dropout values.

The bulk of items charted are In the range of 200-250 0 F (93-121).
The temperature limitation of a majority of these items is due to
bearings, rectifiers, and capacitors. The temperature limitation of
the bearings presents a serious problem because of their widespread use
and the fact that the generation of electric power by dynamic generators
depends on the proper operation of these bearings. If the bearing
limitation can be cleared, an immediate uprating to the 400-450OF
(204-232C) group is possible if Class H in-ilation is used. Class H
insulation according to AIEE (American Institute of Electrical Engineers)
standards may be a silicone elastomer, MICA, glass fiber, asbestos, etc.,
with suitable binding substances such as appropriate silicone resins.
Limiting temperatures are listed at 1800C for these materials, but some
upgrading is permissible as indicated.

The uprating of rectifiers and capacitors is extremely important
as these are components of mary equipment items. The rectifier problem
may be solved through a new approach, while the solution of the
capacitor problem is to obtain acceptable capacitance tolerance over a
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Table 34

Component Temperature .Limita

Equipment Components Tempera- Temperature
Components ture Limited by Limits OF

Transistors, Germanium 10125o F
Batteries Plate Materials 100-150O F
Potentiometers -65-185oF
Relays - Over Voltage Resistance and 150-200OF
Relays - Reverse Current Reluctance Changes

enerators - A.C. Bearings 200-250
erators - D.C. Bearings

Motors - A.C. Bearings
Motors - D.C. Bearings
Inverters Rect. & Bearings
Rectifiers-Metallic Base Material
Regulators - A.C. Rectifiers
Regulators - D.C. Rectifiers
Terminal Strips Insulation
Terminal Strip Covers Material
Capacitors Dielectric
Current Limiters Resistance
Switches - Toggle Economics 200-250
Transistors, Special Silicon 265°F Max.

Foam Plastic Sandwich 300F Max.
Relays - Power Solder 300-400
Relays - Control Solder
Relays - Gen. Field Cont. Solder
Porcelin, Silver Capacitors 390°F Max.

Transformers Insulation 4150 F Max.
Valves Insulation 400-450
Connectors Insert Material
Switches -Unit Spring

Wiring Insulation 450-500
Solenoids Insulation
Resistors - Wirewound Insulation

Subminiature Tubes Surface Temp. 500O F Max.
Vacuum Tubes Envelope Temp. 500°F Max.Bonding Resins 575F Max.
Clamps - Cushion Insulation, Cushion 500-800

Ceramic Tubes 750OF
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wide temperature range.

Note that toggle switches are listed on Table 34 as limited to the
200-250°F (93-121C) group by "economics". This means the switches may
be capable of, and probably are, operating at higher temperature but for
lack of economic demand have never been tested. The lack of demand is
probably due to the cool atmosphere resulting from the requirements of
the manned compartment in which switches are usually mounted. Additional
testing may permit immediate uprating in temperature where required.

Generally used control and power relays are limited in the
300-400°F range by solder used in internal wiring. There are high
temperature solders available but often the use of the higher temperature

solder presents severe production problems. Mechanically attached
terminations may be the solution. If the solder limitation is
removed, insulation will be the limiting material with an upper temper-
ature limit of 400-4500F.

Insulation limits the majority of the remaining equipment in
Table 3-1. Upgradingi eyond tlii-0--0O 0 F diass H insulation range may
be one of the major problems except in cases where bulky inelastic and
inorganic insulations are acceptable. For want of a satisfactory higher
temperature insulation, it is entirely possible that the 400-500OF
(204.2600) rafige wil3 prove to be a plateau of temperature upgrading.

In general, most of the presently used equipment is not designed

for the new space era and much remains to be 'done, desigrwise, to woff-
the-shelf" items to reach their thermal optimum.

In actual practice, many equipment items are rated on a steady
state basis hich does not necessarily conform to space vehicle usgAe.
For example, assume that a 200°F rating is based on the assumption of
a full 2000F for tall life. If, however, the normal application does
not subject the component to a 200OF steady state coxilually but only
for relatively short periods, with normal steady state operation at
1500F, then the component is rated too conservatively with regard to
actuLl usage and life requirement. The rating of the 20OF component
might be upgraded to 400OF is short enough and repeated exposure to
4000F is infrequent. Based on this fact, additional testing may permit
upgrading the operating temperatures of current equipment. Operating
life may often be sacrificed to gain higher operating temperatureI

- however-, the choice between life length and operating temperature mst
be made carefully and must be based on intended usage (see next part
on thermal de-rating). This illustrates that rating method must be
covtible with space vehicle usage.

In each of the above cases, reference is mAde to limiting hot spot
temperature. However, it is Important to realize that a high maximum
hot spot tomperature does not guarantee an effective high temperature
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component. For example, a 600OF insulation operating temperature is of
no value in a transformer design if the 600°F hot rpot is so isolatedfrom the cooling medium that the-surface must be cooled to 20OF in

order to keep the hot spot at 6000F. Higher operating temperatures
cannot be substituted for good thermal design.

It is apparent that many difficult problems must be solved before
the ultimate in equipment uprat:Lng is reached. It mut be remembered
that the goals of increased performance aad reliability are not only
desirable but are often manditory in space applications.

The immediate uprating of equipment operating temperature is not
possible. In the interim, the space vehicle must suffer a large cooling
penalty must always be held to a minimum and much can be done to arrive
at more effective cooling, even with presently available materials and
components. In accmplishing this aim, there are two major considera-
tions: (1) Choosing the most effective cooling system and (2) Choosing
the most thermally efficient equipment available. The choice of a
cooling system and the best thermal equipment are integrally related and
both must be considered jointly. However, the most important problem
appears to be the design of electric equipment which is as thermally
effective as possible. A further discussion of the progress of certain
programs in uprating the temperature ratings of electrical and electronic
equipment is included herein under the subject of "Methods of Controlling
Thermal Effects".

HEAT GENERATION BY SPACE VEHICLE EQUIPMENT

This portion of the section discusses the heat generation of typical
equipments and presents illustrative thermal circuits showing the
complexity of the heat flow paths from the components to a sink.

The temperature variation of the internal structure with changes in
envelope temperature may differ greatly among different types of
components. For example, the plate structure of a vacuum tube transmit-
ting heat to the tube's envelope principally by radiation undergoes a
much smaller temperature change than the envelope because the rate of
heat transfer is a function of the difference of the fourth-power of the
absolute temperatures. In contrast, the innermost windings on a trans-
former may change in temperature almost as much as the surface when the
cooling conditions are changed because heat is transmitted to the
surface principally by conduction. If a low-loss component, such as a
condenser, were mounted in such a way that it received heat by radiation
from adjacent high temperature components, both its surface and internal
temperatures would rise until the heat gained by radiation was offset by
the heat lost from the surface by convection and conduction. Its
internal temperature would approximate the average surface temperature.
Regardless of the type of component, the surface temperature thus
furnishes a reasonable indication of the internal thermal conditions
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which determine whether or not a component will fulfill its design
functions (Reference 59).

Electronic Fiipmant

Vacuum Tubes

The modes of heat generation and removal within a vacuum tube are
complex. A simplified thermal analogous circuit is shown in Figure 109.
A high temperature emitting surface is neaessary to maintain proper
electronic emission. Heater temperatures rangs from 100 to 13000 C and
cathodes operate in the neighborhood of 75000 (Reference 60). Tube
structures are designed so that the thermal resistance fiom the heater
and cathode to the envelope and leads is as great as possible in order to
reduce the heater power to a minimum. However, for circuit purposes, most
tubes are provided with low inductance leads to their internal elements.
These leads can conduct heat fre" the cathode and a compr mise between
the therml :and electrical requirements must be made by the vacuum tube

manufaturers.
Much of the heat dissipated in vacuum tubes appears at the plate.

Almost all the heat produced at the filament, cathodes, control grid and
screen grid is transmitted by radiation through the vacuum into this
plate. The remainder of the heat produced by tube elements, other than
the plate, is radiated to the inside surface of the tube envelope and/or
conducted into the tube pins by metallic conduction paths aleg the tube
element leads. The plate is heated not only by the heat received from
the other elements but also by its normal dissipated energy. Plate
temperatures in vacuum tubes, other than transmitting types, normally
range from 35000 to 4000 0. Almost all of the energy dissipated by the
plato is transmitted by radiation through the vacmm and is absorbed
by the glass envelope. Due to its transmission charaeteristie.c glass
begins to be a poor transmitter of infrared radiation at 2,5 miorons,
Thus, glass is essentially opaque to radiation from sources near 40c,
and only 6% of the energy radiated from the plate is transmitted dirsetly
through the glass envelope. The remaining 94% of the heat radiatd from
the plate is absorbed by the glass. The glass is heated and rOrNiiateg
part of this energy at a lower temperature level and couvects or conduets
the remainder to the environmmnt. Some heat from the plate is conducted
along the plate lead through the tube pins. When plates operate at
temperatures of the order of 750c to 85000 (cherry red), as in tantalum
element transmitting tabes, the majority of radiation from the plate
pauses directly through the glass.

These modes of heat rejection from within a vacuum tube result in a
concentration of heat in the glass envelope adjacent to the plate and to
some extent at the base of the tube. If a tuba is mounted vertically
and operated in free air, a small hot spot, due to conduction thbrogh the
leads, will appear at the base and the envelope will have a definite hot
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spot at approuiately two thirds its height, oposite the plate, due to
radiation through the vacuum. Glass is also a relatively poor heat
conductor and marked temperature gradients will appear in the envelope
and adjacent to the upper and lower edges of the plate structure. It is
desirable to cool vacuum tubes in a manner that will reduce such gradients
in the evelope. large temperature differences can cause severe mechanical
strains which lead to welope breakage.

It can be concluded that vacuum tubes must be cooled primarily by
removing the heat from the envelopes. A portion of the heat can be
removed through the pins or leads at the base. A study of the magnitude
of heat removal which can be obtained by tube pin cooling is indicated
in Reference 60.

Semiconductor Devices

Although semiconductor devices generate less heat than comparable
equipments such as vacuum tubes due to higher electrical efficiency, units
such s oawr transistors, semiconductor diodes, and similar devices
generate large quantities of heat per unit of mass. In transistors the
power is usually dissipated in the semi-conducting collector and bas
material and .to some extent in the junction, as in the case of junction
transistors. The heating occurs locally inside the device and must be
re@mwd through conduction in the case and the leads. Figure 110 is a
schematic of an equivalent circuit of heat dissipation (Reference 61).
Included in the circuit shown is a fin which is usually required for
adequate heat dissipation adding to longevity of these devices. The
techniques and methods applied for heat removal will be discussed in a
subsequent part of this section.

The power handling capabilities of a transistor are iargely dependent
upon the maxima temperature which the aterial or junction can withstand.
The maximm, voltage and current ratings are also limiting factors, but in
maW cases the maxia temperature ratings wil be exceeded first. The
marbur junction temperature is that at which the reverse saturation
current becomes large enough to cause thermal rnaway, or the toperature
at which the density of the thermally excited carriers become great
enough to prevent transistor action.

Electrical WiPMet

Transformers

The thermal analog of a transformer is displayed in Figure 1M1.
The heat flows out of a 'transformer structure to the environment as
foil-ws: n the usual power transformer, the coil and core are close
fitting, and together present a more or less unified exterior surface
which is composed of the exposed surface of the coil plus the exposed
surface of the core. Heat flow to these surfaces from the interior of
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transformer is primarily by conduction. The losses in the.core and coil
are not generated at a point but are distributed uniformly. This causes
the interior flow paths to be quite complicated. However, with regard to
the circuit external to the core and coil, the paths may be represented
as single resistance connecting the source of heat with the transformer
surface. Included in the circuit is provision for conduction between the
core and the coil. When an impregnant is used, another thermal resistance
is added to the circuit. Heat transfer from the outside surface to the
environment can take place by all three modes (radiation, convection, and
conduction), through the mountings.

The aot important temperature in a transformer is the coil hot spot,
temperature. The largest temperature is usually between the coil hot spot
and the core. If the maximam hot spot temperature is exceeded, the coil
insulation is in danger of breakdown with subsequent failure of the
transformer and possible damage to the connected equipment.

Connectors

The electrical connector like mazy other electrical and electronic
components is a heat generating device. The total power transmitted
through the connector and the length of exposure at a thermal environment
must be established, as limiting operation parameters for each connector
used. The limits of operation are defined in Reference 62 as the means
of control to safeogwrd the physical properties, as well as the electrical
and environmental inbegrity of the connector unit. The connectors referred
to here are basicallr miniature multi-contact electrical connectors which
conform to specification MIL-C-26500 (USAF).

The temperature gradient across the connector is a function of the
heat generated withit the unit or the total amount of curromt flowing
through the contacts. The surrounding air conditions affect the heat
transfer rate and thtu the temperature gradient from the metal shell to
the region of air turbulence. The thermal resistance of the interface is
a function of the velocity of the airstreams therefore, a higher velocity.
airstream will result in a lower temperature difference between the
interface and the bulk temperature of the airstream. This of course
implies that for space vhicle application, these connectors will be used
with equipment located within pressurized, environmentally controlled
compartments where forced circulation of air or cooling gas will be
utilized.

In steady state heat transfer condition or continuous connector
operation, the heat generated within the connector is equal to the heat
transmitted from the unit. The temperature rise within the connector is
to be proportional to the power loss, which nor be expressed by Joule's
Law &at n z

L (14I3)
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Heat conducted from the connectors may be expressed as Fourier's Law as:

q L

where T - t - ta, the temperature difference between the hottest
contact and tife alent temperature.

T1 a temperature rise generated by the full rated

current If through all contacts NT

For known connectors

4T is the temperature rise which results from various
curent combinations.

'I then is proportional to ql the know. heat generation,
established by test.so that

AT

by -substitution

NI
= A I , T

also

t~ N - -T r(i 6

Referene 62 indicates that theoretical calculations of temperature
rise due to generated heat within the connector are within five percent
of taet data for the particular connectors In question. Utilization of
Kquatlon I46 is depedent upon the accuracy of data for AT1 . Ordinari3r
this data in ebtained by tests of Masa connectors for 4A os current
leads and ambient temperatures utilizing natural convection and forced
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convection cooling. For space vehicle application this data must be pro-
sented in a manner to indicate forced convection cooling. Other parameters
of gaseous pressure, cooling gas velocitie, and coolant gas temperatures
must be introduced in order to present the Vpe of information which will
be useful to the environmental control systems engineer.

Mechanical Equi ment

Fundamentally, the most important properties in detemining tho amount
of heat generated by am piece of mechanical equipment not containing the
prime moves are the power input and the energy conversion efficiency of
the equipment. For example, a highly efficient piece of equipment may
show an efficiency of 90 to 95 percent so that the heat generated is
low but all the input energy is ultimately converted to heat which has
to be dissipated by the environmental--control system.

If the equipment is a type of space vehicle power supply systm
which utilizes a combustion process and operates according to a atandard
thermodyaAi cycle, the losses will be considerably greater. The heat
energy generated may be several times the energy required by the equipment
utilizing the generated power. If all of the equipment is in a sealed
insulated compartment, the total energy relued must be dissipated or
removed by an environmental control system except for the quantity which
may be "dumped" overboard by the exhaust system of the heat engine. It
can readily be seen that for space vehicle applications, all equipment
should be highly efficient and at the same time designed to require as
little power as possible commensurate with the desired function.

Depending upon the mechanical equipment in question, heat W be

generated in several different ways, but principally the heat w4i be
generated by the mechanical Inefficiency through friction, and through
the thermal inefficiency of the energy conversion method employed.

Friction

Considerable heat can be generated by mechanical equipment due to
the rubbing of two metallic surfaces together during rotational or
translational notion of the component parts.

When friction occurs n the vacuum of space it may be considerably
greater then it would be in a similar situation at sea level. Figure 112
taken from Reference 63 shows a comparison of average friction data for
19 metal pairs. The vacuum data was takep an soon as the pressre in
the environmental -chamber reached 3 x0 m HEg or less.

!t can be readily seen that in areas of a space vehicle where there
are unpressurised compartments including exter nally munted equipment
such as rotating antennas, solar cells, space radiators, and attitude
controls, greater heat generation rates can occur duo to increased
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friction if no lubricants are used or if the lubricant. have evaporated
due to the vacuum of the space environment. Much work remains to be done
in emploring the friction phenomena in the space enviroment and the
corresponding temperature and heat generation problems associated with
and as a result of these phenomena.

METHODS OF CONTROLING HEAT GENERATION

There are principally four methods for controlling the thermal effects
of heat generating or thermally sensitive equipment:

(1) Decreasing heat generation rates
(2) Developing of components for higher operating temperatures
(3) Protecting from generated heat
(4) Removing Generated Heat

These methods are discussed in detail in this and the following two
parts of the section. The methods for decreasing heat generation rates
and some of the current program for the development of components for
higher operating temperatures are discussed in this part.

Heat generation in equipment may be decreased by (1) increasing the
efficiency of energy conversion devices or substituting energy conversion
devices of higher efficiency such as microminiaturized electronic
equipmento (2) systems integration, (3) programming heat generating
equipment for conservation of power, and (4) special devices such as low
temperature theriionics, etc.

Several program have been -or are presently being conducted to
develop copon-sts for higher operating temperatures. Two of the
current program discused here to illustrate the direction that must
be followed in order to eventually attain equipment which will operate
at higher temperature levels are the "Hotelec" program (Reference 64)
and the "Tims" program (Reference 65). Integral with the programs to
develop equipmet for higher operating temperatures are the programs
being conducted to develop new materials which will aid componaht and
systems design. An alternate method to the development of equpiment
operating tmeratures is the use of one of the various techniques of
thermCY de-rating the equipment. Some discussion is devoted to this
subject to define the various meanings of de-rating and to shom, some
approaches to the thermal rating of a typical electrical component part.

Microminiaturization Designs

The requirements of space vehicles for extramely small electronic
units which are light weight and highly reliable has accelerated the
development of microminiaturized components and systems.
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There are basically five major approaches to microin Ature concepts
which can be separated (Reference 66) as follows:

(I) Nigh density packaging
(2) 2-D circuitry
(3) Micromodule
(4) Integrated circuitry
(5) Functional circuitry.

These five may be further reduced for the purposes of this discussion
to two basic philosophies. The first Is the micromodule concept which
places a single component on a small plate (wafer) and then combines
these plates to form standard circuits. A goal of 500,000 parts per
cubic foot has been set for the component density of this concept. The
second approach utilizes an entire circuit on one small plate (substrate).
The IBM thinfPn effort exemplified this concept with component densities
up to 5 x 1 0-0 parts per cubic foot. An outgrowth of the second type
is the solid-circuit or moletronics where all components are an integral
part on a single active element. Each concept has certain advantages and
disadvantages depending upon its utilization but they all have the
adTantages of lower weight and volume, and higher reliability.

Unfortunately the inherent thermal characteristics of ultrasmall
devices is to have a high power density (heat dissipation/unit volume of
the equipment) which is exactly opposite to the desired characteristics
from the standpoint of cooling requirements. The introduction of trans-
istor devices to replace tubes initially reduced the power density, but
further developments have raised the power density to two or three orders
of magnitude higher than comparable vacuum tubes.

AMiexamination of the cooling requirements of these miniaturized
units has raised the Importance of heat transfer to a prime level. Each
concept must be evaluated for the best methods of dissipating generated
heat or the overall gains in volume and weight reduetion may not be
reached.

Presently there are four areas of deelopment that may alloviate the
severity of the present thermal problem vithout affecting component
density or reliability: (1) power reduction through use of pulse logic,
(2) lower signal levels, (3) use of solid or moleletreonlc cir ults,
and (4) development of high temperature components (Reference 67).

The area hich has been applied to the best advantage is the pulse
logic rather than D-C logic. Since the pulse logic does not require
contiuous application of power to the circuit application result In
considerably less power dissipation. This mode of operation has been
the foremost method applied toward the minimizing of heat generation
within microminiaturized components to the present tim.
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Since the amount of power dissipated within a circuit is a direct
function of signal levels, another method of retarding the power trend is
the radical reduction of these levels. However, there are limitations
below which the level cannot bg decreased, the principal one being the
necessity of having an adKuate signa-to-noise ratio so that the signal
is easily distinguishable. Since the emphasis has been to maintain
present signal levels this technique has been somewhat neglected.

The final concept is directed toward the development of components
for operation at higher temperatures, primarily in the 500 to 6000C
range.

Energr Conversion

The demand for space vehicle power is increasing rapidly for which
two types of power sources are receiving the greatest interest:
(1) ch-mical energy (either converted directly to electrical energy or
converted to thermal energy and then to electrical energy) and (2)
solar energy. The majority of the development work on conversion systems
is being conducted on four devices: (1) fuel oells, (2) thermoelectric
converters, (3) thermionic converters, and (4) solar cells. The
electrical output of these devices is low-volta e d-c, with the exception
of the thermionic device, which may be developed to produce a-ec

Table 35 presents the available data on the various conversion

system, which includes possible growth potentials of some of the systems.

It appears that fuel cells will become a major power-conversion
device for missions not exceeding about two weeks because of their high
conversion efficinecy.

In order to reduce waste heat to a minimum it may be desirable to
utilize nor* than one power source, each having its desirable character-
Utica for different power requirements. For sumple, a fuel cell power
source could be utilized for low contintous power operating a water
recovery system, while an expansion engine APU could be utilized for a
short period for supplying flight systems during re-entry or for high
power surveillanoe radar equipment for short periods during orbital
flight.

Integratien of E1iaiment

Two qualifications or criteria for integration are duality of
of function and replacement of function. By this definition it is
possible to reduce the heat generated by equipment through the integration
of equipment to increase efficiency of operation over that of the
wduntegrated equipment. An example of converting waste heat into useful
energy through Integration is a secondary power system which may derive
enerC7 from the heat generating components of the vehicle. In this case
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consideration of increased radiator weight resulting from reduced trans-
port fluid temperatures would tend to reduce aZV overall gains made by the
integration.

Conservation of Power (Programming Operation)

By systematically planning the operation of the various equipment
carried aboard a space vehicle the total heat load and the maximum
possible peak load at any given time may be reduced. Pro-mission planning
for equipment operation must include primary mission function, mission
duration, power available, power usage, priority of equipment function,
priority of data, and safety.

In order to reduce the equipment heat load generated at a given time
the following methods may be applied:

(1) Turn off equipment when not in use (minimize standby operation
of commuication equipments, etc.)

(2) Program equipment operation for series operation rather than
slmultaneous operation (in other words don't tarn n -everything
at once), This will aid in reducing size of power supply
system.

(3) Intermittent use of equipment to utilize system mass for
natural heat lags.

In order to minimize the oyerall heat load that Ma be generated the
following methods may be used:

(1) Optimize equipment operation in terms of mission function.
(2) Restrict data transmittal to indicate changes of sufficient

magnitude only.
By careful progranming of equipment, operation benefits may be

realised in term of power conservation, reduction in the size of the
power system required, reduction in system complexity, and possible
reduction in overall vehicle sise and weight.

Low Teperatore Thernionics

By using low-temperature thermionie converters where possible, high
teperature problems are reduced resulting in decreased heat generation.
Also, life of the materials can be prolonged and system reliability
enhanced. Test cells have already shown conversion efficiencies up to
15% and densities of 5 watts per square centimeter at the relatively low
temperature of 12000C. This operating temperature is far lower than that
of other converters, whose emitters usually work at 18000C. Low temper-
ature thermienio converters will enable solar power to be fairly easily
stored and used. For example, heating for cells operating in the 18000C
range is extremely difficult. Therefore, earth orbiting satellites
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using thermionic cells would have to store electrical energy for darkside

operations. On the other hand if the emitter is operated off a 12000C
source an extremely simple and lightweight beryllium heat storage unit
could energize the cell during dark periods. Lower temperature also
means that solar mirrors serving thermionic arrays would not have to bt
as accurately oriented as they would for higher temperature operation.

METHODS OF PROTECTION FROM GENERATED HEAT

Space vehicle equipment components which differ in temperature
sensitivity cannot be packed into the same environment without risk of
early failure of the more sensitive elements unless some method of
segration or shielding is used to protect them. Some of the methods
discussed in the following chapter which may be applied, are as follows:

Segration of heat generating and non-generating, and segration of
critical and non-critical (temperature sensitivity), equipment.

Arrangement (relative positioning) of equipment for best utilization
of a cooling medium.

Locally applied insulation and the use of heat baffles.

Protection by the use of closures

Also discussed in this chapter is the relationship of reliability
to system design and arrangement for cooling. A technique for arrange-
ment of components where the reliability factors are known is given and
suggestions for further studies to develop computer programs for optimum
cooling arrangement are made.

Protection By Separation and Spacing

Major thermal benefits can be achieved trough the proper placement
of electronic parts within assemblies. In general, it is desirable to

-locate the heat souimes as near as possible to the coolest surface.
This will provide the shortest thermal path from the source to the sink,
together with the minima gradient. In order to obtain maximum heat
transfer, heat producing parta cooled by radiation and conduction should
always be mounted with their major axes parallel to cooled surfaces.

When it is necessary to group heat producing parts together for an
assembly to be used in a space vehicle an attempt should be made to
group components of like temperature sensitivity together for optimm
utilization of the coolant flow.

For the purpose of illustrating the desirable utilization of a
coolant by equipment compartment arrangement, four heat sources with
step-wise temperature levels are shown in Figure 113 taken fr.om
Reference 69. The equipment and areas selected as an illustrative example
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all generate heat at different rates and must be maintained at or below
maximum allowable operating temperatures. The arrangement of these heat
sources in the cooling circuit influences the degree to which the heat
sink capacity is utilized as well as the reliability, weight and pumping
power consumption of the environmental control system (ECS)o The
temperatures shown are basically compartment ambient temperatures: the
maximum temperature indicated is the outlet temperature of the cooling
fluid from the compartment. The primary system cooling fluid can be
either liquid or gas as separate heat exchangers are indicated for each
loop. Figure llh shows a combined parallel - series fluid loop.

The advantages and disadvantages of each of the typical examples
shown have been determined from analysis in Reference 69. These analyses
provide a convenient means of studying the effect of coolant heat capacity
rate and outlet temperature on required compartment heat transfer surface
area and blower power consumption when no specific information is known
on vehicle electronic and electrical equipment characteristics and
arrangement.

Figure 115 indicates three levels of detail in which the series
cooling technique may be used. For the purposes of this report the
primary concern will be the electronic component (or general component)
level, and possibly the "black box" level where a secondary cooling loop
is utilized.

Certain advantages may also be realized by arrangement of equipment
for parallel supply of coolant. With parallel system a manifold supply
duct of some type is usually used to simultaneously supply coolant to
different assemblies, compartments, or components at the same inlet
temperatures. This concept is particularly advantageous to modular
cooling and ricrominiaturized "card" assemblies where each unit in the
assembly dissipates approximately the same quantity of heat and is subject-
ed to the same temperature limits and cooling conditions.

Relative to the component level, techniques have been developed
(Reference 70) whereby the reliability of components has been used to
determine the best arrangement of the components in a "package" relative
to coolant usage. This technique describes how the arrangment of
equipment groups can be optimized to give the maximum system reliability,
from a thermal -design standpoint. The penalties due to a non-optimum
arrangement can be evaluated allowing trade-offs with other design consid-
orations. The study pertains only to series airflow over equipment,
however, similar techniques can be devised which will apply to equipment

cooled by parallel supply systems.

The average air temperature passing over the nth equipment group,
compartment, or heat exchanger downstream from the primary cooler or heat
sink loop, depends on the airflow rate, the heat dissipated by the
intervening equipment and part of the dissipation from the nth equipment.
Mathematically the average air temperature is
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WCP

where

Tn a average air temperature at the nth equipment

Th2  a heat exchanger exit temperature

W - air flow rate, lbs/min

Op - specific heat capacity, Btu/b.°F

qi = heat dissipation of any group

qn - heat dissipation of group "n"

also

0- +(149)

qT- Total heat removed by heat exchanger (primary) or heat
sink loop.

An a Cumulative fraction of total heat load up to equipment "n"

Tn a can be plotted versus A values of zero to 1 at various
values of W. In order to determine air temperature at theequipment group the (An) abscissa is divided proportionately

to (qg/qT) for each group. The average temperature is the
midpoint of each section.

Reliability is defined as the probability, Pr that given equipmentwill operate satisfactorily for a specified time I

Equation:

Pr e (150)

m - mean-time to failure

Failure rate F in failures/million hours is related to m

as F a 106 [
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Variation of part failure rate due to one failure source appears to vary

exponentially with absolute temperature

or F - Foer , (T-To) (151)

dF aFrdT

Experimentally the rate usually increases with the temperature of the
component. Part failure rate coefficients must be established by experi-
mental data (ri - failure rate coefficient).For variation of equipment group failure rate with temperature, calculatethe group failure rate at several temperatures based on nili

where

ni - number of parts of (i) type

f* a failure rate of part (i)

The temperature coefficient of failure of the group (rg)

g a1 -d Fg (152)

For determining equipment arrangement, layout the equipment groups in the
order of decreasing failure rate, with the high failure rate at the cool
end as shown in Figure 116.

Select an inlet Temp. Tn2 and an airflow (W)

Compute the average air temp. for each equipment group (Fg)

Compute group failure rate temp. coef. (rg)

Then compute Fg x rg for each group.

Calculate air temp. rise due to each equipment group

&Tg q g (153)

If two groups say A and B are interchanged (A is initially upstream of B)
group A will get warmer cooling air by an amount TB and suffer an
increase in failure rate by F x rA x TB. The failure rate of group
B decreases FB x rB x STA. The interchange is desirable if

Fe ,, V- r, "7 P, 6" '-r. (15,)
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Beginning with the cold end the products of F x R x S Tcan be computed
and the desirable interchanges made. If any gquijAent goup moves very
far it may be necessary to re-evaluate the F and Rg at its new tempera-
ture. When the procedure is completed the caiculated best arrangement
will be obtained.

In order to quickly determine the equipment components best arrange-
ment graphically, the blocks representing the fraction of the heat load
(%/qt) for each component of a module may be constructed as transient
paper cutouts as suggested by F. W. Thunberg of Autonetics in an internal
report. It may prove worthwhile to set up the method for computer
solution whereby the program for determining arrangement can be linked
with programs to determine the necessary reliability coefficients.

Protection By Shielding

Various shielding techniques may be used to protect space vehicle
equipment from generated heat. The generated heat may come from various
sources, but in the main it will be from the equipment item, from other
equipment, or from the vehicle during re-entry flight. The type of
shielding utilized for protection may consist of locally applied insula-
tion, heat baffles, or some type of closure or encapsulating method.
The type of shielding used will depend upon the specific equipment of
equipment component in question and the location of the equipment item
in the space vehicle. The equipment carried in a maimed space vehicle
will be located (1) In the protected environmentally controlled crew
compartment, (2) in a specially protected compartment, (3) in an unpro-
tected compartment, or (4) externally on the vehicle. In the first two
cases protection or shielding other than on a small component basis (i.e.,
tube shields, plastic embedment) is accomplished by the compartment and
environmental control system. In an unprotected compartment equipments
can be shielded by use of baffles, locally applied insulation, or by
encapsulation. Externally mounted equipment may utilize the same
shielding techniques and be retracted or jettisoned prior to re-entry
of the vehicle. Proper thermal design of external equipment will
facilitate the temperature control of such equipment, since direct
radiation of generated heat to space can be accomplished from this
location.

Locally Applied Insulation

The application of a type of insulating material or method to an
equipment item may be done as a protective measure against generated
heat. local insulation of equipment is a type of shielding as opposed
to a heat removal technique, although cooling systems invariably utilize
insulation in one form or another, in some part of the system.
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The chassis of an electronic equipment assembly may be insulated to
protect the internal components from externally generated heat. At the
same time such insulation would assure that nearly all of the internally
generated heat could be removed by a coolant flowing through the unit,
thus providing protection from the introduction of undesirable heat into
a space vehicle crew and equipment compartment.

Equipment located in areas which are remote relative to the cooling
system may be protected by insulation from the heat generated by adjacent
equipment or from heat generated during re-entry.

Various insulators of low thermal conductivity are used for purposes
of insulation of equipment. A few are listed as follows:

Fibrous insulation
Honeycomb
Foam plastics
Ceramics
Powdered metals
Vacuum

A more detailed discussion of insulation is included in Sections II and III.

Application to Temperature Control

It was previously mentioned that insulation is often used with a
cooling system to attain a protective system which more nearly approaches
the optimum. Figure 117 illustrates several methods by which close
temperature control may be attained by variable conduction. By varying
the quantity of gas in an insulating material, the conductance of the
insulation can be varied and catrolled to an extent. If it is desirable
to dissipate more heat due to increasing component temperatures the
pressure of the gas within the insulation may be increased to increase
the overall conductance of the insulation system. The converse may be
done when the component temperature decreases. Section III, Variable
Conductance shows the variation of the conductance of- typical insulation
materials with pressure. Although the data are for air, other cases of
higher conductance could be utilized which would expand the range in
which control can be attained.

Heat Baffles

(a) Tube Shields

Tube shields remove heat from the vacuum tubes which they enclose.
They also act as an electrical shield around the tube to reduce inter-
action due to stray fields.
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There are three heat transfer paths fromn bare tube:

(1) Radiation from the envelope to surfaces which the envelope
"sees"

(2) Forced convection from the envelope to the environmental air
or gas surrounding the tube.

(3) Conduction along the tube lead-wires.

In order to be effective in removing heat from the envelope there
must be a minimum of contact resistance between the tube shield, its
base, and the chassis or mounting surface. The mounting surface should
be of metal and be brazed or bonded to the shield. In addition the
tube shield should fit s' close as possible to the tube envelope to
reduce the air gap to a minimum. It is also advisable to have a highly
absorptive inner surface of' the shield. Depending upon the surrounding
components, the outside of the shield can be polished to reflect heat
or left dull and blackened (same as the inner surface) for absorption
of heat, Several types of tube shields are illustrated in Figure 118
taken from Reference 71,

(b) Subminiature tube Shields

The Urap-aroUxnd shield is the most commonly used subminiature tube
shield in current electronic equipment, The shield consists of a
cylinder of springy metal which is forced to fit and wrap-around a miniature
tube envelope. neat is transferred by radiation , direct conduction and
gaseous conduction,

Other types of shields are:

1) Pate clip type
21 Slotted aluminum cylindrical tube

(3) Metal tube blocks

A i3ummry chart of subminiature tube shields is shown in Figure 119
taken from Reference 12, The chart indicates the various types of tube
shields in cotmon usage and shows the relative order of merit of each type
of shield.

Fluid shields

A blosed loop circulating system may be used as a shield against
aerodynkic heating during re-entry for almost any item of equipment
located near the external skin of a space vehicle, In this 6ystem the
coolant is passed between the skin and the equipment to be cooled as
shown iin Figuie 120,
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(a) Semi-Conductor Heat Dissipators

The useful life of any semi-conductor device is dependent upon the
temperature to which it is subjected. The closer to the manufacturer's
recommended temperature the device can be operated, the better its
chances for long life. When stating electrical characteristics, the manu-
facturer usually specifies a 25"C mounting base temperature (Reference 73).
With an increase in temperature above this figure, the efficiency
decreases in a direct linear relation to the temperature.

The power handling capabilities of a transistor are largely dependent
on the maximum temperature which the material or junction can withstand.
The maximum voltage and current ratings are also limiting factors, but in
may cases the maximum temperature ratings will be exceeded first. The
maximum junction temperature is that at which the reverse saturation
current becomes large enough to cause thermal runaway, or the temperature
at which the density of the thermally excited carriers becomes great
enough to prevent transistor action.

The methods for using "Dissipators" to dissipate heat from transistors
by natural heat transfer such as described in Reference 73, will not be
adequate for space vehicle electronic equipment. The conduction and
radiation of heat from the transistor to the dissipator will of course
help the situation, but ultimately a forced convection process utilizing
liquids or gases as heat transfer media will be required.

(b) Other Applications

Shielding techniques are particularly useful for equipment located
in unpressurized areas Of a space vehicle. Since the vacuum of space
eliminates possible heat transfer by convection and the conduction of
heat through structural supports can be minimized by good design, only
radiation remains as a source of employed to protect equipment c0hponents
from the radiant heat. For example polished copper has a modochromatic
reflectivity of approximately 95 percent for most wavelengths. Commercial
aluminum has a monochromatic reflectivity which ranges from 10 to 95 percent
depending upon wavelength, Properly used radiant heat shields fabricated
from these materials offer good protection for minimum weight and complexity

Closures

In this report "closures" refers to the potting or plastic embedment
of electronic components and to the lithium package protective cooling
systems for remotely located mechanical or hydraulic components. However,

c might also include the "black box" enclosures or chassis of
an electronic assembly, The chassis plays an important role in the thermal

--protection of the components within it. First of all the chassis will
shield the components from external heat sources particularly radiant
heat. Secondly and probably most important the chassis is often used as
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an important integral part of the equipment cooling system. The chassis
either facilitates cooling by confining the cooling air or aids the
dissipation of heat directly through cold plate heat exchangers and
conductive paths incorporated in integral design concepts. A more
complete review of these methods of cooling is given in the next part.

(a) Metal Fusion Systems

In the metal fusion system of thermal protection equipment is
encased with a metal whose melting point is at or below the operating
temperature limit of the quipment. The effective heat sink capacity
of the metal tbu@iincludes its heat of fusion and temperature limits
will not be exceeded until sufficient heat has been absorbed to liquefy
the encasing material. (1) it is completely enclosed, requiring no
resupply of coolant material, (2) it is self-regulating, has no moving
parts, and requires no power supply, (3) it may be designed to have a
high degree of reliability. (See Figure 120)

The selection of a material for a fusion system depends on the
temperature to which the equipment must be cooled. If the temperature
of a hydraulic line using conventional hydraulic fluid is limited to
4O0F then it is required that the melting point of the coolant be equal
to or below 00F. It is also required that the coolant material have
as large a heat of fusion as possible. Reference to Section V shows
some materials which melt at or below 400"F. Many other properties
as a function of tempe:sture and properties of mixtures such as NaK-44,
NaK-56, and. NaK-78 are shown in Reference 58.

If the system selected is a fusion system and the metal is not to
be vaporized then it may be possible to eliminate the vapor separator
and any lines to or from the unit. The major problem in determining both

the feasibility and the weight of a metal fusion system lies in calculating
the weight and volume of the coolant material that is necessary to control
the temperature of the component being cooled, for the entire high
temperature period of a space mission. In most cases the severest
problem will be during re-entry. For example, to determine the weight
and volume of lithium coolant needed for thermally protecting a hydraulic
line it is necessary to write a series of simultaneous heat balance
equations on the various elements of the system. The equations and
analysis for this type of system have been worked out in detail and may
be found in Reference 58.

(b) Pating

Thermal protection may be afforded to electronic assemblies through
the use of cast-resin compounds for heat dissipation. A reviee of the
literature indicates that the common terms of casting resin; embedment,
encapsulation, and potting are best defined by Reference 75 as follows:
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Casting.Resins: A generic term for all resins used for the purpose
of embedment, encapsulation, potting and impregnation of circuit
sub-units and components.
Embedment: A component part or circuit sub-unit completely cast
with a block of resin. Only a temporary mold is used, which is
discarded after casting and cure has been accomplished.
Encapsulation: Casting resin applied by means of dip coating
or other surface application method followed by cure. The cured
resin follows the configuration of the part.
Potting: Embedment where the mold in the form of a can or other
container remains as an integral part of the unit.

The cast resin compounds of the electronic assemblies may be used
in two ways (1) the thermal conductivity ability of the resin material
may be used to obtain an improvement in the overall heat dissipation
characteristics of a given device or equipment where heat removal is a
problem (2) the resin material may be used to shield the components of the
assembly from thermal and other effects of the surrounding environment
including vibration, acceleration and possible atmospheric hazards such
as low pressure, contaminants in the atmosphere, moisture and possible
electrical arcing at low pressure levels. At the same time other equip-
ment is protected from the possible contaminants and fire hazards which
might otherwise be produced by the encapsulated components.

Excessive hot spot surface temperatures of components can be avoided
by the various techniques through the diffusion of the heat from the
component surface through the plastic material. Most applications of
potting or embedment should be limited to electronic equipment having low
heat concentrations. This is due primarily to the temperature drop from
the surface of the component to the surface of the potting or embedment
material which is enclosing the component. The heat generated by the
component is removed from the surface of the plastic.- If the plastic
is very thick or the component has a- high heat concentration a relatively
high temperature difference will prevail with correspondingly high
component temperatures. Potting and embedment techniques are best used
with components which operate on an intermittant basis whereby the heat
storage ability of the resin material and components first stores, then
dissipates the heat in a transient manner.

The key to the reduction of a high AT between the electronic
component and the surface of the resin material is high thermal conduc-
tivity. Since most unfilled casting resins show only minimal differences
in thermal conductivity the development of high thermal conductivity in
resins depends upon the thermal characterfstics of the powders. The
thermal chductivity of some representative fillers and of some epoxy-resin
embedding compounds containing fillers are shown in Table 36.
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Table 36

Casting Resin Filler Thermal Conductivity Data

THEPNKL CONDUCTIVITY OF FOUR REPRESENTATIVE
FILLER MATERIALS

Filler Thermal Conductivity
Cal/am. see. oG

Mica 0.0012

Sand 0.0028

Aluminum 0.497

Copper 0.918

THERMAL CONDUCTIVITIES OF EPOXY-RESIN
EMBEDDING COMPOUNDS USING VARIOUS FILLERS

Filler Percent Filler Thermal Conductivity
in Compound by of Filled Compound

Weight Watts/ in.oC

Copper Powder 90 0.040

(Venus A, U.S. Bronze)

30 Mesh Aluminum 80 0.064

Fine Mesh Aluminum 40 0.022

Course Grain Sand 70 0.025

Tabular Alumina 80 0.026

325-Mesh Mica 45 0.013

325-Mesh Silica 55 0.019

Hollow Phenolic Spheres 15 0.003

Unfilled Epoxy-Resin 0.005

Unfilled Urethane Foam 0.0001
(5 ibs/Ft3 Density)
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The application of cast-resin materials as a protection methc
dissipation of generated heat has to be weighed against the use oj
sinks or forced cooling of the unenclosed components. For space
the components enclosed by one of the casting techniques, and locf
within a compartment must rely on some method of removing the heal
the surface of the resin material other than free convection. A
individual application must be evaluated in terms of the local eni
conditions, the component function, and desired reliability.

METHODS OF REMOVING GENERATED HEAT

The methods of controllin6 thermal effects which have been dJ
in the preceding parts have been concerned principally with the re
and delay of heat dissipating requirements. Except for isolated J
however, these methods do not eliminate the necessity for heat ren
systems although they may substantially reduce their size.

This section is primarily concerned with the flow of heat. frc
equipment subsystem and/or components. The succeeding elements ir
heat flow path to the ultimate sink are of concern only from the E
point of compatibility and integration problems.

'For heat removal considerations, the equipment to be cooled I
necessarily specifically defined. The equipment may be simply rer
by a "box" that dissipates heat at a predescribed rate while maint
a surface temperature within design limitations.

Convection

The most common expression for convection as offered by Newtc
simply q = hA (Th - Tc) where

q - heat transfer rate, BTU/sec.
h - heat transfer coefficient, BTU/sec4-ft 2- -

T - temperature of hot surface or fluid
c - temperature of cold surface or fluid

The simplicity of the above equation is contrasted by the difficul
analytically predicting the heat transfer coefficient, h, without
reference to a particular combination of surface relationships and
properties, and then only after a considerable amount of laborator
testing and correlation. The non-dimensional relationships of Nus
Reynolds, Stanton, etc., are assembled to allow considerable extea
predictable data with limited emperical background.. Nevertheless
lack of techniques applicable to any conceivable combination of po
parameters, the additional unknowns presented by unfamiliar enviro
of space and the high degree of reliability required, demands that
testing programs be conducted even after the most skillfully devel
mathematical analysis.
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Convection is here considered to be only forced convection. The
fluid may be (1) gaseous, (2) liquid, or (3) both (change of phase). The
choice will be dictated by the application in question. In general the
decision will tend towards satisfaction of the following considerations:

1. The gaseous transport fluid has distinct advantages: (a) compatibility
with the heat transfer surface is easily attainable; high dielectric
strength, little or no tendency for chemical reaction, etc., (b) the use
of surrounding cabin atmosphere is highly desirable to eliminate contami-
nation and leakage problems, (c) packaging is simplified in that little
consideration need be given to minimizing fluid passageways to reduce fluid
volume as added weight of gas is very small. The primary disadvantage of
gaseous transport fluids is their relatively low values of specific heat
and density necessitating high circulation rates and consequently high
pumping power unless large temperature differences are allowed.

2. A liquid transport fluid has, in general, the capability of removing
relatively large quantities of heat from high concentrated areas. By
present standards, and considering existing off-the-shelf equipment,
liquids can fulfill practically all beat removal requirements from the thermo-
dynamic standpoint (cold plate). The high density and specific heat
qualities of many liquids lend themselves well towards minimization of
power and piping penalties. Liquids are generally good to excellent in
heat transfer qualities and presents no added problems due to space
enviro-ent (zero g).

The use of liquids for convection heat transfer presents a number of
problems that must be considered in any application: (a) the fluid choice
must be a compromise among numerous desirable fluid properties such as
boiling and freezing points, theimal conductivity, specific heat,
density, viscosity, dielectric strength, etc., (b) storage capability and
associated weight penalty, (c) fluid leakage as related to seals and fluid
make-up requirements, and (d) special equipment packaging considerations
to minimize fluid volume requirements.

3. The change-of-phase (liquid to gas) fluids are attracting more
attention as potential solutions to the newly created heat removal problems
of micro-miniaturized electronics. The trend towards tight packaging and
high heat dissipation per unit volume demands a fluid capable of receiving
and transporting large quantities of heat from exceedingly small spaces,
and with minimal power requirements. It can be stated that the change-of-
phase fluid will take over, from the standpoint of the heat flux density
parameter, where liquids begin to falter Just as liquids present a
progressive step in the area of gas limitations. The primary advantages
of 2-phase fluids are (1) high heat hold capacity (latent heat of evapora-
tion) thus reducing flow rates considerably and (2) good heat transfer
coefficients especially when nucleate boiling can be accomplished, In
addition, fluids meeting temperature and dielectric strength requirements
are generally available The major potential handicap with any multi-phase
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fluid is separation and control under zero-g conditions of space travel.
Although this presents a serious problem, considerable effort is being
expended to overcome these limitations. Many of the disadvantages of
liquids are likekise applicable, i.e., storage, leakage, control.

Conduction

Conduction for homogeneous materials is probably the best known and
most accurately predictabl; means of transferring heat. Basically,
conduction paths may be divided into two categories; (1) equipment
structure and (2) specifically designed condu.ctors.

The equipment structure provides an excellent medium through which
heat may be dissipated and exemplifies an ideal dase of integration where
a single item is utilized as an aid towards two or more solutions.

In previous paragraphs, several means were described for methods of
control of generated heat which included the thermal isolation of certain
types of equipment. This is readily accomplished by the use of insulating
materials for housing and mounting. For the predominant case however, it
will be desirable to incorporate all possible means of heat disposal. This
will include such things as thermally conductive cumponent boards, structural
mounts and electrical leads. Where additional conductive heat transfer is
desirable, conductors may be designed into the package.

Joint Resistance

In the transfer of heat by cunduction, the thermal resistance across
the mounting surfaces can decrease the overall heat transfer. This decrease
in heat transfer becomes particulaly important when considering cold-plate
mounted components where the small change in heat transfer can cause the
Junction temperature to operate 1O"F higher or more. Some methods of
decreasing joint resistance are discussed in Section II.

For cold-plate mounted components, a spacer with high electrical
resistance and low thermal resistance is required. Two new methods of
decreasing joint resistance have been used:

1) RTV rubber between component, washer, and cold-plate anu,

2) Special washer with high dieloctric and low thermal resistance.

RTV rubber has been used successfully by Nortronics Division of Northrop
Corporation.
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North American Aviation, Inc. (Autonetics Division) has instituted a
program for the development of dielectric spacer material to increase the

ratio of electrical to thermal resistances. A newly developed washer
(spacer) material which may be classified as a breakthrough in material
development has resulted. It consists of 30% (by weight) of 0.002" diameter
glass balls bonded into a single layer solid by Epoxy 907 which constitutes
the remaining 70% finished material. This is sandwiched between two layers
of 0.020" thick dead-soft aluminum (110 S-0) and bonded to same. As an
alternate, a single layer of aluminum may be used; the washer would then
be bonded to the electronic element during the pacnaging phase. The
dielectric layer thickness of 2 mils is fixed by the glass ball diameter
(state-of-the-art); however, the aluminum thickness is limited only by
physical considerations (see Figure 121).

Preliminary tests have been concucted on glass epoxy and comparisons
made with other materials (Table 37), including Beryllium oxide (ceramic).
The latter is an excellent electrical dielectric while being favorable for
thermal conductivity. The major disadvantage of Beryllium oxide, other
than brittleness, is its extremely high cost. Its sincluion in Table 6
signifies its importance and shows it should not be neglected from con-
sideration in the T & A study. Along with the above mentioned glass-epoxy
and BeO, the often discussed mica and anodized aluminum are also compared
for electrical and thermal resistance. It should be emphasized that these
are comparative values only due to the nature of the preliminary tests
and are not to be used as absolute values fi..r design purposes.

From the summary of the preliminary test data shown in Table 37, it can
be seen that Beryllium oxide is by far the best material although, in
addition to extremely high cost, it is quite brittel and requires a form of
grease or smear gasket for maximum usefulness. Based on these test results,
the glass-epoxy has great promise. As a complete sandwich (between two
layers of aluminum), the dead-soft aluminum provides a smear-gasket, with a
good thermal bond between the aluminum and glass-epoxy joint. Used with a
single sheet of aluminum this epoxy joint is made direct to the heat source
or heat sink. More extensive tests of this nature, are planned. This is
expected to provide more data on joint resistance in general. Table 38
shows the results of a series of laboratory tests designed to indicate the
magnitude of thermal resistance of the materials investigated as ccmpared
to mechanical joints with no electrical insulation.

The wide application of joint heat transfer or joint resistance, is
described in a later section of this report. It will suffice here to
identify its importance with vehicle and component structure, fluid
circuitry hardware, especially designed conductors, and all mechanisms
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Figure 121 Electrical Separation Washer Using
Glass Balls as Dielectric Material
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Table 37

Comparative Thermal and Electrical Resistances of Various
Electrical Insulating Materials (Washers)

Type of Washer

Resistance Mica(O.002" ) BeO Glass-Epoxy Anodized
Aluminum

Thermal
(OF/watt) 2.61 1.7 1.5 2.6

Electrical
(megohms) 150 x 103 .250 x 104 150 x 103 Range from(l0O-75o)xjo3

Tdble 38

Effect of Electrical Insulators on Thermal Resistance of
Typical Component Mounting Jpint

(Reference sketch below)

Run No. Washer Washer Temperature Gradient"A"I "Bit (OF/watt)

1 Bare Al. (2) Mica (.006) 1.05

2 Bare Al. None 0.94

3 Mica (.006) (2) Mica (.006) 2.61

4 Anodized (2) Mica (.006) 2.55
Aluminum

5 None (2) Mica (.006) 1.17

Heat Washer "A"

Washer "B"
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in general regardless of the primary purpose of the ecipment. The
high degree of reliability and minimization of weight and volume required
for space vehicles demands accelerated programs in the field of joint
resistance to (1) further :improve methods of efficient transfer of heat
across joints and (2) produce better predictability of results.

Radiation

Although radiation is a)most always present in equipment cooling,
the amount of heat transfer by this mode is usually small compared to
conduction and forced convection because of the low radiating temperature
and temperature differences. One of the exceptions, radiation heat
transfer from the skin to the equipment during re-entry is high but can
be decreased by use of insulations and reflective foils.

Calculation of radiant heat transfer between equipment is fairly
complex but can be simplified by use of radiosity networks as shown in
Section VIII and more extensively in Reference 18. For equipment attached
directly to the skin, the radiation heat transfer to space as developed
in Passive (Section II) and Semi-Passive (Section III) Temperature
Control Methods can be used.

Combined Heat Paths

The distinction in methods of heat transfer is made for the purpose

of providing evaluation methods. It must be remembered however, that
invariably all three basic modes of heat exchange are present simultaneously
to some degree. Where temperature differences and/or absolute temperature
ranges are small, radiation would be in the beneficial direction providing
some small degree of design safety factor while being insignificant relative
to inclusion in design calculations. On the other hand, a problem of heat
containment such as described before undee'Protection From Generated Heat"t
might require that even this small heat loss be considered. Similarly, a
sealed package designed to conduct heat from the individual components
to the pacyage housing may find a small convactive contribution due to
free convective forces of a contained gas or other fluid. Even a mission
primarily in zero-g environment will at times be in an accelration field
or a victim of maneuveringi rotational, or other forces.

Combined modes of heat transfer may be purposely integrated into a
heat removal loop for optimization considerations. They may operate in
parallel or in series with each other or a combination of the two. A
typical example of the combined use of conduction and convection with
each as primary contributors, is the so-callad cold plate.
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A cold plate is merely a simple plate-fin-type heat exchanger providing
an interchange between conductive and convective paths arranged in series.
As shown schematically in Figure 122, heat conducting plates form passage-
ways for fluid flow. The components to be cooled are connected through
good heat conduuting paths to the plates. The fluid passages may be
independently designed for optimum convective heat transfer to the fluid
through consideration of flow resistance, extended surface application,
choice of fluid, etc.

Basically, the cold plate provides a physical barrier between elements,
maintaining a heat flow path with minimum temperature gradient. At the
same time it provides means for contamination prevention, pressurization
and hermetic sealing, and can serve as a structural member. The coolant
and culd plate surface design are specifically selected for optimum heat
transfer and power requirements without regard to the nature of the primary
equipment to be cooled.

Heat transfer from the component to be cooled to the cold plate surface
is likewise independent of the intermediate or ultimate means of heat
disposal. Components are thus generally mounted directly on the cold
plate which serves as the structural support and mounting p2ate. This geo-
metric relationship highly favors conductive heat flow from the component.
The heat removal aspects of component design are thus greatly simplified
for many types of equipment but some complication does arise.

The vacuum tube, still an important piece of electronic equipment by
present state-of-the-art, will serve to exemplify the advantages and dis-
advantages of the cold plate as an aid to heat removal. The geometry of
the vacuum tube is generally the same regardless of the package in' which it
it used. Only the orientation within the package will differ because of
the cooling techniques involved. Figure 123 shows schematically, three
possibilities for the exchange of heat between the tube and coolant.
Figure 123a typifies a standard commercial type installation which will
be considered for comparative purposes. Within an enclosed box, a forced
gas stream would pass over such components in a random path. The fluid
flow characteristics can be specified only at the inlet and outlet
connections with an unpredictable flow pattern surrounding each tube,
putting severe limitations on the success of analytical solutions. Each
change in tube orientation and/or flow passage must be tested to determine
the Fanning Friction and Colburn Modulus factors for flow and thermal
resistance respectively. Additional complications will result from pro-
tective envelopes around the tube such as electronic grounding shields
which would restrict air flow from contacting the tube.
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heat source

Figure 122 Schematic Diagram of Cold Plate for
Gas or Liquid Transport Fluid
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A more realistic approach to direct air cooling of the vacuum tube is
the use of chimney cooling as shown in Figure 123b. Here an attempt is
made to control the airflow, and therefore the heat transfer characteris-
tics, by properly selecting flow and sizing the annular space, or chimney,
surrounding the tube. Not only is heat removal better predicted quantita-
tively, bat control is more precise in obtaining the desired tube envelope
temperature.

Another method of temperature control for the vacuum tube is utilization
of the cold plate as described above (see Figure 123c). Probably the
greatest single advantage of cold plate design as applied here is the
physical separation of coolant and heat generating device allowing (1) use
of the best fluid as selected by consideration of all portions of the thermal
exchange system and (2) the ability to design for optimum heat trransfer to
and from the cold plate independently. The additional benefits relative
to mounting, structural integration, etc., also hold true for this example.
However, close attention must be given to the physical design of the system
to assure maximum conductance between tube and plate.

The mandatory consideration of maximum vehicle reliability dictates
in flight component replacement capabilities. In the" case of the vacuum
tube-cold plate assembly under consideration, this requirement is satisfied
by a spring-clip arrangement as shown in Figure 123c. Optimization of the
clip material, material thickness and width relative to weight addition
and heat conduction is routine provided a method has been devised to
evaluate the joint resistance between tube and clip and between clip and
cold plate. As outline previously, the surface has barely been scratched I
in this area, an all important "missing link" in heat transfer.

... - moelectric Cooling

The reader is directed to Section IV of this report for a discussion of
Peltier cooling, its current state-of-the-art, and future potential.. It is
significant, however, to indicate here that recent developments in the
construction of thermoeleetric coolers have resulted in improved units
suitable for use in electronic equipment. One of the more promising uses
of thermoelectrics, even in its present state of dev%.lopment, is in the
area of spot cooling.

Spot Cooling

Spot cooling pertains to the cooling of temperature-limiting components
parts located within local areas of an electronic package. By cooling the
local areas containing temperature-limiting components, the equipment cooling
requirements can be reduced or contrariwise, customary convection, conduction,
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or radiation cooled equipment can be operated in higher temperature environ-
ments when local problems are handled by thermoelectric heat removal. Since
thermal reversal of thermoelectric element is simply a matter of current
reversal, the spot cooler can be used alternately as a heater and cooler,
thereby providing heat input as required locally and might be applied in
addition to temperature control.

An investigation of thermoelectric spot cooling in electronic equipment
is presented in Reference 76 where the following conclusions were reached.

1. The spot cooler can efficiently pump 5 watts wover a 300C tempera-
ture difference. The COP is 0.6 for this condition.

2. The spot cooler can maintain a 460C temperature difference under
no-heat-load conditions.

3. The use of spot cooling can increase the operational temperature
environment of self-cooled equipment.

4. Spot cooling can reduce the cooling requirements of remotely-
cooled equipment or eliminate the need for remote cooling.

5. The largestbenefits from spot cooling can be obtained in appli-
cations where the limiting components dissipate a small portion
of the equipment heat.

DEVELOPING COMPONENTS FOR HIGHER OPERATING TEMPERATURES

Importance of Development

The development of high temperature equipment for space vehicles will
provide many advantages that would otherwise be lost with low temperature
conventional equipment. Since a stored heat sink will be heavy and imprac- -

tical for long duration missions, radiation will be the primary mode of
heat transfer in space. The fourth power law in the radiation heat transfer
equation dictates that the higher the operating temperature, the higher the
net heat transferred. In other words, the higher the operating temperature,
the lower the radiator area required for a specified heat load.

Electrical Ecipment

The need for increasing temperature capabilities of airborne and first
generation space vehicle electrical, electronic, and mechanical equipment
has been constant. In response to this need the niam temperature capa-
bilities of this equipment have increased in recent years and will increase
significantly in the next few years to meet the requirements of future
generations of space vehicles.
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One of the most significant areas where work has been conducted to
develop higher temperature capabilities has been, with electric generation
and distribution equipment. Much of this work is described in References

.- 64 and 65. This referenced work was accomplished under an Air Force
sponsored program which has become known as Project Hotelec. The major
purpose of this project was to. develop airborne electric generation and
distribution components capable fof operating successfully in a 6000F
ambient environment. The system under development is a basic 115/200 volt,
400 cycle 3 phase alternating current system. It is built around a 40 KVA
generator with all other components aimed at operating from this type
generation system. As shown in Figure 124 all major components are included.
Generation equipment consists of generator, voltage regulator, paralleling
equipment, protective panel, constant speed drive and transformer rectifier.
Wire, contactor, fuses, and circuit breakers were to be developed as being
representative of distribution eqdipment. Motors were also included.

Progress made in the past fifteen years in the development of equipment
to operate at higher temperature levels is indicated on Figure 125. An
extrapolation of the state-of-the-art indicates the future trend based on
past results. This figure also shows the accelerated developments intended
for the Hotelec program.

The program consists of three major areas pertaining to development of
equipment and materials as follows:

(1) Materials

(2) Subcomponents

(3) Major Component Design

There is no clear distinction made between what is classified as a
material and what is classified as a component of sub-component. However,
for the following discussion, insulation, conductors, and magnetic steel
will be the materials; resistors, capacitors, transformers, rectifiers,
tubes, and magnetic amplifiers will be the sub-components; generators, motors,
wire, circuit breakers, terminals, etc., will be major components.

Materials

(a) Electrical Insulation

In equipment designed to operate in a 600°F ambient, insulation
will include both inorganic and orgenic materials but the majority of
insulation applications require the higher temperature capacility of
inorganic materials. In the temperature region from 600 to 7000F certain

299

_____ j



...... .. .. .
82d

. "01~
8 r4

diAd

300.1



all

Octt

F-W-

CIEI

LUU

C) 0 .) o 4c

300



applications can utilize the more conventional resins and polymers such as
silicones and teflons. Above this temperature range inorganic materials
are required. Most applications in the Hotelec program have fallen in the
inorganic range.

Silicone and teflon insulations have been found to be capable of with-
standing higher temperatures for longer periods of time than common knowledge
indicates. For example, polytetrofluorethylene has been repeatedly and
successfully tested for periods of time up to 500 hours at temperatures of
6500F without significant degradation of the material. The condition of
the material after test indicates that considerably longer life can be
expected. Softening of the material does occur at these temperatures and
mechanical stress must be avoided, particularly cut through type stress.
Similarly certain silicone resins are capable of at least 500 hour life
at 6000F. Higher temperature capability results if the resins are highly
filled with inorganic materials, particularly with the solventless type
silicone resins. In general, these type materials have found limited but
useful applications in the components being developed.

The inorganic materials are usually required to meet the hot spot
temperatures up to 1000°F found in power requipment designs. In organic
insulations, the field is narrowed to a relatively few choices by a com-
bination of mechanical and electrical requirements. The materials most
generally used and found useful in this temperature range from 700 to 10000F
are Mica, glass, quartz, alumina, refractories such as magnesium oxide or
zirconium oxide, mixtures of the above in the form of cements and to a
limited extent asbestos.

Two important deficiencies of inorganic insulation have become evident.
One is lack of resiliency; the other is porosity, which makes moisture
proofing difficult. The lack of resiliency in inorganics requires that
very special attention be devoted to prevent cracking of insulation under
mechanical or thermal stresses. Particular attention must be paid to
matching thermal coefficients of insulator and insulated elements and to
special mechanical designs that take into account the limited tensile
strength of the insulations. These problems are not so severe for fixed
applications, such as motors, generators and transformers, where lack of
flexibility and porosity can be designed around. Flexible, moisture proof,
insulated wire capable of withstanding 1000OF without a metal jacket is one
the most difficult insulation problems.

(b) Conductors

Only two practical conductors have evolved for the applications
being considered; silver and copper. While silver is in many respects an
ideal conductor for high temperature its high cost and high density make
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it undesirable where large quantities are required. Although copper has a
severe oxidation problem in the temperature range of 600 to 1000°F it has
been generally adopted. Much time and effort has been devoted to establishing
the best method of protecting the copper against oxidation with minimum
increase in resistivity. The performance of several protected copper con-
ductors are shown on Figures 126 and 127. It should be noted that the curve
shown for 10 percent nickel coating is only applicable to the most perfect
platings of the non-porous type.

(c) Magnetic Steel

In general the magnetic steels currently in use are only slightly
affected at the.ejiLated temperatures. The silicon and coblat steels will
fins wind application at high temperature. The effects of temperatures are
small, especially in the region of ordinary design, which, fortunately, is
near the cross over point in the B-H curves, Just below saturation.
Temperature will probably cause less than a 5 percent change in flux density
for a given magnetizing force. Nickel-iron magnetic materials generally
have low Curie temperatures and are considerably more affected by temperature.
They are usually not usable in the temperature range above 6000F. This is
particularly unfortunate for saturable reactor designs which ordinarily
utilize these materials. However, some of the newest cobalt-vanadium iron
magnetic materials demonstrate equally good or better square loop charac-
teristics and will supplant the iron-nickel alloys in high temperature design.

Electrical Subcomponents

Nearly all of the complete spectrum of electrical sub-components are
needed to construct an electrical generation and distribution system.
Resistors, capacitors, transformers, voltage refernce tubes, magnetic
amplifiers, vacuum tubes and many others are needed and considerable time
in this program has been devoted to the developing, constructing and testing
of high temperature versions of these fundamental electrical building blocks.

(a) Resistors, Capacitors and Transformers

These three fundamental subcomponents are well along in the high
temperature development cycle. Consiaerable work has been done on them
prior to this program under various military and private development programs
and their performance is generally satisfactory for their intended usage.
This is shown graphically for resistors in Figure 128 in which the important
parameters are plotted against temperature. However, in each area further
development is highly desirable to minimize the effect of temperature and
bring about reduction in size.
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Two types of-resistors are available for use at high temperature: wire
wound and film types. Of these two, the film types are more compact
although less accurate. They will generally be utilized in applications
of low wattage (under 2 watts) in which a terperature effect of less than
5 percent is not required. They are especially well adapted to very high
resistance areas in which the wire wound types become very bulky. Wire
wound types will be utilized to meet the requirements of high accuracy
and high power.

High temperature capacitors are available from several sources whica
utilize mica as the dielectric material. These units have very usable per-
formance over a temiperature range from 200. to 4500 F. Approximately a five
percent change in capacitance can be expected over the temperature range and
the megohm-microfarad product will decrease to a range of 0.1 to 1 at the
upper temperature extreme of 8420F (45000). This type of capacitor is
characterized by a large volume; ten to fifteen cubic inch per microfarad.
This is considerably larger than low temperature types available and
certainly an undesirable penalty.

The most important transformer problem is the mechanical one of
reducing size and weight. Transformers are available which have been
operated successfully for 1000 hours at 10000F.' However, all currently
available transf~ormers depend on a sealed metal can to provide moisture
protection and mechanical strength. These types are suitable for the
specific programs under consideration. but as an area of future improvement
an open type design of lighter weight construction would be desirable. The
major problem is finding a suitable impregnating and potting compound which
is capable of withstanding mechanical and thermal stresses and of preventing
the entrance of moisture at lower temperatures.

Reference 77 is a report on the Air Force WADC sponk.ored ,.rork to develop
elctronic power transformers capable of operation in a 530C ambient
temperature and in intense nuclear radiation (1 0 ll fast neutrons/cm2/sec and
102 gamma protons/cm2/sec.). Initial work involved evaluations of basic
materials and combinations of materials in transformers, and development of
ceramic processes and supporting members. The use of ceramics as encapsu-
lating material was found to be rather limited because of their inability to
resist moisture. Later work included studies of transformer operation in
air up to 5000C and in a radiation environment. The breakdown potential of
air was found to be significantly affected by high temperature. The chief
effect of the radiation environment was to create an extra internal source of
heat, thus increasing the temperature rise. Material development studies
revealed that aluminum phosphate solution could be useful as a coil impregnant
to impart strength to insulations. Also included in this work were weight
reduction studies on standard hermetic construction designs and design
optimization studies.
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(b) Rectifiers

Rectifiers capable of operating in a 6000F ambient are
definitely feasible in the form of gas rectifiers. However, as at
low temperature, gas rectifiers represent large bulky components
undesirable in airborhe equipment. In addition, they are relatively
inefficient because of heater power requirements and high forward
voltage drop. Again, as at lower temperatures, semiconductor rectifiers
would be advantageous if high temperature versions retain the desirable
features of small size, low forward voltage drop, and high efficiency.

(c) Generator System

This system includes the generator, voltage regulator,
protection panel-aEd reactive load division circuits for parallel
operation. The generator design is new and unique. It is called the
"Inductor-Lundell" design and features a rotor that does not require
windings. The flux is generated on the stator, hence eliminating the
need for electrical current flow on the rotor and with it, the need
for slip rings or rotating rzectifiers."  This windingless motor has distinct
advantages for high speed operation and increased reliability at high
temperature. Excellent rotor balance can be achieved and the normal high
stress on rotor windings and insulation is eliminated. Rotor cooling
problems are also eliminated. Three developmental versions of this
generator'design have been constructed utilizing class H insulations.
Operation of these machines have verified design calculations and proven
feasibility.

(d) Motors

Three sizes of motors are being developed: a small 0.05 hp,
a medium sized 0.5 hp, and large 15 hp. All are of the induction type.
High temperature breadboard versions of these have been constructed and
successfully operated to demonstrate feasibility of the design. Proto-
type units are being constructed for complete qualification testing.
The most difficult development area has been that of bearings. The .05
and 15 hp motors utilize ball bearings while the 0.5 hp which operates
with highest bearing temperatures utilizes a journal bearing.

(e) Wire

Three types of wire are being developed:

(1) Type I -600OF ambient, 6500 conductor
(2) Type II -600OF ambient, 6000 conductor

(3) Type III -850°F ambient, 10000 conductor
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Reference 78 concerns an experimental study made of the dielectric
properties of ceramic materials and the fabrication of these materials
into a form and substance suitable for capacitor dielectrics and wire
insulation. Both commercial and laboratory prepared ceramic specimens
were evaluated at 5000C for dielectric constant, dissipation factor,
resistivity dielectric strength and aging effects. A "slurry" (combina-
tion of a ceramic and an inorganic binder) containing AL20 3 with mono-
aluminum phosphate and additions of Nalcoag showed the most promise both
for capacitors and wire.

(f) Circuit Breakers

A magnetic trip design with toggle type actuator was chosen
for development under the HOTELEC Project. The unit possessed the design
feature of an all hermetic sealed case. The terminals are sealed by
metal seals to the case and the toggle is sealed by a small bellows arrange-
ment.. The major development area concerns the design of a time delay
element.

(g) Terminals

Terminals capable of matching the 1000°F maximum conductor
temperature are also under development. One new concept is called the
"washer" type; another is an insulated post type. In both cases potential
problems with high voltage drop across the crimp and bolted joints have
been avoided by the use of special platings and optimum crimps.

The development of electronic components for utilization in
space vehicles depends on the ingenuity of the components designer and
the availability and development of new materials -which exhibit the re-
quired physical or chemical characteristics. In a very real sense
electronic and other equipments must operate in new environment.

In many locations on a space vehicle it will not be possible
to afford the construction of regions of optimum local environment.
Regions of relief from high temperature, high vacuum, and other effects
will be obtainable only at great expense to the mission..

Electronic Equipment

An electronic component- which has been developed for ultra high
temperature operation, radiation tolerance, mechanical ruggedness, and
is microminiature in size is the thermionic integrated micromodule (TIMM)
unit. By utilizing radical approaches to materials, processing, joining,
and circuit design these units have been fabricated to operate at 580 C.
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At the heart of the TI114's system is a heaterless ceramic vacuum
Lube in which cathode emission is developed by the high operating tempera-
ture. For operation in the same high temperature environmento resistors,
capacitors, and inductors with similar ceramic structures have been
developed. All of these components are assembled and sealed with inter-
connections into a monolithic stacked structure which serves a single
electronic function.

It has been stated that the advantages of the TIMM's units are as
follows:

(1) A large number of tubes and components can be joined
together to form strong structures with a minimum number
of interconnections.

(2) A very high component density is possible. In a thermally
insulated enclosure, the densely packed components contri-
bute their heat losses to sustain the operating temperature.

(3) Operating at a controlled high temperature, the components
of the TD4 system require less temperature compensation
and can operate with larger temperature coefficients.

(4) A built in bias eliminates the need for external bias
voltages or cathode bias resistors and also makes possible
direct coupling between circuits.

(5) All of' the ateriais in the TM4M4 circuit are radiation
tolerant and operate at a high level of thermal excitation.

Several types of circuits have been investigated which utilize
the inherent characteristics of the TID4 units as follows:

(1) Nor
(2) Flip-Flop

-(3) Clock
(4) Delay Line Driver.

Delay. Line Receiver
(5)-Temperature Controller
The various uses of the TIMM components for the above listed

circuits and systems are described in Reference 65.

Electronic Materials

The importance of electronic materials in the development of
electronic components for operation at higher temperature levels cannot
be overemphasized, and major breakthroughs in research will be required
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to furnish the building blocks of future electronic components. Reference
79 summarizes some of the materials research for electronic components
and a summary chart of this data is shown in Table 39. Materials considered
here are for use above 2000C and are limited to magnetic, ferroelectric,
dielectric and insulating, conductor, semi-conductor and a few miscellaneous
materials.

While electronic design is concerned with many products which are
sensitive to the properties of their thermal environment and constituent
materials, no area is currently as sensitive to these parameters as the
solid state field and semi-conductor devices in particular (Reference 80).

Semi-conductor devices are very sensitive to temperature change.
An example of the temperature effects for one device, a silicon strain
gage, may be seen in Figure 129 from Reference 81. Temperature effects
on resistance values of unbonded units and on gage factors for units bonded
to 17-4PH steel are shown. Although the semi-conductor strain gages show
great potential, they presently use compensating electrical bridge networks
to overcome the temperature sensitivity of the materials utilized.

Reference 82 described two main sources of material problems as
follows:

(1) "Functional Multiplicity" arises when a material is expected
to perform two or more functions.

(2) "Qualitative Multiplicity" arises when two or more materials
must stand in proximity or in contact with one another.

Problems in iqualitative multiplicity are seldom found alone, but
are usually linked with the problems of functional multiplicity.

Problems arise in functional multiplicity when there is, for example,
a high ambient temperature and an imposed maximum weight limitation. A
solution to the problem will require a detailed knowledge of strength-
weight ratios and thermal conductivities as functional of temperature for
the various materials which appear to be applicable.

Problems arise in qualitative multiplicity where, for example,
ease of bonding, low electrical resistance and high mechanical reliability
stand coequal (i.e., a soldered connection). In general solutions to
problems arising from qualitative multiplcity are more difficult to come
by, but an approach as described in Reference 82 called microanalogy is
a help.

Tubes
Included in this category are small vacuum diodes and triodes,

small gas diodes and voltage reference tubes. Vacuum tubes capable of
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operating up to at least 6500 F ambient are readi3y available from several
sources. Typical types have been operated for 500 hours and longer at
650F with success.

The tubes most widely used in this program have been of a planar
construction. This stacked construction utilize ceramic "washers" to
separate the tube elements with seals at each junction between ceramic
and metal. A very rugged construction results. The next section of this

chapter discussed the developnent of this type of ,stacked disk" unit which
is knwn as the TIH, s unit.

One of the most important developments of this program is the
construction of a saturable reactor which when coupled with high tempera-
ture rectifiers and other high temperature components will form a magnetic
amplifier. While there are many difficult portions of this development,
the key area is obtaining and packaging a magnetic material with the proper
characteristics over the tanperature range. The nickel-iron alloys gener-
ally utilized are not satisfactory because of significant temperature
effects on characteristics which are primarily due to relatvely low Curie

temperatures. One of the most satisfactory materials appears to be a
cobalt-iron alloy which demonstrates excellent square loop characteristics,
high flux densities and high Curie temperatures. Major problems are in
obtaining consistent material parameters from developmental batches of
material and ih proper packaging of cores to protect against mechanical
stress and thermal effects.

Mechanical Equipment

Hydraulic and Pneuatic Components

High temperature problems are eipected to continue in the areas
of hydraulic and pneumatic system design for the next several -years until
more is known about the space environment. In the period during which
operational hardware will be developed for the B-70, the supersonic trans-
ports, and the Dyna-Soar many problems will be solved. Nuclear radiation
effects will increase in importance over the coming years because of progress
on spacecraft secondary power systems more than as a result of the develop-
merit of nuclear-powered aircraft. Designers of components connecting with
or on the outer surface of space vehicles will have to deal with the unique
problems of the space environment, which combines high levels of cosmic,
solar and X-radiation and electromagnetic and gravitational fields with an
ultra-high vacuum.

The vacuum (l0-12m Hg at 760 miles) will probably be a more impor-
tant factor than temperature considering externally mounted equipment in
the space environment, and will influence the effects of all the other
factors.
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Current hydraulic systems are limited by component availability
to a martnum operating temperature of 400OF (X-15 airplane system). The
B-58 system, operates just below that level; the hydraulics for the B-70
and supersonic transport will run between 400 and 7000F; and the Dyna-
Soar's requirements will range basically from 700 to 12000 F, with excursions
to 15000F.

One company is working on a Phase II Air Force contract for a 1000°F
hydraulic system. The Phase I contract, covering the selection of a fluid,
ending with the choice of a polyphenyl ether. I has been reported that
NaK-?7 liquid sodium-potassium alloy was rejected because of handling
dangers, very poor lubricating qualities, and great corrosiveness, among
other drawbacks (Reference 6).

Under development are axial-piston, variable-displacement type
pumps which will operate with a 700OF inlet temperature and 600OF ambient.
Data have been obtained which indicate that good results have been obtained
with HIO 7243, a dewaxed mineral oil, at inlet temperatures up to 6000F.
The low temperature limit of the fluid is around 200F. Among MID 7243's
other properties are emcellent lubricating qualities, lack of toxicity,
and good radiation resistance.

Other components under development in the 1000°F program are servo,
relief, and check valves, actuators, seals and fittings. Not even reservoirs
are available off-the-shelf for this temperature. Servo valves and actuators,
located close to control surfaces for design reasons, will be subjected to
severe thermal conditions. -.They will have to withstand ambient temperatures
as high as 15000F. Dynamic seals are a major problem. Possibly two-stage
seals will be used in which the inner seal acts as a controlled leak and,
the outer seal works against a greatly reduced pressure.

It has been predicted that the hydraulics systems of space vehicles
will be more complicated than present systems not only because of the high
temperatures (produced by aerodynamic heating on reentry) but also because
of a greater demand for flight control power and for reliability. .

The profusion of hydraulic systems (and especially of pumps) on
glide reentry space vehicles makes the use of accessory gear boxes for
direct drive likely in order to simplify the installation and facilitate
the integration of the flight vehicle power systems.

The power needs of a typical glide reentry vehicle are estimated
at about 150 hp for flight controls (divided into two systems). This
estimate includes power for electrical requirements as well as hydraulic.
For comparison the total maxmum pump power of a current jet transport is
80 hp. The ambient temperature during reentry will be such that cooling'
or thermal protection will be required to maintain the hydraulic systems
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at the operable temperature level. The vehicle must provide the necessarythermal protection and/or beat sinks f~r the high temperature periods.

Many of the worst problems of hydraulic systems at high temperatures
do not xist in pneumatic systems. Research is not necessary to find a
compatible fluid, and a cooling system will not be needed. Air works just
as well at 1000OF as it does at 1000. Pneumatic actuation systems under
developnent will be shortly in a position to challenge hydraulic systems
for use in aircraft and space vehicles due to recent advances in system
stability and in offsetting the effects of compressibility as well as the
development of efficient positive-displacement air motors for reliable
high temperature operation.

Some of the advantages of air over hydraulic fluid obviously do not
apply for hot-gas system. Gas generators and fuel supplied are needed,
and there is a serious problem of contamination. Solid particles in the
gas stream clog small passages and orifices. Considerable progress is
being made on these problems with alaner-burning fuels and valves and
other components that can operate in spite of contamination.

Most applications for hot-gas systems have been in one-shot, short-
term APU's for missiles. Researchers are now working on equipment suitable
for longer missions. Units have been produced utilizing a solid-propellant
hot-gas system that have run for 32 minutes, driving a 30-kva generator and
losing no power through contamination. The propellant has the slowest burn-
ing rate yet achieved. Other research work is being done on a burn-rate
control for solid-propellant gas generators.

Thermal DeratI

One of the ways of obtaining equipment which will operate at high
temperatures is by "thermally derating" the equipment. It has been
recognised in the past throughout industry that thermal derating of
electronic components was necessary for high temperature service. A
number of manufacturers established derating "bench marks" for particular
components. However, little is known in these matters of the acharacter-
istics of the majority of electronic componwits, especially in terms of
long life and reliability. However, the ultimate purpose of the derating
of components is to meet some equipment design requirement by using
components that are readi3y available without resorting to expensive
special units. The term ,,derating" may have ary one of three general
meanings (Reference 83):

(1) The nuder-rating of power in applications vhere the
ambient temperatures are above those specified for
full load.

(2) The under-rating of temperature to permit power loads
in excess of the rated values.
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(3) The under-rating of both ambient temperature and
power in an attempt either to obtain smaller changes
in parameter values over the life cycle, or to reduce
failure rates.

Problems involved in derating are not restricted to any particular
type of component. While the terms used here apply only to resistors, as
an example to illustrate the principles, the problems described are general.

Derating of Power

Some general observations may be made in discussing derating of
power in resistor applications. First, derating practices vary between
resistor manufacturers and also between different sizes of resistors made
by the same manufacturer. Second, many derating concepts are frequently
confounded because only end-points are considered. Finally, end points
are not properly defined either in military specifications or in company
standard practices. Very little data are ever demanded or supplied regard-
ing intermediate points on the derating curve, so that it is necessary to
accept or assume a straight-line curve, which may not be entirely accurate.

Specific practices on the derating of a resistor are illustrated in
the applicable DIL specification and/or catalog material for that resistor.
When the 1O00-hr load-life requirement is based on the maxdmu AR (perfor-
mance degradation) during the life test, that same definition applies to
every point along the derating curve. In fact, empirical derating curves
are determined by finding the wattage loading at various ambient temperatures
which produces the AR required by the specification for the 1000 hr require-
ment at rated. stress.

It is essential to note that inherent in any derating curve is the
associated reliability or failure-rate level. A conservative manufacturer,
for exwmple, may derate to 1500C because the quality at this end point equals
that at the lower ambient temperature of the load-life test. A less conser-
vative manufacturer, in order to rate his product for 1700 C, may do so
simply by making a small sacrifice in reliability or failure rate, on the
assumption that this cornercutting is rarely checked in practice.

A conventional derting, curve is shown in Figure 130, Several
possible interpretations can be made of a straight-line curve such as this.
It can be assmed, for instance, that the average change in parameter value
at Point A is the same as that at point B, 0 and D. Similarly, it can be
asmsed that the distributions of values around the averages at each of
thhes points are equal. These appear to be useful interpretations, but
they make no provision for including random excessive excursions.

The curve in Figure 131 may also be interpreted to mean that the
failure rate at each point is the sae. This interpretation becomes valid
when one is concerned with reliability, but it has the limitation that a
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line which indicates uniform failure rate is uniquely related to a
definition of failure.

Any examination of specific test data on a group of competitive
products will demonstrate the differences in viewpoint among manufacturers.
It also will point up the questionable nature of the straight-line derating
curves obtained from three manufacturers as indicated in Reference 83.

Derating of Temperature

There is little data to indicate that resistor power can be increased
at lower temperatures as a result of derating the units. The amount that
a resistor may be over-rated at a reduced temperature may be determined by
standards of resistance change, or by failure rate. Any temperature derating
based on linear concepts fails due to the complezity of the problem, which
includes hot spots and thermal shock. In the rating of resistors or any
electrical component an understanding of the temperature stresses is neces-
sary before proper derating of the unit may be accomplished.

CONCLUSIONS

This section has reviewed the considerations for controlling the
thermal effects, methods of protection, and methods of heat removal for
possible space vehicle equipment. A thorough survey of the literature
was made "including direct contact with a number of organizations who have
had experience related to this study.

Studies performed in connection with this report have led to a
number of conclusions as follows:

1. Microminiaturization and high density packaging is an increas-
ing cooling problem, but certain design considerations help relieve
the situation. As a result, emphasis should be directed towards
lower powered equipment.

2. .Increased efficiency of enerS7 conversion devices will help
reduce heat loads. Progra ming of the equipment use will be neces-
sary to reduce or minimizo heat loads. Development of equipnent
for higher operating temperatures and the development of new
materials and new ways of using old material will be required.
Hdwever, there is a trade if the weight of this equipment increases.

3. The use of closures appears to offer good possibilities for
protection and cooling of equipment in the space environment.
They also provide side effects in protection from sparking con-
tamination, fire hazards, and vibration.

4. Equipment operating at significantlY different operating
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temperatures or rjciing special conditions should be separated
for better utilization of the coolant flow available.

5. Standard shielding techniques can be used for radiation
protection, but "chimney effects" etc., normally utilized in a
1 - "g" environment, cannot be relied upon for convective cooling
under space conditions.

6. The basic modes of heat transfer (conduction, convection,
and radiation) are general3y applicable for space although there,
are some limitations such as natural convection at zero-g. Although
one mode of heat transfer is generally predominant in the overall
cooling effect, tW, or sometimes all three modes play an impor-
tant role in the overall thermal balance.

7. Thermoelectric cooling in an otherwise passive or semi-
passive temperature control system can be useful for spot cooling
of critical components.

8. Optimmm arrangement can be obtained if reliability data
is known on the various equipment items being environmentally
controlled.

MRBLUX AREAS

The problem areas which came to light in the preparation of this
section are mumarized as follows:

1. Thermal resistance across a joint made up of two or more
conductors can be appreciable relative to the overall resistance
of the conductor. This resistance is primarily a function of
pressure normal to the joint and surface roughness. Temperature
also Qffects the joint resistance to the degree of the change in
thermal conductivity of the material with temperature. A great
deal .of analyses and experimentation is still required before
reliable data and techniques are available.

2. Materials used to aid heat transfer must be acceptable
for Utiliation in the spac environment. For example, the
"space grease" used to Aid corduction across a joint must with-
stand radiation and hard vacraws unless located within a pressur-
ied enclosure.
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1
SECTION VIII

METHODS OF ANALYSIS I

Two types of analysis are usually required for defining the A
temperature control requirements of space vehicles -- (1) a heat
transfer and thermodynamic analysis and (2) a dynamic response I
analysis. Consequently, a development of the theory, equations, and
some examples was felt to be a necessary addition to this report.
As a result, this section is divided into two parts; the first part
is on methods of themal analysis and the second part is on dynamic
response of control methods.

The first part on methods of thermal analysis discusses (1)
heat transfer and temperature equations for passive and semi-passive
temperature controlled vehicles with examples, (2) methods of analysis
of transient heat transfer problems, (3) analog networks, and (h)
heat transfer computer programs. A more detailed description of the
method of analysis for design of space vehicle temperature control
systems will be included in Part II of this report.

The second part on dynamic response discusses analysis
techniques and design considerations for the dynamic response of
temperature control methods. An example of the set-up for solution
by Laplace transform loop and electronic analog network is included.
This part has not been expanded since a detailed treatment of dynamic
response will be given in Part II of this report.

NO1ENCIATURE LIST

A Area, (sq*. ft.)

a, 4 Thezal Diffusivity, sq. ft./hr.

b Vehicle Skin Thickness, ft.

a Specific Heat, tu/lb. (OF)

C Eleetrical Capacitance, Farad

D Diameter, ft.

E Rate of Radiation, Btu/hr (sq.ft.)
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ER Rate of Radiation, Reflected Solar, Btu/hr. sq.ft.

Ep Rate of Radiation, Direct from Plane and Atmosphere, Btu/hr. sq.ft.

EB  Blackbody Radiation Rate Per Unit Area, Btu/hr. sq.ft.

e EMF, Voltage, Volts

e,.e Surface Emissivity

Radiation View Factor

f Fluid Friction Factor

G Internal Heat Generation, Watts -

g Gravity Constant, (lbf)(ft)/(lbm)(sec)
2

h Film Heat Transfer Coefficient, Btu/(hr)(ft)2 (F)

hr Equivalent Radiation Film Coefficient, Btu/(hr)(ft)
2 (oF)

i Electrical Current, Amps

J Radiosity; Sum of Emitter, Reflected, and Transmitted
Radiation Flux Per Unit Area, Btu/(ft)

2 (hr)

K Thermal Conductivity, Btu/(hr)(ft)(°F)

L Electrical Industance, Henries

1 Fluid Flow Equivalent Length, ft.

M Mass, lb.

m Mass Flow Rate, lb./hr.

p Pressure, psf (psi)

q Heat Transfer Rate, Btu/hr

qe Electrical Charge, Coulomb

R Radius, ft

R Electrical Resistance, Obm
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r, Surface Reflectivity

S- Solar Constant, Btu/(ft)2(hr)

T' Temperature, °R(°F)

T Rate of Temperature Change, °R/hr (°F/hr)'

t Time, hr.

U Overall Heat Transfer Coefficient, Btu/(ft)2 (°F)(hr)

V Velocity, ft/sec

v MW (VOLTS), Volt

X Length of Thermal Conductance Path, ft.

X Distance in Body From Surface, ft.

Z Electrical Impedance

oL Absorptivity

0, (A) Thermal Diffusivity, (t) 2 /(hr)

0(n Phase Displacement of Nth Harmonic in the Lumped

Mass, Radians (Degrees)

On Phase Angle of Nth Harmonic of the Surrounding

Fluid, Radians (Degrees)

C, (e) Emissivity

Aj Amplification Factor

0 Phase Lag Between Fluid Temperature and Surface
Temperature, Radians (Degrees)

Ii Viscosity, lb/(ft)(hr)

w Rotational Velocity, Rev/hr

Harmonic Frequency (n signifies one Harmonic of Fourier
Series), Rad/hr
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e -Density, lb/(ft) 3

e, (r) Reflectivity

0- Stefan-Boltzmann Constant, 0.173 x 10 - 8  Btu/(ft)2(hr)(OR)4

Subscripts

a Ambient

B '"lackbox" Equipment or Compartment

f Fluid

f'v Fluid to Skin

I Insulation, Conduction Path

i Internal, Initial

i,v Internal to Skin

m Mean or Average

n Number in Series (1,2,3,4,...)

rim Amplitude of Nth Harmonic

o Out, Outside, Initial
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P Planet

R Reflected Solar From Planet

S Solar

TSV Total Space Vehicle

V Vehicle Skin

Vi Vehicle Skin Segments

VV i Vehicle Skin Segment to Other Vehicle Skin Segments

Stored

METHODS OF THERMAL ANALYSIS

General Heat Transfer and Steady-State Temperature Euations for a
Space Vehicle Skin

The general equation for heat transfer on a section of the

vehicle skin can be expressed as:

The meanings of the various "q" terms are listed in Table
40 and illustrated by Figure 132.

The general heat transfer equation as presented can be made as
complicated or as simple as desired. For instance the view factors
for radiation from the sun and the planet can include complex
trigonometric relationships as a function of orbit and spin or the
orbit function can be simpl7 assumed as 1Ni or "Oi dependent upon
whether the vehicle skin segment sees the sun or planet. Values of
FR and Fp for various shaped space vehicles are presented in Ref.18

The general equation can be set up for IBM solution by
iteration over intervals of time. However# for a quick estimation
and check, simplification for hand solution is desirable. A list of
Kq# terms and conditions for their elimination is given in Table 4l.
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Table 40. Definition of "q" Terms

qi Definition Heat Transfer Expression

q Stored Heat in Vehicle Skin Av(bpc AT

qov Radiation out from Skin -e 4

qs Direct solar radiation C43 A v F S

qR Reflected Solar Radiation from o( A F E
planet v

qp Direct radiation from planet o( A F Ep
and planet atmosphere P v

Inera hea transfer to skin kL(rT,4 j(v,)W -V

qvi Heat conduction to other skin (_A) (-rvcTv)
segments _ V_ _v_4

I



Table 41. Elimination Of "q" Terms

q Condition for Elimination (q=O)

q = 0 AU other "q" terms are constant with time ie steady-statg,
v _ or equilibrium.

qov 0 b.O Very thin vehicle skin ..

qs 0 1) Skin segment does not see sun or
2) Space vehicle on shade side of planet

qR= 0 1) Skin segment does not see planet, or
2). Space vehicle on shade side of planet, or
3) Space vehicle not in orbit around planet

qp 0 1) Skin segment does not see planet, or
2) Space vehicle not in orbit around planet

q0 = 0 1) Equilibrium, no internal heat generation, or

2) Insulated skin with no internal heat transfer

q. = G Equilibrium, ql = internal heat generated = constant or zero

qi= 0 All skin segments are at equal temperatures

qvi 0 Thin skins with long conductivity paths

For the steady-state condition, Table 41 shows that q = 0 and

Substituting in the general equation, (Eq.156) a. &ovying 0.,
0 = qov + qs +qR + qp + G Y57)

Substitution for qov from Table 40 yields the following equation
for T

T q q++ +G
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Further substitution for the other q-tetras shows

TVFSsS (0 FER +c P E G
I-7 .4 (159)

The value of the equilibrium solution is very limited since the
conditions for steady-state do not, in general, exist. The tempera-
ture control system designed from the steady-state conditions will
have somewhat higher requirements than are really necessary. However,
the steady-state conditions do indicate maximum possible variations
in internal environment for charges in external environment. Should
the space vehicle, then by accident or design, assume a planetary
orbit of 100% sunlight or 100% shade or a solar orbit at constant
distance from the sun; the steady-state calculations will be justified.
Furthermore, the steady-state solutions do not require knowledge of
masses and specific heats of materials used in the vehicle construction.
This is an advantage for predicting temperature control requirements
in advanced proposals without detailed knowledge of fabrication and
materials.

For a space mission where the vehicle assumes an orbit around
the sun, the vehicle skin will approach steady-state temperature for
the condition of no tumbling or rotation about the flight path.
A calculation with constant solar radiation shows that steady-state
conditions can used for cylindrical vehicles with( b
where w is the rotation rate of the vehicle about the longitudinal.
axis and no tumbling is present. Figure 133 presents a curve of the
effect of axial rotation, w, on the skin temperature variation of the
solar orbiting vehicle.

Equation158 and 159 are general solutions for the one-dimensional
steady-state condition and can be used to estimate steady-sate passive,
semi-passive, and active temperature control system skin temperatures.

General Heat Transfer EAuation for an Instrument Inside The Space
Vehicle

The heat transfer equation for internal heat transfer to the
instrument can be written:

q&B B+ G G (16D)
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This equation can be very complex dependent upon the configuration
of the instrument and the modes of heat transfer.

"q" terms for the instrument are defined in Table 42 and
illustrated in Figure 134.

Table 42. Definition Of Instrument "q" Terms

q Definition Heat Transfer Expression

qAB Stored heat in instrument MBGCB &'Tr

qOB Heat transfer from instrument (rT-')()V ACT) C -T

G Heat generated in instrument G

Terms can be eliminated from the equation if the conditions
of Table 43 are met.'

Table 43. Conditions For Eliminating Instrument q Terms

q Condition for Eimination.

qAB = 0 Steady-state, all q terms are constant with time

qB 2 0 Negligible instrument mass, n -P-O

q 0 Steady-state, no heat generation

G = 0 No heat generation

If the instrument "black box" is small, assumptions of (1)
uniformily distributed mass and heat transfer, and of (2) infinite
instrument internal thermal conductivity can be made for simplification
of the calculations. These assumptions are justifiable only for
rough estimates or very small instruments. Other more detailed
solutions with consideration for the instrument internal configuration
and cooling system are presented in Section VII of this report.
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Substituting into the equation (Eq.0), the values for the q
terms, qAB = 0 for steady-state and

'ls 'in )(T6-'Ii) + (6A) @T,-1-. ) (U A r, ( -T).(6)

However, for the steady-state conditions, q ='qO.B m G since all
internal heat at steady-state will ultimately be transferred to the
skin (see Figure 135). Also, A*-V and( *C'o-T,) can be
combined to form CUA) r-T) . Further simplifications can be made
since the condition implies no heat storage term in the heat conduction
or fluid transfer medians so that subscripts become B = I and 0 V.

Substitution of these considerations yields the following
equation for the instrument temperature.

Ws = v +404,9'r&. -1G

(U4):

Passive Tenwerature Control Estimates For Snace Vehicles

Solar Orbits

For the space vehicle in interplanetary travel, the vehicle can
be considered to bi in the sun 100% of the time (see Figure 136).
Also, the reflected solar radiation and planetary radiation terms are
Zero (or negligible)., Consequently, the equilibrium skin heat transfer
equation (Eq. 157) reduce# to

0- 0.ov 4- (3-63)

or, substituting terms and rearranging,

G -r.4 MI
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This equation shows that for a given internal heat generation
rate, G, the outside surface conditions, ,/ 4.and S. can be varied
to some extent to influence the skin temperature Tv. Conversely,
for specific values of heat generation rate and skin temperature, the
surface conditions are limited to one value of c(, and -S-v. The values
of csand -vmay be obtained by patterned areas of different coatings
if one coating with values ats and -v is not available. Note that
the solar constant S varies with distance from the sun (see Figure 11,
Page 26, Reference 18).

Plots of Equation 164 forzv~ersus T with various values of
vare given in Figures 137, 138, 139 and YO for a flat-plate,

cylinder, and sphere. These figures can be used for quick estimates
of skin temperature, maximum internal heat dissipation, or skin
outside surface o(,and v requirements.

The temperature equation for a heat generating instrument for

an equilitrium passiv e system is

+ G

OR (165)

Equation 165 shows th.t the temperature of the instrment can be con-trolled in a passive system at equilibrium by variation of (UA)B, V .

Consequently, the relationship -L .i -- shows five ways in (66)
which (UA)B,V can be altered. (v ( - (166)

1) Vary XBV (conductance path length),

2) Vary kB,V (Thermal conductivity),

3) Vary AlB,V (Area of conductance),

4) Vary A72BV (Area of radiation), and/or

5) Vary hB,V (heat transfer coefficient).
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h is considered to be a heat transfer radiation coefficient

BV
(>,( +' ? r '+i)(-r+-T) (167)

Values of t W/2 are presented for various TB and TV values in
Figure 1 l. Also Figures 112 and 143 are useful in estimating US,, •
?.v can be calculated by using equations or data presented in
Reference 18.

Planetary Orbits

For planetary orbits, the equation for heat transfer is given
by adding heat transfer for solar reflected radiation and planetary
radiation to the equation6& for the solar orbit. Note that all
three radiation terms (solar, solar reflected, and planetary)
become variables as a function of orbit and-time.

The skin temperature equation159 shows that for the planetary
orbit with internal heat dissipation both the external skin surface
black-body type eiaissivity 4v and the ratio*0S/are important, Ihereas,
for the shadow condition, the emissivity, 4%.,is more important.

The internal heat transfer is the same as discussed for the solar
orbit. Figure 111h gives some skin temperatures as a function of ats
and . v for an earth orbit with no internal heat generation.

Example Solution Of Passive Temperature Control System

Problem Definition

A space vehicle is to orbit around the earth in a 100 mile
altitude circular orbit for a long period of time. The orbit will be
50% in sunlight and 50',1 in earth shadow. Then, the vehicle is to
change course and foma an orbit about the Sun. A tlackbox of
electronic instrumentation is to be carried in the vehicle.

The space vehicle is spherical of 2 ft. diameter with a fast
rotation about its orbital axis relative to the orbit cycle. The
electronic instrumentation must dissipate a constant 100 watts and
must be controlled at 750F ± 75oF. The blackbox is a sphere of
1 ft. diameter.

Design a passive temperature control system for the vehicle to
control the instrumentation-at 750F _ 750 F.
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Figure ij. &ample Problem Vehicle Sketch

Assumptions for Solution

1) The vehicle skin assumes an average temperature with no
temperature variation, (This assumption is fairly valid for the fast
rotating satellite),

2) The"blackboXc" instrumente tion is assumed to have an average
temperature, TB at the case. (V lid only for a "blackbox" of
uniform densitpr, uniform heat generation, and uniform heat dissipation.
'hese conditions can be approached but are limited by mounting problems
and high heat dissipating domponents.)

3) The vehicle is considered tc attain equilibrium in space.
(Valid for a long time space orbit),

4) The vehicle is considered to attain eduilibrium at a point
facing the sun in the earth orii, and At a point in 100o earth
shadow. (The equilibrium condition is not likely due to mss thermal
storage during the orbit, Hotever, the equil'ibrium conditions will
give maximum and minimum values of temperlture uhich are theoretically
possible, The resulting change in satellite temperature Will be
greater than the actual sntellite chnhge in temperature as a function
of orbit period3 orbit path, vehicle thermal capacity, and vehicle
insulation),

5) Radiation from the earth and atmosphere is considered to be
grey-body type radiation, (The actual radiation distribution from
the earth is hard to predict and app ears to be at most wavelengths
although not ideally grey-body radiation).
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6) Reflected solar radiation from the earth and atmosphere is
assumed to have the same wavelengths as the incident solar radiation.
(The actual reflection nay le at different v.,avelengths due to atmospher-
ic effects).

Step-Wise Methods Of Solution Of Problems

1) Assuming 100% internal heat conduiction, pick a value of
(UA)L V where V % ,, such that the thermal conductivity is attain-
able preferably between 0.1 and 100 Btu/ftOF hr.) Use this
(UA ) V in Equation162 to calculate a skin temperature (Tv). (Note:
100> conduction is first approxdamation due to alMost certain con-
duction fron instrumentation mounting to the skin so that 100"
heat radiation is not attainable).

2) Using T from (1), estimate the external surface requirements
and S/kfrom igure 139. (137 for flat-plates, 138 for cylinders).

3) Using v and akfrom (2) calculate the vehicle skin temperature
in the earth orbit at lO0 sunlight and at lOO earth shadow using
Equation 159 and the geometric factors presented in figures in Section V
of Reference 18. (Use Figure 140 if G = 0).

4) Compare the three calculated skin temperatures from (1) and
(3) and obtain the maximum difference in temperature. Check this
temperature band with the required control Land. If the calculated
band is within the required band, proceed to step (5). If not, go
back to step (1) and pick another (UA)B,V and .tart over.

5) Find the average temperature difference beteen the skin

temperatures and the instrumentation temperature. (TB-TV average).
Remember that the instrument teriperature can be considered to be at
the high limit for the highest TVr and at the low limit for the lowest
Tv•

6) From this minimum (Tp-TV) from (5), calculate the required
internal heat transfer coefficient, (UA)B,V by use of equation

7) Using (UA) I from (6); estimate int ernal surface coating

requirements for 0, radiation heat transfer from the instrumentation
to the skin. Use Figure 141 to obtain h, •
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8) Using (UA)B V from (6), estimate the conductivity requirement
for l0".i heat orriuction from the instrumentation to the skin.

9) Compare (7) and (8), if neither solution is feasible, go
back to (1) and choose another value of (UA)B V. If (7) is feasible
but (8) is not, the design is possible but n6 desirable -- a new
value could be chosen for (UA)r,Vin (1). If (7) and (8 ) are feasible,
the design is possible and a combination of conduction and radiation
can be used to arrive at an optimum design using the required
(UA)B,v from (6).

10) If (9) is successful, the following temerature control
conditions have I een obtained.

(a) Skin e6xkernal surface condition 1-v , 01Y (Z)

(b) Overall (UA)B,V requirements -- (6)

(c) l00,1 radiation surface renuirements -- (7)

(d) -L-axixaun instrument temnerturo band. -- (1)

(e) Possible vehicle skin temperatures - (1) and (3)

Numerical Solution Of Fxample Problem

Using the stepwise solution of the problemthe folloing
solution to the example was obtained.

1) Estimate to pic% Tv

(a) Set 11 k

(b) Choosing. 0s~ 
= .'5 u'' ° = h '

(c) Calculating A..vfor I00*' conduction for a sphere:

4 39 6.8
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(e), Fzrn Equation 162:

2) Irstiraating *v anele Sf rom Fig;ure 139v "'Or TV 500Fy
and rl = 100 vmtts:

(a) 7stinating 4

(b) .~ 0WA,"r(t)'

(.s) Re-nding FigixrelN for TV= 24OF and 10 I

3) Calculation of TV for 100.. sunlight and l0TOJ shadow in
earth orbit:

(a) Estirre.tin, EpAh radlition to vehid-le.

4.
where albdo=9O0.35 (Tble.Ai ,. 31, Ref. 18)

S = 4h3 Btu/(ft) 2 (hr) (pigue 1,. P. 26 Rdf. 18)

for the 100 Pdule altitude =(Figure 34s, p. 821 IWet 16)
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3o1vi;g for p C= (.~i'' Et 339 0(p 1Btu/h,

But ct,, _ F E F

Since o =- Vfrom assuwiption (5)

or z6. Cr _Z

(b) 7,stirmntingj Tprth sol,)r reflection to vehicle:

i"eya. IRv o Figure 43, Pa~c 98,

(For altitud~e = 100 i-.iles, Reference 218
solpr engle, 8s = 00)

or '1. Csl R:01s'47) = 8 30~ (A Iw/ r.

O Aq C(S 4,rE;

(c) Estij-,.ting direct nolar r.cdiation to vehicle:

IFS = I='Vhcle '.olar din t a-

4-W ZVIVehicle 3urf'acc Area

Fs$ = 443 jo.8aW
Calculating~ TV for Oi-s/ 4uz.0and 4Cv0. S E.19

-rV Syer-Ji -I- %-Z-~4.~9+I - 5~
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i) axiiarvn temperature chnnge o" skin:

From (1 an (2), the skin temperature can vir, from
-74°F to 58OF J'im r.

For equilibrin t&Tv = &T= FS+-4 = 152 09.

(This is within the required 150 0 F 1:an for &-r.)

5) (TB-T V ) average

VT averege f rom (1) and (2) = 58874-

T average = 759F (design point)

(TD-TV) average = (75 + 3) PO0 F

6) Reouired (P Q16Y :

Using Equation

CU M3- 4.11 Pu/(hrXeF)
"Sv TT B3

7) Required internal surface continLs for

from (6) for 1O04 radiation heat transfer:

From Hottel the combined errissivity -- d eometric factor for
concentric spheres is (eferemce: J-cot (10T)

-__- __ (169)

From Figure .41 for r=75b. -Fy - I
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Substituting:

Rearranging: 0 . 1 _ -_ .8 6.8 - I.3

If . (all internal coatings, the same)

4 =1 0 -_ .77

8) For 100% conduction:

koy _ - 41 . o.,o "-/

is in tile range 0.1 to 100 .- and thus is attainable for

k s n ( -(Q*r)
present materials.

Note: 4.can be altered by use of insulated and conduction
paths.

9) Comparison of 100% Radiation and 100% Conduction:

100% radiation heat transfer is possible with internal surfaces
at -Eo.7?. Also, 100% conduction or a combination or radiation and
conduction is practical (although k is snmaller than originally picked)

10) Summary of design exemple results:

a) Skin external svrface conditions -- v 0.8

!L s
b) Overall UA) requirements (UAl 4.11 --

c) 100% Radiation surface requirements: =0.T?

353



d) Maximum Instrument Temperature Band:

e) Possible vehicle skin temperatures.-

Solar orbit: Tv =ZO0 F
Earth Orbit: (100' sunlight) Tv = @O

o(100o shadow) TV = -14*I

11) Actual possible'internal construction to achieve
If the inside sphere is mounted to the skin by tro circular flanges
and the rest of the space between sphere surfaces is evacuated
(with radiAtion shields), the thickness of the flanges can be cal-
culated as follows-

Average Radius of Flange: O. . .

1** bflA%&wcZ = 6Azn-A 'L = 9.1 xb S4*?

".,vkb $O 4.%1

Solving for VY__

For steel, ,

Solving for b.A~r -rkv~~ws): 0.2. =o7ovm qao t _%V

Thus, two circular steel flanges of thickness 0.27 inches and
conductivity 10..o can fulfill the ( ) ,Q requirements.

Note: These flanges would affect the localized vehicle skin tempera-
tures so that 'the assumption (1) of uniform skin temperature
is in error. The example only indicates that a solution is
feasible, a more complex IBM Program must be used for detailed
analysis and final design requirements.
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Sei-Passive Temperature Control System Estimnate.

The equations and curves developed .previously for the passive
system are directly applicable to the serzi-passive system. Hoirever,
in order to obtain better control of temperature, the possibility of
variation in surface conditions and internal heat transfer from or to
the instrumentation to the skin is introduced. These variations can
be used to compensate for changes in external and internal heat
transfer rates in order to keep instr :;ent teyaperptures ithin a
specified temperature tolerance band. nrny methods are available
through use of mechanical, chemical, or electrical systems to cause
variations in the surface coatings and/or internal heat transfer
rate. Some of these methods are illustrated in this report. Figure -,
146 shows change of UA with Tv.

Basically, the method used in estimating temperatures, coating
requirements, and overall internal heat transfer coefficients for the
passive system can be used in estimtions for the semi-passive system.
However, optimum coatings and internal coefficients can now be
chosen for each external condition.

Exanple Steady-State Solution Of A Semi-Passive Temperature Control
System

Problem Statement

For the purposes of comparison, the problem ill be the same as

stated in the passive example. Hovever, the electronic instrumen-
tation. will be limited t6 a 75 ± 1F band instead of 75 + 75 0 F.

Stepwise Method Of Soltition Of Problem

All steps are the same as in the passive emwple excent in
step 3 use- the skin temperature Tv from I instead of 4C andfe from
2 and calculate the -required siurfaco conditions. If the surface
conditions are outside the obtainable surface coatings variation in
(UA)B V must be included in the design. Then (UA)' v must be
pickeA for each equilibr.un point to allow a practiChl choice in
surface coating.
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Numerical Solutic Of Exaample Problem

1) E-stimate to pick Tv:

k 0.5

i :;"Utmll tie. I~r1  for

T -- 1 aF nd 1 )O Watts

vE

3) Calculhtion of nd 0 Yfor 1()0", :unli,Tht -,,rid 1001"
shadow in w( rtii 'r 'L At 100 1iile :i1titurle:

(From the previous f le)

26 - .9 Lt/rfT

F~?=66.2 Itu/ir. ft

outitiuting into Eluntion

Wit~h
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and rearranging:

V( Tv FP) - G/v (170)

Thus, as( is defined if -e v is chosen.

Substituting numbers t

C .S I[ o. 13(4.%,,-z.'.93 - 7.9 "

or
s = 0.41 9v- O. O45 For 100% Sunlight

For FsS = 0 and FRER -O:

For 100% Sunlight, if Qv = 0,

C 0. 4 1C.%) - 0 .04A5 0. Z%3S
0. = . G3 - . = 

For 100% Shadow:

O~s not important
UV=O ?ll?

4 ) Required internal coatings for (UA)B,Vs

All numbers are the same as in the passive example except
(UA)BV =6.8 instead of 4.o1 and hr/3. = 1.10.

or 4 or.

and 0.- I.?
of- - i =. O
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~)Swnmary of design example resixltal,

The desired contro' can be abgained byr variation of' the skin,
surface condition, as. follovo

ay space With Solar Waiationl,

b) karth orbitf 106* Sunlight.,

~4_

At ~rtk orbit, 100A uhgdowi

4 01 bitl a=ANYt VALJI9

Por 100% conidutitij

Pot 100% lgdkb3tiiu

* ddMdt adl bdhd deohi Oh eoto ropna

laiab1t Ski Siwfaoo c~atibab It tht Of~n
vdiilbi I'di~ik sU A ikh soth%1 III lb

th- -'401AAXa-YA io09 ihtb6 iwb bf=wt

Pot 1 thadw., - mi doro

6, M 6.414 6- b4!



S"V . .40.

For space:
4

Eq. 170 reduces to e

0(5 = F 172)

and
oC =0.07=9 6V755

It .

or

Thus the proposed mercury control surface can be used. With Ofs
held constant at 0.07 and 6Evvarying from 0.117 to 0.2b. This system
would adapt to the actual transient conditions.

Variable Internal Heat Transfer Coefficient. A variable
internal heat transfer coefficient might be obtaCined by putting two
donduction path. and a radiation path in paralle. from the instrument-
ation to the skin. The radiation path could be used to obtain the
(UA)B.V required for the earth orbit on the shadow side, one conduc-
tivit' path plus the radiation path could be used for the space orbit.
Two conductivity paths plus the radiation path could be used for the
100% Sun, earth orbit. Conductivity paths could be engaged or dis-
engaged by metallic or bimetallic expansion (See Figure 147).

BIl MEL

Figure 117. Variable Conduction Sketch (Example Problem)
Using the skin temperatures calculated in the passive example

and kquation*l Without fluid flow,

(uA)~G

For 100% Sun, earth orbit=
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For 100* earth shadow:

"7'S-74

For Solar, space orbit:

QU) 341 rg
'-ns_ 2,4

For parallel conduction paths (UA) , V can be expresed as

1 /3

For the 100% earth shadow, the conduction paths can be open and

A solution can be obtained for the required internal surface

coating, by using the equation developed previously:

W" A (-UAk)(1 74)A

For - s "

From Figure 11i for -9= s , "rv=--10

k .G . to/Ch Fe For bl4ckbody radiation

Substituting:
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For solars space orbit: V= 24*F -r.

From iigure 141

Substituting:

For 1OO% sun, earth orbits . -

or (NA) 0 1 - 1.b . -3.-7 14.0

30.10

For an aluminum conduction path:

k oo10 St X1C )C=)l

Also, . &:

Thus, 3.1-7 0.5- 3.1,
100

and 0, a .
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Solution. The desired control temdnerature of the instrument-
tation can be achieved by providing internal radiation coatings with
-C= 0.61 and two aluminum conductivity paths of area 0.019 ft; and
0.07 ft 2 . The conductivity paths would have bimetallic connecq'ors
such that path (1) would be dis%.onnected below TB%74.5OF and path
(3) would be disconnected below TB^75.5oF . Since the bimetallic
connectors will connect or disconnect at set instrumentation
temperatures, this control system adapts to the actual transient
condition with a pulse modulated control action.

T4ie conduction paths would not have to be one strip. Ideally
paths (1) and (3) could consist of a number of conduction strips atspaced intervals. These spaced strips then would be able to correct

the instrumentation case temperature at 75 * lOF at all points on
the sphere. Also, the radiation path (2) could be replaced by a
constant conduction path which could be used as a flange between
the skin and instrumentation.

Variable Internal Forced Lonvection (Recirculating Liquid.
The heat dissipated by the electronic instrumentation can be trans-
ported to the skin by use of a recirculating fluid.

This system has advantages over the radiation and/or conduction
temperature control system since the fluid can be directed to the
electronic components in the instrumentation which reluiro cooling.
Also, the case temperation need no longer be the controlling heat
transfer temperature--a much hotter component temperature can be used.

Disadvantages of this system are the additional weight of the
system the power requirements of the pump, and the decrease in
reliability. The weight of the system can be prohibitive due to the
fluid, heat exchangers and cold-plates, flow control valve, lines and
pump. The power requirements for the pump can be high for long
lines, high flow rates, or high pressure drops. And the reliability
decreases because of possiblities of fluid leaks and pump or control
valve malfunction.

For the example problem if the exchanger or cold plate average
fluid temperatures are defined as

Tfl~ fluid temperature at vehicle skin-
Tf2 = fluid temperature in instrumentation

then an estimate of the system requirements can be obtained by the
following reasoning.
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If the exchangers are ideal. and the flow is slow,, -OT T s.
Thus the mass flow requirement becomes)V T ) 0= (T. v s a

s 3 ~ (175)

or +r-= _G , For a given fluid, c is known specific heat andv4'=- -

In this problem, (TB - TV) varies from (a) .1490F to (b) 170F. The
change in flow would be Y.. 0-.i r .1.

For a maximum flow at 0.2 GM1, the minimum flow requirement would
be 0.114 x 0.2 = 0.0228 GPM. This would establish the control valve
requirements, i.e., proporbional or pulse modulated control from 0.0228 GPM
to 0.20 GPM.

If 1" tubing was used at 50. feet equivalent flow length where "equiva-
lent" includes additional length to account for bend and valve losses,
the flow pressure drop can be calculated as

41' - L V2. (1-76)

The fricti'on factor, f, is a function of Reynold's number and pipe
surface roughness and is given in curves in most fluid flow books (see
Figure 148.) The "gravity constant" in the equation is nota function
of external gravity and, therefore, is not affected by the zero-gravity
.Condition.

For the example problem, a typical coolant fluid has the properties

For the -1" tube in aluminum, Dinside = 0.18" = 0.015 ft., flow area
1.77 x 10-4 ft. , and weight = 0.0276 lb/ft (from Reference 84 Perry's
Chemical Engineers' Handbook, Page 425).

To find V

(177)
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For ft

Reynold's number __oO - tio O.O%3o - A-oo

From figure 148:

For a smooth pipe with R9=4100,

f -0.04.

Evaluating the pressure drop,

AP e-+.6- - = 1430 ps fOps,

PUMP POO . -C 1.%(VA ~AT

Thus the pump requirements can be set at 0.2 OPM at 10 PSID
head pressure. Such a pump is available and veighs- 0.8 lb with
7.5% efficiency, power required is about oQG 1 1.s wwrs.

Sumaary of fluid system:

Valve: Control from 0.022 to 0.20 GEM at fluid temperatures
from -7h to +' F.

Pumps Maximum flows 0.20 GFM
Head Pressure: 10 PSI
Power Required: 12 watts
Weights 0.8 lb

Tubing: i" 0.D. Aluminum:

50 ft. at 50 x 0.0276 =1.38 lb.

Heat Exchangers or Not included, depend on design.
Cold plates: (see ,mays & London or AiResearch

Handbook (Ref. 85 and 86) for heat
exchanger designs).

Radiators: See Reference 48
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Fluids Line volume = 1.77 x 10-4 x 50 = 8.85 x 10- 3 ft3

Weight= 1.0 x volume =3.0 x 8.65 x 10-3=0.97 lb

System Requirements

Weight 3.65 lb (8 oz valve) or higher depending on Heat
Exchanger and cold plate weight,

Power - 11.5 watts

Simplified Transient Heat Transfer Analysis

In many applications, the equilibrium analysis is only an
approximation useful for estimates of maximum possible temperature
variations, temperature control requirements, and vehicle mean skin
temperature. The more complex transient analysis is the only way to
obtain valid predictions of temperature variations and exact tempera-
ture control requirements for most space vehicles.

Most space vehicles can be expected to have variations in ex-
ternal heat loads due to planet, solar, and reflected solar radiation
and variations in internal heat dissipation. As a result, the
general transient analysis needs to take into consideration the
temperature changes and control response requirements for transient
heat transfer in the vehicle with variable external and 'nternalheating loads.

Several IBM programs are available for quick solution of highly
complex transient heat transfer problems. These programs should be
used when possible since they lead to a minimum of engineering time
and allow a more detailed analysis. However, many simplified transient
analyses have been :In use many years. Some of these analyses are
Schmidt plots, numorical analysis, classical mathematical approaches
using Bessel functions. reiterative stepwise solutions, and passive
and electronic differential analog systems. These analyses are the
basis for the IBM programs and are useful for simple transient
problems and for a basic understanding of the IBM program concepts.

This section shall attempt to show the method of setting up
the general transient equations of problems for solution by re-
iterative stepwise hand solutions, by differential analog, or by IBM
program. Also, classical mathematical methods and assumptions will
be shown for the single node lumped system and one-dimensional heat
conduction problems.
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Node Transient Heat Transfer kquations

In general, the smallest number of nodes needed to describe the
transient heat transfer are three nodes as shown in the sketch. The
therm "nodes" is used in the analog and program language to denote
points about which heat transfer equations are formed and heat
storage terms have been considered lumped together.

-VC441CLE SK~IN

I lj

The heat balance about the three node points becomes:

SKIN: MncT ___+

INSULATION: r c. ( - - + -. (179)

INSTRUMENTATION s  C G + I& -A x (Tmz)+ o - )

These equations can be rearranged to the form

=+ 2 xA (T , T
Mv C y r W% y@ hCV

I = ?4'Ax (T vTV - z)o

TB - Q 2- 14 AT-*A CY

F(t TV) is a function of time and skin temperature with varia-
tions in external heat transfer and G(t) is the variation in internal
heat dissipation with timee
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j
The equations presented in equation set 180 are solvable byt,

electrical differential analog using F(t, TV) and G (t) as input
functions. Reiterative methods are possible for IBM or hand solution
by setting TV '; v -A:
and solving all t~e equations at a slutaneous interval of At.

For simple periodic, ramp, or constant forms of F(t, TV and G(t),
the three equations can be solved by stepuise solution by use of a
Friden or other calculators.

Also, for hand or IBM calculations, the time interval t must
be smaller than the smallest time constant of the skin, insulation,
and instrumentation. The time constant can be calculated from the
formula - C

where UA is the overall heat transfer to a node and mc is the node
heat storage. The term UA can become extremely complicated for com-
bined forms of heat transfer and is somewhat arbitrary in most cases
except for pure convection, conduction, or radiation heat transfer.
The time constant is the largest value of t which can be used in a
stepwise solution without introducing large oscillations in the step
intervals which will invalidate the solution.

The previous equations in Equation Set 1W have not indicated that
nature of the thermal properties- included. In general, for analog
and hand solutions all properties are considered constant with
temperature. However, in the actual case, most thermal properties
vary to some extent with temperature. Also, for the semi-passive
control system the internal and external properties may be controlled
as functions of time, temperature, or both. Consequently, the only
method for obtaining accurate predictions for even the simple 3-node
problem at present is by IBM program.

Some Classical Approaches To Transient Heat Transfer Analysis

Most engineering applied math books and advanced heat transfer
books have some examples of mathematical approaches to transient heat
transfer problems (References 26, 29, 87, 88 and 89 are examples).
The usual solution ends up with some form of -dessel functions or a
transient chart such as a Heisler Phart. The solutions presented are
generally very limited since boundary conditions such as initial
temperatures and heat inputs are very restricted in order to obtain a
solution.
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Two classical approaches to the solution of transient heat
transfer are (2) the solution with lumped mass and specific heat with
instantaneous thermal response (infinite conductivity) and (2) the
solution of the one dimensional Fourier heat conduction equation with
instantaneous temperature changes at the surface with external heat
transfer changes. Both solutions have rather limited applications
but are useful in certain cases. For instance, the first solution
could be used to estimate the average temperature of a low heat
dissipating space vehicle subject to variations in external heat

radiation with time. The second solution can be useful in estimating
maximum temperature gradients in insulations, flanges, windows, and
other conduction paths.

Perhaps in the near future, or in Phase IV of this study, an

IBM program can be developed for more complicated boundary conditions
and two and three dimensional cases.

Cas@..i Lumped Heat Storage, Large 'hermal Conductivity.

The heat balance for Case I is

+'6 ++~ ,.q- (181)

where 1,- (M€+) total space vphicle (TSV).

Substituting:

(~)+ 4 L~~I~C le

a) ForIS+ k+ , % C

- Constant= o

Or faT - c, cLt

And A~r -c

b)l q-£ (t)s -
-. (M. "

)at
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c) For q--f(T):.

Example.

For a body suddenly imtersed in a fluid

4(a~i -T) =evcr

or _

solving T. ~ 13

where Tf Fluid Temperature

Tj -nitial Body Temperastuze

This solution is the basis for the time constant, used in setting
the calculation -time interval in stoep idse solution by hatd and MId
programs, The, tine consiag, is iov= Whib in he itvluto e-,r'

Note that the slobe at tM iilte'- i
sects theI.W -xi th
time L-onstafit to.,

•I -k. )

Figure 149. TexiteratUre vs. Time Por Body Sudenly
Immerse. tn A Vtid
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d) For wr'k4 ,

O ,.= + = 7.-r 4

Separating variables and integrating

r6-\A--4C

where Ti -=T initial

This is the temperature change with time of an object or skin
seotion with no internal heat dissipation radiating to absolute -er
gp&ee, A curve of this function is shown on Figure 150. Note that
this solution does not have an easily definable time constant as
abboft in 0).

+Yc W<C 4- k*') -T 4
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Where K (t) is some Fourier series relationship with time. This
form for Zq Is the most usual for satellite vehicles. However, because
of the T term, it is difficult to solve. The simplest solution is to
let m Ar/7& and using K3 (t) for each t. + bt to solve by step-
wise numerical integration. The equation can be integrated directly for
K3 constant.

Let + -- -. 7 4-

ecb to

Separating variables f - =

Integrating and Rearranging

Q3Co.T.) V (:T

. (185)

Steady-state Temperature T (185)

(See Figure 151. for plotted results)

f) Periodic Heat Transfer: It--6A[T, -T+

The variation in temperature versus time for any periodic functn
can be expressed by:

T~ ~ 4~.T .~-e-~) (86)

where Ta is the surrounding fluid temperature, T is the mean tempera-
ture, and T io the temperature amplitude of tfe nth harmonic (see
Reference 0,.

'Z. f- " the circular frequency of the nth
harmonic (radians/hour)

to = period of the first harmonic or fundamental (hours), and

= phase angle of the nth harmonic.
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Substitution of Equation 186 into the form

gives the equation

P -')Y 8. T -r oS) (187)

Considering an nth harmonic only

CL T-% +K ~T T o oS ( W~- (188)

The solution consists of two terms, a transient term and a steady
state periodic term. For large times, (i.e. long time in orbit), the
transient term approaches zero and only the steady-state periodic
therm will need be considered. The temperature fluctuation of the
lumped mass will have the same frequency as the driving function,
the fluid temperature. However, the amplitude T will be less and
there will be a phase displace.ent C(n. The solu-ion for the nth
harmonic is of the form

o= I o (189)

and

+____Cos___ (190)

where 
K= ILI.. uJ ,

The previous relationships can be shown by use of the
vector diagram (Figure 152).

Figure 152. Vector Relationship of Periodic Heat Transfer Temperatures

376



Note that the amplitude of the fluctuations in the temperature of
the lumped mass, decreases with increasing m or vn .

A plot of versus (t-- W, shows that

amplitude decreases t6 0.015 at " -w
70 -

Figure 15S. Temperature-Frequency Relationship
For Periodic Heat Transfer

Thus, in any space vehicle with low internal heat dissipation
where the product ()'> 66, the mass can be considered at a constanttemperature and the mass will assume the mean temperature of the
periodic driving temperatures.

Case II. Instantaneous Temperature Response at Surface. For
the case of instant aneous temperature response at the surface, the
heat transfer to a conducting body can be written as the one-dimension-
al Fourier equation,

CLWkr o 1< ThewiOA Dtuir4;* .(191)

This equation can be solved easily for constant heat inputs and
step-changes in surface temperature. Such solutions have been carried
out for plates, cylinders and spheres and plotted as Heisler charts
or in similar charts. .ihe temperature can be obtained for any time
and distance frcm the surface by looking at values on these charts.
Howeverp these limited boundary conditions are not very useful for
most conduction prqblems in space with varying boundary conditions
atd a non-linear T' radiation away from the surface.
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One solution which can be of use in space vehicle ana,.vsis is
that for periodic heat transfer for semi-infinite solid. This
solution or a slight modification can be used to predict the effects
of periodic heat transfer due to rotation of the vehicle or changes
in radiation in a planetary orbit. The solution can also be used to
predict at what value of thickness of material the periodic tempera-
ture changes will be effectively damped out.

If the Fourier conduction equation is used with the cyclic
ambient fluid temperature variation as described in Equation 180 and
transient results are ignored (long time), the equation for temperature
becomes 14SO(.

w ie-. = phase lag between fluid

stemperature and urface temp.

xnadistance in body from
surface (ft)

i _ _ _ temperature amplitude reduction

+ factor from fluid to surface of
body.

e temperature amplitude reduction
factor from surface to depth x.

-A phase lag from surface to
depth x.
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Observe that if the surface temperature variation is given as

"T, ="r.,, + has C..(,.,-,) (193)

the result is
T om. + -To, e. , -,- (194)

A study of this equation reveals a damped temperature wave travelling
into the solid with a wave velocity Z ft/sec and a wave length of

Z42 -feet. It is also apparent that the higher frequencies decrease

much more rapidly with depth. A plot of the temperature amplitude of the
nth harmonic divided by the surface amplitude as a. function of x|
yields the following curve (Figure 154). z

I.0

0_ -I
0

Figure 154. Temperature Amplitude vs. Distance at One Vvequency

Thus, the amplitude becomes T at a value of

100

At this point the amplitUde could be considered demued and

-. _. (195)

From this relationship, ,k k for a known material where X a constant)

f G.5In other words, a material with a thermal

diffusiVity (a) or a fast rotation rate (Wn) will cause the distance
of penetration of the periodic temperature variation to decrease,

Equation 195 or Figure 155 can be useful in estimating the distance
at which uniform or low heat dissipating equipment should be mounted
from the surface (skin) to achieve a desired wmuximnm instrumentatioh
temperature amplitude.

Solution Of One Dimensional HIeat Conduction Problem By Method Of

Finite Differences. The stepwise solution for transient heat transfer
problems can be simplified by setting the calculation time interval At
equal to a product of a simple constant and the time constant t.
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For example, consider a one dimensional conduction path
(Figure 156).

Figure 156. One Dimensional Heat Path Sketch

This could be a beat transfer path from the vehicle skin to the
internal equipment with F + Klsin.vt. the external heat radiation and
G the internal heat dissipation. If x =the distance between nodes
and k = conductivity, A =conduction area, M =mass, c -sPecific heat of
node, then the time constant s - Y S

Thus, the calculations interval can be set as AT= and the heat

transfer equations for the inner nodes becomes

W. T,-4T3. - . en To- T.- +TTI.= (196)

A numerical table can be set up Of nodes versus time in intervals
At and the temperatures can be solved easily. A graphical solution
can also be solved.and is knoun as a Scmidt plot. However,$ the table
is more effective for Fourier series solutions or wave solutions where
alternate cooling and heating causes temperatures to fluctuate such
that the lines on a graphical solution would overlap and come back
into each other thus confusing the plotter. Further extensions of the
method of Schmidt plots are shovn in Jaobis (Refe 89) and diedt
(Ref. 26).

Electrical Analog Networks

Before the digital programs were developed, complicated transient
heat transfer problems were solved by use of electrical analog net-
works. These electrical networks were studied by the programmers for
the digital programs.. As a result, the view point of most heat
transfer programs reflects an electrical analog network. For example,
the Lockheed program uses the passive theral-electrical atalog
network, the North American Aviation ARSOP. Program uses the differe-
tial analyzer approach, and the S&ID program uses a combination of
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the passive network and the Oppenheim radiosity network.

klectrical analog networks are useful in arranging heat transfer
terms for problem solution. Consequently, the typical network
arrangement of a passive electrical analog solution, an electronic
differential analyzer solution, and a radiosity electrical analog
solution are presented here.

Electronic Analog Computer. D-C Analog Computers are relatively
simple electronic devices commonly in use to solve a wide variety of
problems in applied mathematics. Ath the building blocks of the
computer the functions of addition, subtraction, multiplication,
division, and integration can be used to construct a mathematical
model of the equations to be solved (Table 44). The variables of the
problem are related to the mechanized equations in terms of properly
scaled voltages that are continuously recorded as the problem
solution progresses, on some convenient output device.

Passive Network Com uter. The Passive Network Computer is
limited In tHe riety of problems it can solve, and is generally
classified as a special purpose computer. It differs basically from
electronic analog computers in that its elements (resistors, cap-
acitors, inductors) and the machine variables (voltages current,
charge) bear a direct analogy to the coefficients and variables in
the problem being solved. In other words, the variables in the
mechanization obey a set of physical laws in the same manner that the
variables of the problem obey a different set of physical !aws kbor
example, the force equation for a mass-spring-damper system is

M44- + 3 Ar+C~& WYIA (- (197)
The voltage equation for a series L-R-C circuit is Li4.-'L4-"XA-f* -Int.)
The analogous quantities are evident. Table 45 lists some electrical-
thermal analog equivalent quantities.

The Oppenheim Radiosity Network. Enclosure consisting of four
surfaces:

3

Radiosity network for radiant heat transfer between surfaces:
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A, t, Jr. A -s._ A3 z E3  I

Figure 157. Radiosity Network

A -Surface Area (Ft2)

Eb=Blackbody Radiation, Btu/(sq.ft.) (hr.)

F=Shape Factor

J -Radiosity, Sum of kaitted, Reflected, and Transmitted
Radiation Flux Per Unit Area, Btu/(sq.ft.) (hr.)

e - Surface Eissivity

r -Surface Reflectfvity

A more complete presentation of the radiosity network is in-cluded in Reference 18 and in Oppenheim's original paper (Ref. 30).

One Dimensional Heat low Problem. To demonstrate the use of
analog computers (both active and passive) in solving thermodynamic
problems, a basic one dimensional heat flow problem will be considered.
From a previous discussion, it was seen that the equation for the
rate at which a homogeneous medium (with no internal heat sources)
stores heat iU given by

CV. 1Sv 3 . 198):

Since analog computers can only handle equations with time derivatives,
it will be necessary to convert equation 7 into its finite difference
form. Thus, instead of solving for temperature at all stations x,
solve only for the temperatures at stations x 1,2, . . . N. Let
these stations be spaced at equal intervals, hx, as indicated in
Figure 158. The length of this interval affects the accuracy of the
solution. When the medium is sectioned into a number of elements,
the assumption is made that, for any instant of time, the temperature
throughout the element is the same. Also, in replacing derivatives
with finite differences, the accuracy of the approximation is in-
creased by keeping the interval small.
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The heat flux vector W- -at the N + j station can be approxi-
mated by

K I 4K (199)
K 

J

The limit of this equation as &Y.-90 is simply the partial x
derivative at that point. Similarly, the a, k Wr ) ter for the
Nth element can be approximated by teR mforte

Ejuations 198 and 200 result In
KMA

c,Ve O ~ -

where V is the volume of the element, and A is the surface area
normal to the heat flux. Since the medium is homogeneous, and the
dimensions of each element are the same, equation 10 reduces to

e~e ~ =k'~-~-2 7%4-Ta (202)

Thic is the desired form of the eqtitions when presenting them for
analog solution. That is, explicity solve for the highest ordered
derivative.

IT,

Figure 156@ One-dimenlional Transient Heat Transfer Exemple
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For a given heat flow problem, it is always necessary to
stipulate spacial boundary conditions either on the temperature T or
the heat flux K K, as well as the initial temperature distribution
throughout the medium. Consider that the infinite slab of Figure 158
be bounded on one side * insulation such that there is no heat flow
past the wall. It may be required to determine the transient decay
for some initial temperature distribution when the other boundary is
maintained at zero temperature, or it may be required to determine
the temperature - time history for the chosen points when, initially,
the medium has the same temperature throughout and then is subjected
at the other boundary to a step input. Let us consider the latter
case*

Equations To Be Solved.

TO =Ts
T1 = K, (T2 - 2T1 + TO) (203)

T2= K, (T2 - 2T1 + TI)

Tn = K, (Tn+ - 2TN + TN_.)

Boundary Conditions. When the specified boundary condition is
on temperature, this condition occurs at a full station. If it is on
heat flux, this condition occurs at a half sation.. Therefore, the
step input occurs at the point To # and the zero flux occurs at the
N + i station....

Initial Conditions.
-C%,6) ='r 4 0o'- o(L1

The lowest t emperature existing in the problem is generally considered
zero voltage in the machine. If TC = 3000Fp this would correspond to
zero voltage. The step input to the circuit will result in a
transient voltage rise at each point, which when converted to tempera-
ture, is added to the initial 300OF.
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Non-Homogeneous Medium Unequally Spaced Points. The heat
conduction problem encountered most frequently in heat transfer work
involves medium whose elements have dissimilar conductivities and
dimensions. Iten solved for the time derivative of temperature,
equation becomesp for this case,

whee W = e N V0b C)

and -wis surface area normal to heat flux vector and common to
the elements N + 1 and N.

The equivalent thermal conductance between typical temperature points
is given by

[I ]u - (205)
40

Combining all terms in the coefficients into one i symbol, equation
becomes

where =' =__ I U --

The mechanization of Figure 160 is the general case for N temperature
points. whereas the mechanization for the case of homogeneous medium
and equally spaced points required one amplifier per temperature
pointj, the present case-requires three amplifiers per temperature
point, Howeverp in the latter case, the heat flux times a constant,

AhH. , can be recorded for each element, in additicn to the

temperature*
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to#

1 #1

-3 1 to #3

I ~3h(Tj 4 - T)

ITn- (TI TI2

n ni

2 tn (Tn - Tn2l)

n_ -1n -Tt

Number of Amplifiers Approxiisately 3X No. of Points

Figure 160. XLectronic Analog Mechanization -General Case
for Heat Transfer
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One Dimensional Mechanization For Homogeneous Slab And Equally
Spaced oints. In this mechanization, the operational amplifiers are
perfoMng a number of functionss

. Sum three inputs

2. Multiply one input by constant factor, 2e

3. Integrate the sum

4. Invert the sign of the input

-K'2.

Figure 159. One-Dimensional Electronic Analog Mechanization
For Homogenious Slab And Equally Space Points

One Amplifier per point is required

Passive Network Mechanization. The direct analogies between
thermal and electrical quantities, as previously outlined, lead to a
single mechanization for both one dimensional problems just considered.
The circuit is indicated below:

T. R T_, _N. T .4 ;*-,qTN

rC7? Ntwr TCt'C
Fiure--16. Passive Netwk For One-Dimensional

Heat Transfer
Hnmogenious Medium:

R0= Ax .= C 1 eV
ZKA

as T (2 0T) '
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Non-Hcnogenious Medium.Ra , C,- , 0'v, V
21,A%, I

. . c c. e. V. (o8)

R A? t 40 -+ 4z KnIA 4%q K4AF-,

(r.ot#- recureA +*ALS C~O-Se sce K -
ZK.A 6 YI I 0)

Simulation Of Radiation On Electronic Analog Computer. Many
problems in thermodynamics involve the transfer of radiant energy.
The Stephan-Boltzman equation for the net radiant exchange between
two radiators is

= (209)

where q eheat rate
A = area

Ou a Stephan-Boltzmn Constant
FAa shape factor
FE =emissivity factor L

The use of a servo-multiplier in taking integral powers of a
variable was indicated in Table 4. This is precisely the method by
which temperatures are raised to the fourth power. There is, however,
one modification from the equipment standpoint that is required to
prevent potentiometer loading effects. As iridicated in Figure 162,
amplifiers are used to isolate the follower-pots from each other.

..... + -

-T, -)-T

SFigure 162. Electronic Analog Simulation of Radiation
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Radiation between two temperature points is calculated and the term is
fed back to be summed and integrated with other terms in the heat flow
equation for the particular point. Simulation of radiation is expensive
of equipment. For interfacial radiation, each point requires one servo-
multiplier, two and one half amplifiers and one potentiometer.

Simulation Of Radiation On Passive Network Computer. To represent
rate of heat loss due to radiation on a passive network computer,
current must be drawn away from a temperature point N according to the
relation LM = K M (210)

Since only the first power of voltage is available at any point in the
analogy, and since current dissipation can only be brought about by
changing load, the expression is mechanized by loading the point N with
a resistance that varies according to the relation R-I/Kv3. For such
a resu.stance, current flow according to Ohm's Aaw (currentevoltage/
resistance) will be a function of v4.

The variation of resistance is approximated in a stepwise fashion
so that the current characteristic is approximated by straight line
segments, as indicated in Figure 163A shown below.

The biased diode circuit of Figure 163B is designed to yield such a
current characteristic. As the temperature (voltage) at the nodal
point increases beyond the voltage at which a diode is "'back biased",
conduction through the diode takes place so that the diode resistor-
loads the point. Mach diode conducting causes an effective paralleling
of resistance, thus increasing the current drain on the circuit.

Figure 163A 6

Fimire i63B

Figure 163. Passive Network Simulation of Radiation
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Using this method, it is impossible to simulate interfacial radiation.
This is true because the voltage source t and bias resistors RI,
. . . .RK would become active parts of the circuit in ar new mechan-
ization that attempts to account for radiation current between 2
points in the circuit. Therefore only terms involving radiation to
space can be handled.

It should be mentioned that non-linear resistors (such as thyrite
and metrosil) with a current characteristic i = Kvx are currently being
investigated at some research centers.. Their use is extremely
limited because of two major reasons. TAhe exponent x is generally
less than 4,, impairing accuracy. Secondly, the limited range of volt-
age over which the radiation holds, in addition to the generally low
power rating, dictates a voltage and current scaling that is im-
practical when simulating terms other than radiation. If these
limitations are overcome in the development of non-linear resistorp,
mechanizing any type of radiant energy transfer would be a simple
matter.

Transient Heat Transfer Computer Programs

A number of programs are available for transient heat transfer
analyses. These programs have almost always been developed using the
analog networks as a model. Table 48 summarizes three of the programs
in current use at this comparqi The references shown on the table
give detailed information on problems which can be solved by the
program and methods of entering the IBM data. Program decks for these
programs are available to ASD and Air Force contractors.

Other programs are being developed in support of this contract.
These programs can be used for computing view factors for radiant
heat transfer to 3-dimensional bodies, for integrating monochromatic
test data to obtain total emissivity and solar absorbtivity values.,
for optimizing fluid loops, and for heat exchanger design.

The IBM programs could be improved if some method of integration
and differentiation without employing stepwise solution could be used.
Such a program might be arranged by combining digital computer
systems with electronic differential analyzer components. The use of
the differential + in place of the approximation 6t would eliminate
the necessity of computing a time constant and errors introduced by
stepwise solution.
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The ult te program would eliminate the node concept since the
tde is art arbtrary humplz of thermal and pPlrsical properties about
a. point, (The choice of too large nodes can cause large errors in
rdaults),. Suh P Program might be devised by using the methods
develoed in the mathematical treatment of transient heat transfer.
B696erl function&* atrices, and series approximations could be part
of the program, o

&M"WtZ qf Mehods f feat Transf er Analysis

oof the iue important mhods of heat transfer analysis
are imcludod In Table 46, 47 and 48. -ale 46 is a list of some of
the equations developed for the passive and semi-passive and mathem-
at Al analyses. Included on the table are region of applications,
U f tatiOnw ad advantages of the equations. Table 47 is a list of
analog nt ,orks dth descriptions and applications. Table 47 is a
1Ist of analog netuorks vith descriptions and applications. 'he last
tble, Table 48, sumari es three heat transfer analysis programs

ur~iently baihg used. A description of the electrical analog used
for a model and description of regions of applicationp limitations
and advantages are included@
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DYNAMIC RESPONSE OF TEMPERATURE CONTROL METHODS

Dynamic response is an important consideration in semi-passive
or active temperature control methods with fluctuations in heat load
or fluid flow rate. In marr cases, fast response in the order of
milliseconds to a minute will be required to keep the control tempera-
tures within the required temperature band. In such cases, the
method usually requires an electronic (or pneumatic) control circuit
to anticipate changes, to sense the magnitude of the change and to
take corrective action (by controlling a valve to change the fluid
flow rate or other thermal regulation)* The analysis of the rate of
response and control characteristics of a complete system then becomes
a combined problem in electronics and heat transfer.

Discussion of Analysis Teiq.ues

Two types of analysis are in general use for solution of
dynamic response problems - the use of linearized open-loop and
closed-loop Laplace transform methods and the use of the electronic
analog. Also, a proprietary computer program has been developed.
The use of the Laplace transform or analog analyses depends on the
description of the electronic and thermal components in terms of
their response characteristics.

Many text books are available on automatic controls and servo-
mechanisms. These books define the characteristics of the electronic
or pneumatic control circuit fairly well. However, very little data.
appears on the characteristics of the thermal components. Consequently,
some approximstions are necessary to define the characteristics of the
thermal components* One usual approximation is to define most thermal
components in terms of mass thermal storage. This can be expressed
as a simple Laplace term of the form. - where t- is the time
constant of the component.

The disadvantage of this assumption becomes apparent in the
consideration of a variable flow fluid coolant problem. In this
case, the forced convection coefficient will usually be a function
of flow rate and will affect 1' since " = f , Thus, in cases
where i% varies considerably with flow rate or other parameters, an
analog or computer analysis necessary. In this approach, the
temperature control method and electronic control circuit can be
approximated as closely as time, money, and manpower permits. Of
course, the final result is usually a series of test for control
response of the actual control method after manufacture.
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Design Considerations

Design considerations for dynamic control include choosing the
thermal and electronic control components, locating the control
components, and decreasing the thermal response lag in thermal
control components.

The choice of components is difficult since almost all components

can be either on-off or proportional actuated. "or example, valves
can be solenoid (on-off) or variable flow (proportional) and temperature
sensors can be thermoswitches (on-off) or wire resistance sensors
(proportional). Similar choices exist in controllers. The final
choice between on-off and proportional components usually must be the

,..result of a detailed dynamic response analysis* However.. the big

difference between on-off and proportional control is usually cost
and availability. In general, the proportional control is more ex-
pensive and must be custom designed. For instance, marn good solenpid
valves are available at competitive prices. On the other hand,
proportional valves usually must be custom designed and developed
at high prices including engineering design and development cost.

The location of control components such as valves, sensors, and
anticipators is also important. The sensor must be located with care
in order to obtain a good measurement of the controlled surface or
fluid. In a fluid such as air, a wire resistance grid may be desirable
in order to obtain an average air temperature. Similarly, the antici-
pator must be located to sense the change in temperature of a flue-

tuatig high heat dissipating source or other temperature driving
function. The sensors and anticipators must also be coupled together
and the choice of how much anticipation and how much sensing is
required must be decided by use of a dynamic response analysis. The
location of the valve or other control servo-mechanism must be with-
in a short distance of the sensor. Otherwise, a time lag in response
to control demand is possible and the control valve may be out of
phase with the sensor resulting in oscillation of the control circuit
and loss of temperature control.

The final major design consideration is the decreasing the
thermal lag time in control components. For fast response of the
temperature control system, consideration of the time constant
relationship leads to the following conclusions for design considera-
tions.
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(1) Mass of components should be decreased to decrease response
lag*

(2) Fluid flow area of components should be increased to
decrease lag, and

(3) Fluid forced convection coefficient should be increased
to decrease lag.

Dynamic, Response Analysis Example '

The following dynamic response analysis was undertaken by the
United Control Corporation (Reference 91) for temperature control of
an astrone nial guidance compartment. 'this anaysis illustrates the
consideration of on-off control versus proportional control and the
set up of Laplace loops and electronic analog networks.

Statement Of Problem

A block diagram of the basic system is shown in Figure 164. An
shown there are two equipments requiring temperature control to
within I 1OF within the compartment, both being cooled from a common
cooling air source. The cooling air temperature is controlled in
turn by an FC-75 fluid control valve which modulates the fluid flow
through an air to fluid heat exchanger. The FC-75 fluid temperature
control is maintained at 4il t 90F y an external indeperent control
system. This study assumes there is no problem due to the coupling
of the two temperature control systems, since the heat load on the
compartment cooling system is but a small part of the total load on
the external cooling system.

Controller Types

Two types of controllers for the temperature control requirement
were studies, viz.s

1. A linear rate servo, consisting of a linear 00 cycle.... ---"--'----- -- amplifier driving a size 8 servo motor which drives a

tachometer generator and the reduction gearing to the
control valve. The output rotational speed of the
gearing is directly proportional to the magnitude of
the input signal.
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2. An on-off pulse-width modulation servo, similar in operation
to a relay servo but utilizing all solid state components.
The servo consists of a high gain DC magnetic amplifier,
a solid state AC output stage directly coupled to an
induction motor then through reduction gears to the
control valve. A negative feedback single time constant
network is employed to obtain pulsing action. The pulsing
action obtains an average valve speed proportional to the
magnitude of the input error.

The three sensors7 for each system will match either dontroller. Time
constants assumed for the three sensors are 2 seconds, 2 secondS, and
I second for the two equipment sensors and the cooling air sensor
respectively*

Stabilization Tedhnique

Both Controllers ultimately do the same thing, i.e.j modulate
the control valve position to obtain cooling as required. Both make
use of the cooling air temperature for stabilization and thus are
type zero or droop systems. Figure 165 illustrates how the tedperattre
of the cooling air is made to vary proportional to the average ttmpert-
ture error at the equipment.

As shown, the primary control effort is always applied to the
equipment temperature with secondary control being on the cooling air
temperature where it leaves the heat exchanger.

Since any change in the cooling air temperature will leadi in
time, a corresponding change in aquipment temperature, sensing and
feeding back cdoling air temperature is phase lead feedback which is
required in all control systems for stability,, ystew damping is
thus proportional to the inverse of the static gain G. For a block
diagram of the system dynamics, see Figures 166 and 167. Figure 168
is a block diagram of the analog computer network for this system.

Steady-State Accuracy, Droop

Figure 165 indicates that there is a fixed relationship between
the equipment temperature and the cooling air temperature. Thtisj
as the equipment heat load varies, the steady-state temperature will
change also# the amount of which being proportional to the inverse of
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the static gain. For a given constant heat load, the equipment
temperature can be adjusted to arv desired level (within the extremes
of the cooling system authority). Thus, if load is constant, droop
is constant and the effective droop may be adjusted to zero.

Absolute Vs. Relative 4teady-State Accuracy

Equipment temerature control within t 1°F about some set
(adjustable) point is inch easier to obtain than ;t 10 about a fixed
absolute value. The reason for the above fact is seen by a considera-
tion of the equipment tolerances which are involved. Aeasonable
tolerances available in hardware are the following-

Equipments Tolerance

I. Sensors, each, (equipment)

Calibration + 040

Drift with age .10

2, Sensor, (cooling air)

Calibration 4 ,2°

Drift with age ..0

3. Controller

Calibration + .5

Drift with age .0 °

Total, maximum + l.450 F

Wile it is probable that the above tolerances would not all be of
the same polarity to result in the worst possible error, such a case
is possible, thus in a large production run it may well occur. In
the light of the above data$ it is recommended that the equipment
temperatuie be adjusted in Place for each compartments i.e., base
the system accuracy of t loF about a given set point which is obtained
by in-place adjustment.
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Conclusions And Recommendations From Computer Study

The most severe transient applied to the system is a 100/min.
ramp on fluid temperatures. This results in an equipment temperature
transient of about 10 maximum for the on-off system and about 30
maximum for the linear system.

1. The use of a simple type zero or droop system appears well
suited to this application, assuming no large variations
in heat load occur.

2. Sensing the cooling air temperature and using it for droop
stabilization is superior to a simple valve position feed-
back system ihich cannot automatically adjust for varia-
tions in fluid supply temperature.

3e A slowly moving control valve (low gain system) is required
to allow the system to come to rest and thus obtain best
life and steady-state accuracy*

1*. 3ystem stability is reduced as the time constant of the
heat exchanger is increased.

5. System gain is dependent upon the steady-state control
valve position gain increasing as the valve closes.

6. Control accuracy is proportional to static gain, while

damping or stability varies inversely with static

gainss

7. The linear system requires a higher reduction gear ratio
than does the on-off system since it must use cooling air-
flow temperature only for stabilization. The R-C feedback
net effectively provides increased stabilization for the
on-off system.

8 Required droop, or change in equipment temperature with
load is greater for the linear system*

While both the controllers discussed above are workable, the on-off

systeau provides better control and appears to present fewer maim-

facturing problem, Use of the on-off system is therefore recom-

mended,
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SECTION IX

CONCLUSIONS

This report has presented methods of temperature control,
comparisons of these methods, equipment thermal considerations, and
techniques for analyses of the heat transfer and dynamic response.
Section VI in particular should be noted since summary tables of
control methods and comparison are included in this section.
Conclusions are presented in the last pages of each of the sections.
Consequently, only a few of the more important conclusions are
reviewed in this section. Also, included is a discussion and
recommendations for the major problem areas encountered during
preparation of this report.

MAJOR CONCLUSIONS

The major conclusions from this report are listed below.

l. Power penalty requirements of weight, surface .area, and
- volume are major considerations in comparisons of
temperature control methods.

2. Definition of regions of application of passive, semi-
passive and active methods is possible by use of
compartment and skin temperatures and compartment heat
load (see Tables 29 and 33 and Figures 95 and 108).

3. Thermal control requirements of space vehicle equipment
can be reduced if equipment heat transfer design is
improved and higher temperatures components are developed.

4. IBM computer solutions are necessary and should be used
for accurate estimates of temperatures and heat transfer
rates for most transient and/or complex heat transfer
problems.

PROBLEM AREAS AND RECOMMENDATIONS

During this study program, problem areas in temperature control
have been uncovered in regards to surface coatings, fluids, power
penalties, dynamic response, control hardware, and equipment design.
These problem areas are discussed under each subject and recommend-
ations are made.
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Surface Coatings

Space vehicle surface coatings encounter three unusual conditions
in space which are not usually found on earth (1) hard vacuum
(10-3.2 mm. or less), (2) cosmic ray and meteorite bombardment, and
(3) direct solar radiation. These three conditions can and do
lead to deterioration of mar surfaces and coatings. Much research
is being done on coating problems at the present time. However,
recommendations is made that more testing should be directed towards
the combined effects of hard vacuum with cosmic ray and meteorite
bombardment and solar heating on the surface emissivity and solar
absorptivity.

Fluids

Fluids are affected in space primarily by the zero gravity
condition and possibly by deterioration due to cosmic ray effects.
Since the zero gravity condition has not been encountered on earth,
predictions of fluid behavior on the basis of existing forced
invection or boiling data is questionable. This becomes apparent
when it is realized that most forced convection and boiling film
coefficient equations for heat transfer are based on test data.
Although the present recommendation is made that extensive testing
of fluid behavior (especially forced convection boiling) should be
conducted in a space environment to verify the present theory and
to eliminate use of over conservative values of film coefficients.

Power Penalties

The power penalties can be a major contribution to the temperL.-
ture control system weight, surface area and volume. Also, the
state-of-the-art of many power supply systems is changing at a rapid
rate. Thus, a detailed study of space vehicle power supplies and
their associated weights, surface areas and volumes with a prediction
of future possibilities becomes a necessity for comparison of
temperature control methods.

Dynamic Response

Dynamic response theory has been well developed by electronic
engineers. UnfortUnatelyp most literature on the subject is written
around electrical or pneumatic control systems. More data is
needed on the characteristics of temperature control methods and
components. Also needed is a computer .program for fast, accurate
analysis of dynamic response.
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uontrol Component Hardware

In the design of aircraft and missiles, a lack of off-the-
shelf temperature control systems hardware has been apparent.
This lack is even more apparent when space vehicles are considered.
Virtually all components in the system need improvement and
optimization. Major improvements are needed in compressors, pro-
portional valves, quick disconnect self-sealing couplings, fittings,
radiators, heat exchangers, and cold plates. In essence, all
attempts at system optimization are fruitless if only a few unoptim-
ized components are available off-the-shelf. Therefore, recon-ad-
ation is made for funding of hardware sub contractors for research
and development of a series of optimized temperature control com-
ponents. The efficiency of fans, pumps and compressors also needs
to be improved to cut down the power penalties.

duipment Design

Equipment design for cooling of components and compartments
has improved noticeably in the last few years.- The integration of
temperature contrel with the electronic and design considerations
has become a prerequisite for decreasing weight and increasing
reliability aImprovements in equipment design still are needed
especially in the area of small components such as power transistors
where temperature control, and cold plate design considerations
appear to have taken second place to case of manufacturer.

Three main improvements which should be considered-in equipment
design are (1) increase operating temperatures so that higher
temperature radiation can be used, (2) increase efficiencies so
that power and coolant requirements decrease, and (3) consider heat
transfer by designing components for efficient cooling and for less
variation in performance with temperature.
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I

SECTION I

INTRODUCTION

This report was prepared by the AiResearch Manufacturing Company of

Los Angeles as a part of the space vehicle thermal and atmospheric control

system study (T and A). It was prepared at the request of the Space and

Informat n Systems Division of North American Aviation Inc., in support

of the T and A Study Report No. 7, Part II, entitled: "Temperature Control

Systems for Space Vehicles". The study deals with the cooling of large

heat loads at cryogenic temperature aboard space vehicles.

The heat loads considered cover the range from 0.2 to 20 kw, and

the temperature levels of interest are those attainable by boiling of

liquid nitrogen, liquid neon, and liquid helium.

The cooling systems investigated are the Simple Joule-Thomson

Expansion Systems, the Cascaded Joule-Thomson Expansion Systems, the

bypass expander systems and the Stirling Cycle System.

In order to estimate the weight and power requirement of each

proposed system, the characteristics of its components must be known. To

this end, system components are first investigated and their characteristics

and performance are determined. Among these are space radiators, compressors

and motors, turbo-expanders, and heat exchangers. After this preliminary

study, thermodynamic cycles are analyzed and compared. Finally, systems

characteristics are given based on realistic assumptions. There are

many parameters involved in a complete analysis of each system; for

example, variation of the efficiency of turbomachinery with flow rate,

system power requirement as a function of heat exchanger effectiveness and

weight., etc. Optimization as to system weight and power requirements

could be accomplished for these parameters, however this would only be

feasible with the extensive use of computer programs and is outside the

scope of this study. Basic data is given for all system components, and

general system analysis methods are presented, such that if desired the

data included in this report can be used to perform system analysis for

any particular application.
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I
SECTION II

FLUIDS

Fluid PronertIe~s

In many applications, cryogenic cooling is produced by evaporation of a

liquid refrigerant, the coolant temperature being regulated by control of

evaporation space pressure. This gives very accurate average temperature

control. The temperature range attainable with a given fluid in such a case

corresponds to the range between coolaht triple point and critical point.

The coolants considered in this report are nitrogen,. neon, and hei lum.

Selected properties for these fluds, taken from References I, and II are

given in Table I. The temperature range attainable by each in the liquid

state is plotted in Ftgure I. Slight variations in the evaporation space

pressure will produce only slight variations in the temperature of the

boiling liquid. Figure 2 shows the saturated vapor pressures of the three

coolants under consideration versus the temperature ind!zating the stability

of an evapor.ative refrigeration system.

The nature of this report requires extensive cycle analyses for each

working fluid in each proposed system. The thermodynamic data used for

these analyses was obtained from References 2-through 5 for nitrogen, from

Reference 6 for neon, and from the National BUreau of Standards for Nel'ium.

Normal criteria used In the choice of .refrigerants are:

(a) Toxicity

(b) Explosiveness

(c) Availability

(d) Ease of Handling

(e) Corrasiveness

(f) Fluid Stability

(g) Refrigeration bffect per unit weight
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I

MATM

Mot rejactim from a space vehicm ever a e!ng-deratlon oration

necessitates tho use of radlaters, since the only practical oa ef effecting

contimuos heat rejection in a space environment Is by radiation. It is

outside the scope of this report to mke a thorough Investigation of radia-

tors; however, a brief outline of radiator design considerations Is In order.

The design of actual hardware to be used In radiator system for space

applications is net wall developed due to the many rquiiremnts that mist be

Met by such system, e.g., low eight, high reliability, operation In vacum

environmnt, capability of continued operation despite many possible colli-

sions with mtoereids.

Amng several schmes of radiator design guarding against watoerdid

hakards, ansi of the most premising is the aerorod-tube and fin type. The

following dlscussions are concerned with this type of radiater ind are based

on single-phase flow of the heat transpert fluid through the radiator panels.

Olan Caosld4rat Ins

In any extended surface radiator configuration, heat is transferred by

forced denvactlen from the flowing fluid te the conduit walls, through the
conduit walls either to the outer conduit surface or to the extlnod.surfaces

via some type of fin, and by radiation to the space envIrenmoti The largest

thermal resistance In the process by far Is In the radiation process. Hence,

the thermaldosign of a radlator Is primrl.ly concerned with its radiativ.e
properti es.

.The net radiant heat flux from an element of surface area may be expressed

at:

dfR net" -kiR " d In (gA)

whore dqR Is the radiant heat flux from the element and dqln is the radiant

heat flux from the onvirement. By the Stefan-Baltamann Iaw:

dqf " T' dh-

" p



where a . Stefan-Boltzmann constant - 0.1712 x 10"l Btu
hr-ftg-wR4

T - emissivity for thermal radiation

The absorbed heat flux, dqIn, comes from four sources for a vehicle orbiting

around a planet

a) direct solar radiation, dqi

b) solar radiation reflected from the planet, dqp

c) thermal radiation from the planet, dqpT

d) reflected and thermal radiation from other parts of the vehicle

Itself or another vehicle, dq,

'-This can be expressed algebraically by

dqin - dqs + dqp + dq T + dv (213)

The direct solar radiation may be expressed as

dqs "% I FS dA (214)

where CIS absorptivity for solar rodition of the surface

S - solar constant - 443 Btu/hr fts at the earth's orbit

FS - solar view factor

Assuming that the planet concerned Is the earth, the solar radiation

reflected frm the planet can be expressed as

dqp -q, S a 5(SRI d)

where a a earth's albedo (normal value: 0.35)

FE{SA- view factor for-reflected solar radiation

The thermal radiation from the earth Is similarly given by

4% aE F(j) dA ti

where aT absorptivity for thermal radiation of the surface

ET -thermal radiation constant of the earth

FE(.TR) view factor fer thermal radiation



The solar view fastear, F,, Is the cosine of the angle between the sun
vector and the nermal to the element of area. For the geoetry sheam In

Figure 14, the value of FS Is found to be

Fs wsin rsi0S s 0 -c~es rcos 4~17)

The view facter for reflected solar radiation, F E(SR)D is. also a

function of the various angles Involved and of the distance to the earth.

Plot s of F E(s.R) for the geometry of Figure 14 are shamn In Figures 1.5,' lt
17, and W,~ The dependence of FE(MR) en 0 (see figure 15) Is not great,
and for values"Of OCbetween the plotted values of 09 end 190, linear iater-

polat ion should-be sufficient.

The view factor for thermaliradiation, F.(h~ Is plotted In Figure 19.

In order to relate the thermal radiation coniteint of the earth, 1T'# to
the solar constant., S, we my equate the thermal radiation of the entire

planet to the absorbed radiation. Thus, from steady-state energy balance,

the following expression Is obtained_

g'~ E T. (I-a S *0R (23.8)

where R Is the radius of the earth. New, summing all dq terms and substituting

the value of ET. from Equation 8, the value of %net (see. Equation 4) becomes

' 1qT nTtt  as~i SF - ax sv S a SF E(Sl) ~ I-a SF ()] 4A

(219)

An effective sink temperature, T,, can new be defined suchi that

dII n taT.(T' - TS') dA (220)

Equating Equations 9 and 10, the explicit expression for T Is found

Ts 'S L4T +4 a E(SR) 41 (-)SE(TR)J (221)
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It should be noted that TS, the effective environmental sink temperature,

is not a true temperature of a part of the physical system. It is merely a

quantity, having the dimensions of temperature, defined by Equation 10. Ts
would be the equilibrium temperature of a planer surface if it were completely

insulated from all heat Inputs except those due to radiation on one side

only.

Surface Emissivity and Coatings

The evaluation of the equivalent sink temperature, TS, depends on the

ratio of the radiator surface solar absorptivity to thermal emissivity corrts-

ponding to the specific radiator temperature. Therefore for low sink tempera-

tures and relatively high heat rejection ratts, it Is desirable to have

spectrally selective coatings applied to the radiator surface to control energy

flux. There are many materials In which total @mssivlty varies'with tempera-

ture; these can be used to achieve the proper energy balance. Selective

radiation surfaces can be fabricated by depositing multi-layers on the surface;

for example, a gold smoke film has the property of being almost completely

transparent to radiation above 2 microns. Using a heat source of 120F about

97 per cent is transmitted whereas only 20 per cent of the visible spectrum

is transmitted with 2 to 3 per cent reflection.

A polished copper surface may be assumed to have a 75 per cent reflectivity

in the visible range and 98 per cent in the Infrared range. Thus, if the gold

smoke film were deposited on this copper surface, 92 per cent of the radiation

above 2 microns and only 5 per cent of thp visible radiation would be reflected

due to double absorption. However, at elevated temperatures, the structure and

optical properties of the film are affected and stability becomes a factor.

Considerable effort Is being directed toward development of organic

coatings which will have high thermal mittance at relatively Um temperatures

(70-3000F), and low absorptivity for solar radiation. These coatings must be

characterized by high resistance to ultraviolet and nuclear radlation good

thermal stability, and high molecular weight to minimize boiloff losses.



Preliminary work Indicates that organic coatings can be developed with thermal

eamissivities greater then 0.95. At the present time, no organic coating can

be recommended which will met all the envirenmental requirements. Some work

has shown that organic coatings which are sensitive to ultra-vielet may be

successfully protected.

White and black paints can also be used to obtain the proper spectral

surface. One advantage that paints have over ceramic coatings is that they

can be applied In the field. These paints consist of a silicone or acrylic

base with a white or black pigment. Typical values are:

White paint -Thermal emissIvity, 0.$5-0.87

Solar absorptivityp O.17-0.30

Slack paint - Thermal emissivity, 0.92-0.95

Selar absorptivity, 0.9

Since pure metals are generally reflective at temperatures from 100-1200F

they are not suitable for radiator coatings.

Metallic oxides have relatively high emissivitles in the Infrared region

and low absorptivitles in the solar radfation region.- A summary of radiative

characteristics and same physical properties of various oxides is given in

Table 2.

TABLE 50

RADIATION CHARACTERISTICS IF METAL OXIDES

Specific Total Normal Einissivity Remarks on Application
Materal Gr y 125F 750OF Solar and St.abi I Ity

Al2 0,3 3.5-3.9 .93 .79 .16 Good

Zr 0 5.49 .95 .77 .14' Good

02

Mg 0 3.65-3.75' .97 .84 .14 Fair, too soluble

Zn 0 5.606 .97 .91 .18 Fair to bad, too
soluble in water

Ca 0 3.40 .96 .79 .B5 Bad, decomposes in water

Th 02 9.69 .93 .53 .14 Good

Y2 03 5.096 .89 .66 .26 Fair
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Some tests have Indicated that an emissivity of at least o.e5 at iQ0-200eF

can easily be obtained fer same of these oxides using flams spraying. The

values of 0.93-0.97 at lew temperatures listed above can only be obtained under

ideal conditions.

From the'values listed above it can be sees that Oeasonable values for

the ratie of the selar .abserptivity over the thermal emissivity, S/.'aT are

in the neighborhood of 00i5.

/Radiator Area

Using Equation 10 to represent the net radiant heat exchange at the

surface, the one-dimensional heat flow in a thin extended surface may be ex-

pressed as (see Figure 20).

04 T'(T - TS) dX - K d'T (8 dX) (229)dLt .

where K a thermal conductivity of the fin material

5 - fin thickness

X - coordinate parollel to the fluid conduit

L u-coordinate in the direction of heat flow

The above equition has been integrated numerical.ly in References 8, 9,

and 10 for various- types of fins. The results are given in terms of a "fin

effectiveness", nF' which is the ratio of the actualnet heat radiated from

the fin to the net heat flux that would'be radiated If the fin were at a

constant temporature, TR, equal to the fin temperature at its root. The

results of Referenses 8, 9, and I0 have been cempared and are presented in,

Figure 21. The radiant heat flux from one side of a fin is then

qRn n cT IF (Tl " TS') AF (92)

assuming a constant fin root temperature In the direction of the flew. This

temperature drops from one end of the fluid conduit to the other, The fin

root temperature, TRi, must be determined fromL the buk fluid tmperature V TL,

within the conduit wall and frm the type of flew within the conduit.

tb
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For the simple case of a fiat radiator panel, the govtrilc view 'factors
and the effective sink temperature will remain constant over the entire
surface. For a tube segment of length, Mx, the element of surface area Is

dA a ( 2 R0*+ 2 L F) d (tX

where %0  n outside tube radius

L F = fin length

Assumilng that the tube surflce area has an effectiveness of 1.0, we can write

dqnet - (2 2 F L) (TR4 -S4 dX (2i5)

We also have the relation

d- R, net ~C PdTL

where C heat capacity of the fl uid

w - fluid flow rate

T L a bulk fluid temperature

Assuming that the bulk fluid temperature Is sufficient to represent the. thermal
conditions at any point and also assuming steady-state conditions. Comnbining
the two expressions,

aeT % (Tit4TO' dA - -wC pdT L (227)

where n~,the overall offectiveness, Is defined by

7dA =2RO + 2 'IF L F dX (228)

40



The rigorous analytical integration of Equation 17 has not yet been
accomplished. In order to have some basis for estimating the performance
characteristics of the thermodynamic cycles studied in this report, the
foiiowing simplifying assumptions are made:

(1) Tf R a

(2) TI 1.^w

These assumptions permit the antlytical integration of Equation 17 and pre-
dict the maximum possible heat rejection from the pandl. The Integrated

expression Is

mut I -tMe (229)

where AR, min N minimum radiator area, total

a T KIT S

-) In (T::) + i rctan -r

For the purpose of this study It Is necessary to choose a value for T
the 3ffective sink temperature, In order to arr~vo at some reasonable value
for the radiator aea. T S will vary widely according to the geometry of the
system. As an eXaMple, referring to Figure 14, assup.a

h-a 300 nautical miles

c .9go

then Twill vary from 06R to 490OR depending on what values aS and r asstume.

Since the assumptions made In deriving Equation 19 lead to overly optimistic.

results, a relatively high value of 400OR for TSwas chasen. Values of
A K)mn/wCp as a function of Inlet temperature are plotted In Pigures 22.
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The rate of heat rejection, Q, is given by

Q WCp (Tinlet -Toutlet) %230)

(Tinle t - T outlet) as well as Toutlet should be chosen with the entire

vehicle temperature control system in mind. For the purpose of this study,

T was chosen to be 50OF and (Tlet - Totl.t) was chosen to be 120 0R.

Therefore, the radiator area A is given by

A - 31.3 QFt' (231)

where Q is in kw.

Radiator Weight

The weight of the radiator per unit'area will aepend primarily on the

amount of meteoroid shielding and on the equivalent sink temperature. In

order to achieve a minimum equivalent sink temperature, orientable radiators

may be employed. However, this approach requires additional components and

may prove unfeasible when very large radiators are involved. Typical fixed

radiator weights are in the range 1/2 to 3/4 lb per square foot. For the

purpose of this study, a weight of 3/4 lb will be assumed.

I



SECTION IV

COMPRESSORS AND EXPANDERS

The compressors and expanders that are most suitable for low temperature

refrigeration systems used in space applications are turbomachines of the

centrifugal types. They are selected on the bals of the requirements for

high pressure ratios encountered in optimization of the refrigeration cycles.

Their high performance and reliability also make them attractive for space

vehicle Installation.

Compressors

The centrifugal compressors considered In this study are of the multi-

stage type. Interstage cool ing is used to minimize the power consumption

and also to reduce the number of 3tages necessary for the high pressure ratios

In view of the latest developments in high-speed motor technology, the com-

pressors are assumed directly driven by high-speed electric motors at the

compressor design speed. This approach leads to a lightweight compact con-

struction as compared to gear driven compressors. Also, the motor-compressor

assembly is will suited to the incorporation of gas bearings In the design.

This contributes greatly to the elimination of the problems of working fluid

contamination and leakage in closed 4 cle systems.

As the flow rates and pressure ratios considered in this study cover a

wide range, it is understood that the parameters describing the compressors

correspond to attainable values in the present state-of-the-art.

A. Power Requirements and Characteristic Dimensions

The basis for the calculation of the compressor power requirement

is the wealth of experimental data available on centrifugal compressors,

References 12 and 13. In general, the efficiency of these compressors

can oe expressed by the functional relationship: ...

c f(ns' (p/pI), Re, M) (232)
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where

T C - compressor efficiency

ns  - compressor specific speed

p/pl x density ratio across the compressor

M - compressor Mach number

Re - compressor Reynolds number

The compressor Mach number is generally determined from impeller

stress considerations and also from the attractiveness of a supersonic

design. In general, It li.mi-ts the attainable pressure ratio. A

reasonable value is taken hare to ensure a good performance and also to

facilitate the matching of the various stages of the multistage design.

The density ratio parameter is one that depends essentially on the

nature of the refrigerant, be it nitrogen neon, or helium At the

pressure ratio across each stage is held within reasonable limItSt, the

density change is not large and the previous functional relationship

(Equatioi 22) ib reduced to:

qc W f (ns, A, Re) (233)

Within a range where Reynolds number andeMach number are not effik-

tively contribUting to any change In compressor performance, the above

relation is reduced to:

T - f (n.) 0%)

Attainable performance of cehtrifugl compressors as a function of

specific speed can be found from the data of Reference 12. As the flow

rate decreasos to small valuus, the compressor diameter redUces to A

size where a penalty In performance is suffered due to manufacturing

tolerances.



The attainable efficiency as a function of specific speeds is used

to derIve t he power requ Irement s shown on F Igures. 23, 24, and 25. The

The caloulations, leading to these plots are based on the following
assumpt ions.:

Nitrogen Ijeon . Helium

First Stage

Inlet Temperature, R 560 560 6

Inlet Temperature to Various
stages (zntercoolirwg Effect),

Il 615 565. 565

Inlet Pressure, psia 14.7 1417 1471

Tip speed, ft/sec Iwo0 1500 1500

Ma~ch Number 1,-.1j97 199 .44

backward glade Angle, deg 30&46 30-45 30r.46

1. compressor Weight

The weight of the compessor Is calculated using the data on high-

speed compressors built by Aiftesearth for airborne applications. An

analytical expression approximating these data points is given by

W - x + D3 [Oz * ~pi (r - I

where

FW - compressor weight, lb

-I MInlet pressure, ptia

z - number of stages

13 - diamete of comipressor wheel, in.

r - compressor pressure ratio

X) *,)r n are constants given A's
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S--0. 024

* - 0.0021

n ,0.26

The Impeller diameters as functions of the flow rates are plotted

In Figure 26.

C. Electric Motors

In the present state-of-the-art, the maximum speed of motors In the

sizes considered In this study Is on the order of 100,000 rpm. In some

cases, therefore, gears would have to be used to accomodate the high

compressor operating speeds. As an alternatative, the compressor design

speed could be reduced to match that of the motor. The direct drive

feature with gas lubricated bearings is very attractive In refrigeration

systems of the type considered, since It makes possible the design of a

closed system without any leakage or working fluid contamination by

lubricants. One method of driving the compressor at its own Speed Is

by means of a magnetic coupling, the motor and gearing being physically

located outside the sealed system.

The efficiency of high speed motors in the 10 low range or above is

taken in this study as 85 per cent. This value is commonly attained and

tepresents the state-of-the-art. High speed motor weight is taken In

this-study as 0.8 lb per kw; this value is somewhat optimistic for motor

sizes lower than 20 kw. However, most motors considered in this study

deliver power in excess of this value.

D. Intercooling and Aftercooling

Host of the heat Input Into the refrigeration systems under considera-

tion Is introduced Into the working fluid durIng the compression process.

This occurs at a temperature above ambient. Removal of this heat between

the compressor stages greatly Improves the compressor efficiency. Removal

of the compression heat after the list compressor stage on the other hand$

improves the cycle performance. In this study, theworking fluid Is

A453
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assumed to leave the compressor aftercooler at a temperature of 100@F.

Generally, cooling at this temperature level does not impose a high

weight penalty on the vehicle thermal management system. Also, as will

be seen later, the refrigeration systems. of Interest are not overly

sensitive to compressor (aftercooler) delivery temperatures.

Studies of space vehicle thermal management systems have shown the

desirability of Integrating all the vehicle heat sinks and het loads

into a single system. The heat load of the refrigeration systems dis-

cussed In this report is,. therefore, assumed to be dumped Into the

vehicle heat transport fluid which, In turn, Is cooled in the vehicle

radiator.

Turboexoandrs ,
ecause of their low weight and high intrinsic rellabilit,ridial flew,

turboexpanders are well suited for use in refrigeration systems of the type

considered in this report; .his, In Itself, is enough to recomend them in

preference to the reciprocating type expanders. In addition, rotatrng

assemblies can easily be supported by gas bearings which are attractive from

the working fluid contamination and leakage viewpoint.

A survey of the literature was made In an effort to Oetermine the effi-

ciency and the weight of existing 'radial fRow turbines. It was found that in

the range of flows considered in this report, turbine efficiencies between

0.70 and 0;90 are common. It is felt that with careful design and close con-

trol of manufacturing tolerances, turbine efficiency on the order of 0.85 can

be achieved even at the lower flow rates. This value is used n this report

to characterize the various cooling systems considered.

An astimat dof the weight of radial flow turbine is gJven In Figures, 27

through 30, for nitrogen, non, and helium. These plots were also obtained

from data gathered from the published li terature and AIResearch's own expr-

once In turbomachinery.

The power produced in the expansion process can be used as part of that

necessary to drive the compressor. This can be done by direct coupling of
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the compressor and turbine, although this method leads to complex motor-

compressor-turbine speed matching and to packaging problems. An alternate I
method Is to use the turbine to drive a generator or alternator, the alec-

tricel power thus produced being, In turn, used to drive the compressor.

The losses in the electrical machines make this last method less efficient

than the direct drtve appoacht, The best turbine loading method In any

particular application can oniy be determined by careful welght, packaging

and power tradeoff studies. In this report, the power requirements of the

systems analyzed are determined on the basis of full utilization of the

turbins pmr.
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where WF: working fluid flow

hl, h2i working fluid enthalpy at Inlet and outlet

For a given refrigeration load, the amount of work to be done by the

working fluid depends on the difference In enthalpy of the working fluid

between Point I and Point 2 (see Figure 31). If the working fluid behaves

as a perfect gas at the temperature level of the system Inlet and outlet,

Equation 28 can be written

QF wF cp (TI - T2)

This assumption is not far from reality at temperature levels on the

order of 500 to 6000R. QF beco.-s :ro if the. effectiveness of the last

system heat exchanger is unity (TI'- T2). When this condition Is realized,

the mechanical work to be extracated from the working fluid Is reduced to

a minimum (see Equation 27), and the power input to the system is also re-

duced to a minimum (see Equation 26). On the other hand, a heat exchanger

effectiveness of unity could only be achieved with an infinitely large heat

exchanger.

Effectiveness above 0.90 in heat exchangers in which the capacity rate

(WC p) ratio is near unity can only be achievm-in multipass cross-counterflow

or in pure counterflow heat exchangers. In-this study, because of the high

effectiveness requirements, all the heat exchangers are assumed to be of the

counterflow type.

In counterflow heat exchangers with capacity rate ratios of unity, the

NTU can be calculated from the effectiveness by the relation

NTU -

where e is the heat exchanger effectiveness. It can be shown (Reference 14)

that the volume of a heat exchanger, hence, its weight, is proportional to

(NTU)3/2. As an illustration of the weight variation of a heat exchanger as

46R



a function of its effectiveness, Figure 32 Is shown where (wrU) 3/2 is plotted

versus a. This plot shows that the weight Increases very rapidly as the heat

exchanger effectiveness Increases above 0.90. An effectiveness Increase of

0.01, from 0.90 to 0.91, corresponds to a weight Increase of approximately 19

par cent. For this reason, in this study of refrigeration systems, tho upper

ilmit of regenerator effectiveness (with capacity rate ratio of unity) was

taken as 0.9, corresponding to a NTU of 9. This value of the NTU was also

taken as an upper iimit for the design of coolers and precoolers in which the

capacitj rate ratio is different from unity.

Heat Exchanger Weight

Based on the heat exchanger design method developed in Reference 14,. the

core weight of nitrogen, neon, and helium heat exchangers Suitable for use in-

cryogenic refrigeration systems was calculated. The calculations were based

on the assumptions discussed in the following paragrephs.

I. As.mentioned previously, counterflew pattern is assumad,

2. The sams plate fin surface is used on the high and low presure sidej of

the heat exchangers. A single Sandwich iS Used on the high presurm ildE

and a triple sandwich on the low pressure side. This arrangemnt WaS

found to be about optimum for pressure ratios eirftu |s:i .:

3. Since the temperature effectiveness of the heat exchangers desighid is

generally very high, the average fluid temperature on beth Sides of the

exchanger Is approximately the same; it fol lows that the fluid trbinsport

properties can be assumed to be the same on both sides, These prooietlies

are 0*VlWted at average fluid temperature.

4. The fluid pressure drop in the heat exchanger is taken as, i cerrtaN per-

centage of the fluid pressure. An allowance of i5 per cet i ade o

the total pressure drop to account for the Inlet and outlet manifold

pressure losses.

& The heat transfer surface friction factor, f) and Celbutn'S modulus aro F
assumed to be straight line functions of the Reynolds number on Iog-oll
plots, i.e.,
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b4

f A Rea and j. BReb

where a, A, b, and 5 are constants.

6. The sam heat transfer surface is used for neon and nitrogen. This sur-

face Is very-restrictive and is defined as follows:

a. 20 rectangular fins per inch', 0.100 In. high; 0.004 In. thick,

with 1/8 In. offset.

6. Fin material: aluminum

c. Care density: 127.56 lb/ft5

d. f 3.91 Re-'621

j .8 Re-

This ffp I ismuch too restrictive for use In helium refigeration systems.

it was found to yield large heat exchanger face areas which present ser-

lous manifolding problems. A less restrlctiVe heat transfer surface was,
therefore,. selectiedfor the purpose of estimating the weight of helium
heat exchangers. This surface Is defined below:

a. 12 rectangular fins per inch),0. 176 in. hig , .004 In. thick, with

06178 In. offset.

b. Fin material: alunilnum

ci. Core density: 20.91 IbWtO

d. f a 7. 69. KC 75

= 1,491 W"~~

The results of these calculations Is given In IFIgure 33 for nitrogen and

neon, and In FigUft 34 for heliUM, In thesei plots, the heat exchanger volum
funttion (V/W i ~ is given as a function of the cold 'side Mi requirement for
various cold oli. pressure drops. Hiere) the function t Is a fluid properties
parmieter which can be read from Figure 55 for nitrogen, neon and helilum. 1Fig'-

ores 53 and 34 ae given for regenerators in which the capacity tat* ratio Is
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unity. Because the low pressure side of the exchanger is controlling, -a

flow reduction on the high pressure side corresponds to only a relatively

smell reduction in core volume and weight.

From these plots, the heat exchanger core volume can easily be found,

knowing the average fluid temperature, the NTU based on the cold side, the

flow on the cold side of the heat exchanger and the allowable pressure drop.

The core weight is easily calculated knowing the core density. The total

heat exchanger weight, including side plates, manifolds, etc., is found from

Figure 36.

These curves are used in-the system analyses for the purpose of esti-

mating the heat exchanger weights.
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SECTION VI

THERMODYNAMIC CYCLES

In this section, various thermodynamic cycles are analyzed and compared.

The analyses are performed assuming ideal components in order to avoid ob-

scuring the essential features of each and to provide a coumon basis for

comparison. General design criteria are developed for actual systems, and

the most promising cycles are considered further in subsequent sections of

this study.

The cycles considered are:

(a) Joule-ThOmson expansion cycle

(b) Cascaded Joule-Thomson expansion cycle

(c) Bypass expander cycle

(d) Stirling cycle

Ideal Work Requirements

Long duration applications of cryogenic cooling, particularly those with

high cooling loads, require sophisticated refrigeration systems. in cases

where power Is limited or heat rejection is a problem, one must exerCige con-

siderable care in selecting a cooling system.

In order to appreciate the necessity for a high cooling syste. efficiecliy,

the Ideal Carnot cycle, which has the theoretically maxinmu efficiency, can bd

examined. In this case, the coefficient of performancb, COP, can be expressid

by

~Q2

where Q heat rejected at tamperature T I

Q2. heat absorbed at temperature T2

(q, - (.2) Is the work Input to the cycle. From the defInition of the absolute
temperature scale,

4" ti
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In order to-avoid obscuring the essentials of the system operation, ideal

components are assumed throughout the following discussions; specifically,

the assumptions made are:

(a) The cold gas produced by the evaporation of the liquid is assumed

to enter the regenerator as a saturated vapor.

(b) Ths regenerator effectiveness is assumed to be 1.0.

(c) Perfect intarcooling is assumed between compressor stages.

(d) Perfect aftercooling is assumed after the compression process.

.(a) The. heat leaks into any lines or chambers are all assumed to take

place within the cooling cell as part of the cooling load.

(f) Negligible pressure losses are assumed throughout the system.

(g) The assumed pressure level in the cooling cell is 14.7 psia.

The steady-state operation of this simple system, referring to Figure ',

Is as follows. High pressure gas (1) passes through a heat exchanger where

it is cooled to T2. The cold high pressure gas (2) is then expanded through

an orifice (2-). in this procests, some of this gas is liquefied if the

pressure, P2, is above the critical pressure, and the temperature, T', is

not too 'far above the critical temperature of the fluid. The stream leaving

the orifice (3) i$ passed over the object to be cooled; here, it picks up

heat, leaving the cool ing space as a saturated vapor (4). This stream is then

directed bak through the heat sxuhanger, where It c ols the incoming high
pressure gas., The low pressure stream leaving the heet exchanger (5) Is *re-

compressed, cooled and recirculated. In addition to the heat Input to the

working .fluid from-the equipment cooling load, a large amount of heat is In-
troduced Into the cycle during the compression process. As mentioned pro-

vlously, this added cooling load to the radiator system will not be taken Into

account In this section.

Starting of the Joule-Thomson cycle is as follows. First, the gas enters

the enpmeien orifice at ambient temperature and is cooled slightly. This

gas In flowing baIk through the heat exchanger, cools the next element of gas
entering the Syem. The Joule-Thomson orifice Inlet temperature falls con-

tinuously until liquid formation conditions stabilize. The rate of pull-dam



I
1

depends upon the ambient tempereture level, gas pressures, the thermal cape-

city of the heat exehanger, and the conditions at the cold end of the system.

The cycle steady-state working relations are derived below, using the
assumption that all extraneous heat looks are part of the cooling load. The
heat exchanger energy balance is given by

I - h2 - h5 - h4 (2)

where h Is the enthalpy at the-point Indicated. Expansion across the Jeule-

Thomson orifice is isenthalpic; thus,

h2= h3  (2I )

The fluid enthalpy rise across the cooling lead is

h4 " h3-a(qc x 56.9)/w

where h - fluid enthelpy, Btu/Ib

qc c cooling load, low

w = fluid flow, lb/min

Combination of Equations (34), (35), and (36) yields the following ex-

pression for coolant flew rate in terms of inlet and outlet enthalpies:

56.9

where - coolant flow per kw cooling load, lb/min per kw

Conditions necessary for this cycle to operate are readily apparent, con-

sidering Equation 37 and the starting. cycle. With a perfect regenerator, the

temperature at Point 5 would equal the inlet temperature, Ti. Cooling is

thus possible only if the enthelpy at 'Point 5 is higher than the enthalpy of

the hirgh-pressure inlet gas; i.e., the inlet gas is below its Joule-Thomson

inversion temperature. Thus, nitrogen can be Qsed in simple Joule-Thomson

cycles at ambient Inlet tenwpratures, but neon and helium must be precooled.

4??m



Figure 39 shows the nitrogen flow required per kw cooling load as a

function of inlet gas pressure for several values of compressor delivery

temperature.

Cascaded Joule-Thoms9n EA pansion Cycles

As noted previously, liquefaction of .neon or helium cannot be accomp-

lishad at ambient regenerator Inlet temperatures without precooling. The

object of the precooling is to lower the gas temperature at the regenerator

inlet below Its Joule-Thomson Inversion temperature. In the case of neon,

nitrogen appears to be an attractive precooling agent, due to.the fact that

its normal boiling point is well below the neon inversion temperature. Helium

can also be liquefied by Joule-Thomson expansion provided its temperature is

lowered below approximately 900R.

Cascaded Neon Joule-Thomson Exeans ion Cycle

One simle precooling schema is to employ two simple Joule-Thomson ex-

pension syste s in * cascade fashion. The heat load to the upper (nitrogen)

loop comes from cooling the working fluid (neon) In the lower loop, below its

Inversion temperature before it enters the last regenerator.

Figure AGfs-a-schemtic diagram of such a system. The cooling capacity

of a nitrogen-closed cycle Joule-Thomson expansion systejn is used to prec*Dl

the neon, which is alSo circulated In a closed loop. TI'e, nitrogen loop Is

similar to the one previously described with the exception: that the cooling

envelope heat load Is replaced by a neon-nitrogen boiler where the nitrogen

Is vapor ized by absorbing heat from the neon.

The neon is compressed and circulated through a regenerator, where it is

cooled. The high pressure gas from this regenerator (7) is circulated through

a nitrogen boiler, where Its temperature is dropped to that of the evaporating

nitrogen (8). Then the neon gas flows through a second regenerator (8-9).and

is expanded isenthelpically (9-10). The gas Is partially liquefied in the

process. The liquid neon is vaporized by* the heat load .and. the cold low

pressure gas is exhausted from the cool ing enverope (11) through the two re-

generators in .series The neon gas Is then compressed and, after cooling,

cycled again.
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The two regenerators in the neon loop are essential for operation of the

compressor at near ambient temperatures while stili achieving liquefaction of

the neon. Precooflng to liquid nitrogen temperature, If followed immediately

by isenthalpic, expansion, would produce refrigeration without liIquefaction.

In the regenerator introduced between the neon-nitrogen boiler and the

Joule-Thomson expansion orif¢co, the neon is cooled Oelow the boiling nlrtrogen

temperature so that expansion through the orifice wrll result In partlt

liquefaction of the'neon.

In analyzing the cycle, the same assumptions are made as for the nitrogen

Joule-Thomson expansion system discussed previously. In addition], the boiler

effectiveness is assumed to be 1.0; i.e., the temperature of the neon at the

boiler outlet (8) is assumed equal to the oiling temperature of n'itrogen at
14,7 psia.

Based on' the above assumptions and referring to Figure 40j the foilowing

equations can be written.

For the neon loop: h6 - h7 , h13 - hi2  (24)

h8 -h 9  h2 -h11  ( )

h9 - h 10  (250)

56.9'

I- h , - hio (251

where the symbols have the same significance as in the simple Joule-Thomson

expansion cycle analyzed previously and w is the neon flow rate in ib/mn

per kw cooling load.

Substituting and rearranging,

- W hj-h i ,h2h h8  (252)

56.9-
hence, i h h-9"" (25j)

12 8



The non 0i rate given; by tEcfat ron 45 is pf6tted nFgr 1 stfnto
of the neon caomsr deli~very pressure.

The-hoat, load on, the rvtreoenr cool mg floop~ can, be wrfttiwv At

As' can, 6e Seen', th* Feed o&w ther oftrogthn Ioop It & funct-Fory of both- tfv cooling~
onvae pw heat lead and the neon compressor AelIVery Oaramters. ley other wbtdi,
qfvenv a, fixed involo coating load,, the colfig load whch, the Iviltogo to*
*too$# will be a cohiteaft fietor times Ahe emelo cool ing lead, which couV-
staht factor will depenvd ow the neon, couripe deltvert4 parmterg. Theseg
constant factors are, plotted Mn Flout* .42 vesus. neoiv. Competsta dot 1Mry
pressure for neon cmoerssar del ivery te~erstihetsfof 0" ad 100P'. 41666 tif
cooling load oft the tiftrogatn loop Is deterolnedi the alirogen flowv tate CAft be
determwined, knwowinvg the itrogen ctmietireso del ivery WaraettC?5 1 free Flout*. SC

Htydrogern otrgnon vsay.0b used to provIde the tawer~tutm level required inh
this catty but stnct both of these gasest requtre precoog theneelvai, thit
Impt fell u three-stage, .ioule-Thouvson cmgcddod isyoatome a tilteogn Io tool ily

'A HItrign-woh oller aIP Aeo f op I& cooling a WenIaie he, and fIU
the hellum Joe9 coolfiNg tho lmed, Such 9 systese Is gowen ithiietIVl 10,

It can readily be 6eeM that tWO Aztorn istigja to tho siotee descr*bd
co oollrg Qft, 1.01 neof t**erttUres With the addition df oe Mere 066i'loo

loco moid bleller.

the deterusinoties of the helium flow! rate procoedi In the kie fashievi
as the determ ntotIon of the now flew ralte th the pravious tect 1w, Tho
helium flow rate thus detah.6ined Is plo ttetdas a funct Ion -of NOt I Um, rdootiesor
delivery pessure'i plnFir 44.

At before, the coelltinloa tV*Ich the noon Iop tss' Ik a fumall"
of the primary cooling load'sid-the hollu mivtsor Welivery parawekers.
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This~ firnetioh Is plotted in Figure 4S for helilum comoressor dotlIvery. t
tares of 260*K and 300Kt.

In order to deteroine the total system fluid flow rite, It Is fir

necessary to pick the helium compressor, del ivery pressure and toeisat
'this will determine the hielium flow rate and also the toollig load on

now" loop. Glvon the cool Ing load oen the vieon lop, the neon compress
delivery eametors will determine the non flow rate and also the coo

loud which the nitrogen loop *"ss.~ once this Is determlned, the nit
compressr delivery parameters will determine the nilteogen flow rate.

As an dxample, assume th. helilum compressor delilvers helilum at 26
An~d 990 psia, Prom Figure 44j we set that the helium flow to 16.4 16/

per kw tooling lewd, The cooling load on the neon loop is 17 Ikw per
tool ig load. Mamintg a nton coressor delilvery pressure of 220 p~iI
and temperatore of OOP from Figure 41, we have 57A fb/mim neon flow p,
cooling load at the helium cooled 6hvelope. From PIgure 42, we have I
pet kw cooling load which the iltrogen loop "sees". Assuming the nitri
le6aves Its conipreoso? at OOP and 220 peia, from Ploore 39 we get A nit'
flow eate of 49.5 lbb/nm nitrogen per kw coolig lood at the helium coi
envolopa. if we Assume a tool ing load of 10 kw at the helum cooled
lope, we have

164 l b/m Ihhelium

ble lb/mim noon

49 3 lb/nmt niteogen

as the required, fluld flow for the tystem.

A much More Officient *XPAWSionf Cycle than the Zimple JOUteO-ThOMs
jutt deribedi makes use of an optrat Ing- princ Iple similar to the on ' c
by CollIins for liquid he Iu& PrOdUttion. n thitl typa Of CYCle) only A
of the gis 1h; used for tool NO. The port Ion of the !1ift not used tot et
Is first passed through * Wfthanical expanier Whete tnergy It tntractao
It by toroducdtion, of work, 'the co) low pressure gas itsuing, from the v
expander, It than mstd to lowe the tOMpeture fat tht hl~h pressure ga
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It is 'Interesting to note that this cycle can conceivably be made to

approach Ideal reversible behavior due to the fact that the expansion

engines aim at isentropic expansion of the gas. Given a sufficient number

of expanders, the reversibility of the cycle is limited only by the Ineffi-

ciencies of the expanders and by the Imperfections in the heat exchange

mechanisms.

In order to make the most efficient use of this cycle, the energy pro-

duced in the expansion device should be used to drive the compressor. For

example, a turbine type expander could be used to drive an alternator. The

electrical power thus produced could in turn be used as part of the Input

to a motor which would drive the gas compressor.

This bypass expander cycle Is shown schomatically in Its simplest formn

in Figure 46, which also shows the working fluid behavior on a temperature-

entropy diagram. Operation of the cycle Is as follows;

The gas discharged fron the compressor (I) flows through a hot regenerator,
(1) - (2), a precooler, (2)- (3), and a cold regenerator, (3) - (4), in series.

The working fluid is cooled in these three heat exchangers and partly liquefied

before being expanded isenthelpically through an orifice (4) - (5). The liquid

produced provides refrigeration by boiling, (5) - (6). The working fluid is

exhausted from the cooling envelope as a saturated vapor nd passed through

the three heat exchangers (6) - (7), (7) - (8), (8) - (9), where it cools the

Incoming gas. A portion of the high-pressure gas from the hot regenerator is

tapped off and cooled to a relatively low temperature by expansion in a work

extraction device (2) - (7). The exhaust from the expander re-enters the

cycle between the cold regenerator and the precooler, mixing with the gas

exhausted from the cooling .pvelope. By increasing the flow In the expander

relative to the total flow, a high degree of precooling can be achieved, and

condensation of the working fluid can be obtained in the precooler as well as

in the cold regenerator. In this manner full advantage is taken of the cooling

capacity of the expander. No liquefactjon occurs in the expander although gas

exhausts from it at a temperature lower thin the dew point of working fluid at

the high-pressure level.

)
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As before, In order to keep the salient characteristics of the cycle

from being obscured, the following simplifying assumptions are made In the
anal ysis:

(a) The condensing portion of the regenerator downstream of the expander
has on effectiveness of unity, I.e., the temperature at Point 3' Is

equal to that at Point 7'.

'(b) The-fluid Is exhausted from the cooling envelope as a saturated

vapor.

(c) The-heat leaks in the systemwhlch result In a not Increase In the

enthalpy of the working fluid, are all assumed to take place at the

location of the equipment heat-load and to contribute to the evap-
oration of the working fluid.

(d) The pressure losses In the lines and heat exchangers are assumed

to be negligible.

(6) The hot regenerator has an effectiveness of unity, I.e., the temp--f

erature at Point I Is equal to that at Point 9.

(f) The cold regenerator Is a condenser.'

An additional assumption Is that all expanders have an efficiency of 0.65.

The following equations form the basis for the cycle analysis:

h- h9 :9 h9 - h., hot generator heat balance (253)

W WL(h2 - h3) -Wt (h9 - h7),* precooler heat ballance (256)

h3 h4  h7 -h 6, cold regenerator heat balance (251)

h4 h5, J-T expansion process (2541)

h6  h5  refrigeration :capacity of the_
WL working fluid(2)



p1 M P2 a P3 
= P4  (260)

P5 = P6  P7 
=  P 8 = P9 (261)

An additional restriction is placed on the cycle by the second law of

thermodynamics: The heat removed from the cold fluld during the liquefaction

process - w (h.' - h4) cannot cause heating of the low pressure gas flow to

a temperature higher than the liquefaction temperature, T4. Hence) the minimum

value of h4 is reached when T.'= T7
1 .

The heat balance In the precooler can be subdivided to express this con-

dition:

WL(h2 - h3 ) aw t (ho - h7
t), cooling portion of the

precooler (262)

wL(h3# - h3) -w t (h7. - h7), condensing portion of

the precooler (263)

From the cold regenerator heat balance equation and the isenthalpic ex-

pension condition, the refrigeration capacity of the working fluld is 'found to

be

h6 h5 h 7 - h 3

An expression for h3 can be found fvm the overall precooler heat balance

h3 -h 2  - !wL (hg h,)

then (+

WIL (h7 - h2) + (h$ h7) CMI)

Substituting the value of hi lfromthe hot regenerator heat belanc, equation,

we get a new expression for the refrigeration eaoacity of the cycle

- -w-



W1n(- WL )(h 2 "h 7) - "w(h I -h 9 ) 127)

or

q we (h 2 -h 7 ) .- wt (h - h9 ) (260)

These equations show that the refrigeration capacity of the cycle Is the dif-

fer-nce between the expander work and the entholpy difference between the gas

at inlet and outlet of the hot regenerator.

The equation describing the heat balance in the condensing portilon of

the precooler indicates that more liquid is produced when h7' - h7 is In-
creased. Hence, since, the second law of thermodynamics fixes 7', the maximum

cooling capacity of the cycle occurs when paints (6) .and (7) of Fligure 46

coincide. Then points (3) and (4). will. also coinci-de, and the expression for

the refrigeration capacity of the cycle is

-)(h - h6 ) - (h - h9 )  (269)

h6 Is fixed by the oxh~ast pressure of the system; hence, the refrigeration

capacity will Increase with h21 which depends on the expander inlet pressure.

However, the net refrigeration effect at the low-temperature level reaches a

constant value as h2 Increases, as will be seen, due to the fact that (h1 - h9)

also increases when the expander inlet pressure is increased.

The maximum refrigeration capacity corresponds to the condition h6 = h
however, the analysLs-of the cy~of was conducted for an expander outlet temp-

erature at point (7) slightly higher then that of the saturated vapor. This

provides some. margin in regard to the production of liquid in the expander

itself and also corresponds to more realistic operating conditions for the

cycle. If liquefaction occurs inside the expander, its efficiency drops con-

siderably (see Reference 15).

49 t



Assuming that the hot regenerator effectiveness Is-unity reduces (h1 - h9)

to a mn imum wth a* correspondr!,t increase In refrigeration capacity of the

As noted previously, the operation of the cycle is restricted by the

value of the nitrogen enthalpy at the Joule-Thomson expansion ortfice for
optimum operation. This minimum value of the enthalpy Is dependent on theI
temperature of the fluid exhausting from the mechanical expander, on the high
and low fluid pressure levels, and also on the ratio of the flow to the cooling

envelope to the total fluid flow$ w L/ITr
The values of the enthalpy of the nitrogen at the Joule-Thomson expansionI

orifice versus the cooling enve.lope 'flow to total flow ratio Are plotted In

Fig ure 47.,,-.Jhetotal nitrogen flJow vefrs .us the same flow ratio is plotted In
Fiigure 48. The minimum values of the nitrogen enthalpyconisiet with the
second. law, were calculated and these points are allsO shown in both plots as
the line of optimum operating cond~tions. PIqure 48 also shows the total

sytt*, flow for a system Inlet temperature of 0PF and pressure of 30 pita.
As can be seen, the total system flow Is not too greatly sensitive to the
system Inlet temperature; therefore, complete plots for the Other fystem In-
lot temperature were not made.

Decreasing the flow ratio below the value defined by the optimum condI-
tion curve produeetb more liquefaction In the portcn of thd total ft-~ WAR c
goes to the cooling envelope.. However, the decreased flow ratio also results

* .1a.1ess fluid going to the cooling envelope, An effect which gAtes the
pteviously mentioned Increase In refrigeration capacity and, hanco the re-i

* feigaration capacity of the cycle remeins, approx.imately constant.

The saw analysis that was conducted, for the bypass expander cycle 4hsing
nitrogen; as a working fluid can also be performed using habn ihittoad of nitrogeni
The system scemaotic and cycletemprature-entropy diagram At* Identical to
those 4eedaftr aftoogan.
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Calculations of the noon enthelpy at ths, Joule-Thomson expansion orifice,

as a function of the cooling envelope, flow to total flow ratio, Were, carried
out. The results are shown in Figure-491. The system total, flow values, as

functions of the tam parameter, were- also calculated aod the results plotted

In Figure, 50. The line of optimm operati'notconditions,, as defined In theI
analysis-for nitrogen, Is shown on both plots for neon. As b6fore, the system
Inlet temperature was taken to b. 100F9.

The single bypass expander, using he]lum as. a working fluid, was, also,
analyzed. it was found that making the simplifying Asiumptions mentioned at
the beginning of this section leads to a vioation of the second law of ther-
modynamics, since the temperatures of the hot and told fluids vould havo to
cross In the heat exchanger. Contequetly, no Ideal ized cycle plots will be
presented here, but the cycle wil b I-e analyzed with, non-idehlI components, and
the results will be presented In a following sectione

Summary of ideal lisnthalitk Expanion Sytems

Th. preceding sect ions htvo dealt with refrigeratiton systt~w having one
common feature: refrigeration by meant of lienthAlPic Oxpin*ion of the work-.
Ing fluid. In addition, all contpofinti were assumed to ho ideal, with the I
exception of the expadrs used in thew bypass expander cycles. These expander
affiejeoncies were taken to be 0.63 Whilch Is) perhalps, ovdely ptatiffisdtk, con-

sidering the large flow rate$ Involved, In orde to competae the systeom5, the
required fluid flow rates can be calculated for oath syttom operating under
the same conditiohs. Thete conditions w6 arbitraelly taken to bet

1. -System Inlet pressure It 300 pi i

2. System Inlet tiftperatUre is MOPe

3. cooling load is 10 kw

4. System outlet Pressure Is 1,4.7 psia

Under these conditions, for efrigeratlon at liquid hitragwi tiupoe-Atures) thes
s imple Jomule-Thomon system requires' a I low i,* 330 lb,'mln (Pigure 30), whereas
the bypass expander system reiqulires 58 lb/oin (14§06r 4i),
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'For refrigeration at liquid neon temperatures, the cascaded Joule-Thomson

system requires 950 lb/min neon flqw plus 462 lb/min nitrogen flow (from

Figure 41, 42, and 39). The bypass expander system requires 82 lb/min neon

flow only (from Figure 50).

Cooling at liquid helium temperatures cannot be compared, since the ideal

bypass expander cycle violates the second law of thermodynamics. However, it

is evident that the bypass expander cycle has an overwhelming advantage over

the sivple'Joule-Thomson cycle. Consequently, the more detailed ainlyses

involving system weights and power factors, etc., will not be performed for

the simple Joule-Thomson cycles.

St-irl ing Cyle

In 1954, J. W. L. Koh'ier and C. 0. Jonkers of the Phillips Research

Laboratories, Eindhoven, Netherlands, announced the development of a gas re-

frlgerating machine which was fundamentally a Special case of the Stirling

cycle. The Phillips Company had a refrigerator operating at 79K and producing

5.5 liters per hour of liquid air In 1955 and In 1961 had a smaller machine

operating at 300K.

In the machine developed by the Phillips Company, the cold is produced

by the reversible expansion of-a gas, 41ther hydrogen or helium. During one

cycle, the gas is ompressed at ambient temperature and expanded at the desired

low temperature, the transition between the two temperature levels being ef-

fected by a heat exchanger.

Figure 51 shows the four phases of an. ideal Stirling cycle machine oper-

ating as follows.:

1. The gas Is compressed Isothermally by piston (2) In space 3 . The

heat of cmpress Ion -is removed from the working fluid by emans of a

heat exchanger 4

It. The gas is transferred from space 3 to spae 8 by the movement

of the displacer 5 • In this constant volume process, the gas

passes through a regenerator 6 where It is reversibly cooled dam.

The heat tahen'from the gas in this step is stored in the regenerator.
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1IIo The gas Is expanded Isothermal ly in space 8 by the combined movement

of the piston 2 and displacer 5 . The refrigeration produced is

transferred tO the load by mans of the cold heat exchanger 7 .

IV The gas Is returned to space 3 by the nmovnmert of the displacer 5

In this step, the gas picks up the heat stored in the regenerator 6

during Step XI.

Figure 52 Isa plot of the !deal cycle on a P-V diagram. Note that this

cycle consists of two Isotherms' and two isochores, however, the isochores my
be replaced by isobars or any pair of lines which permit heat exchange by

regeneration.

The discontinuous motions of the piston and expander previously described

are not feasible, In practice; however, the. pistons my be driven sinusoidally

by some type of drive mechanism, In such a case the cold expansion space must

be leading in phase with respect to the hot compression space. This harmonic

motiqncauses the compression and expansion to take place-adiabatically which

entails some loss in efficiency. Thli loss will be low for low pressure ratios.

Referring to the P-V diagrom, the following expressions can be eht4atsd

from elementary thermodynamic relations:

Work Ingut to Gas H nput to Gas Eneray Chanef Gas.

. P V2 1 inI aP Iv 2 InV 1  0

. •C (TIi - TZ) -CV (TI  T2)

Ill. P V2 In -, 4 V2  VI 0

IV. 0 C (T T2 ) Cv (TJ - T2 )

From these relations# it can be seen that the ideal cooling capabity per

cycle" ql, cen he expressed as

4 V2
*l P4 v2 n (a?e)
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The practical use of a Stirling cycle refr-igerator depends very heavily

on theefficiency of the regenerator. It has been shown (Reference 18) that,

owing to imperfections, an amount of heat, ACli, is transmitted through the

regenerator from space 3 to space a (refer to Figure 51) and that this

amount of heat may be expressed as

"- T7 q (271)

where E.r = regenerator efficiency

Ti - compression temperature

T2 - expansion temperature

Reference IS further states that regenerators consisting of a light,

felt-like mass of fine wire can be prepared with efficiencies higher than

99 per cant at frequencies as high as 50 cycles per sec. However, the re-

generator acts as a resistance to the gas flow so that the design of a

regenerator should compromise between regeneration loss, pressure loss, and

loss by dead space.

In the following analysis, the assumptions made are:

I. The working fluid is helium.

2. The warm temperature is 560OR.

3. The cold temperature Is 140R.

4. All heat leaks into the system are considered to be a part of the

cooli.ing load.

5. The gas is compressed Isothermally.

- 6r The gas is expanded lisothermally..

7. The volume of the gas after expansion Is equal to the cross-secielonal

area of the displacer ttees its diameter (i.e., wsquare" displacer

stroke).

04l



S. The ameunt of hesat transfer red through the regenerator Is given
exactly by Equatien 61.

9. The dead space less due to the heat exchangers Is neglected.

Under these-assumptions, the diameter of the displacer is given by

D 48W TI R

where W - total weight of helium being used as a worki~ng fluild, lbI

R in gas constant for helium, 366.6 ft-lb/l-b-OR

Tand P, oae as defined inFigure 52

The diameter as a functiona of the weigh~t of the helium charge is pletted
In Figure 53 for various values of P1.

Coeblni~ng Equatiens 60 and 61 yields

a1.225 (21 E - 20) C I n r, isv/lIb(7)

where 4 a Ideal cooling capacity of Stirlng engine per pound of helium
at WONft kW/lb

C - Cycles per minute,

r - Compression pressure ratio

Q is plotted In Figures 54, and 55, as a function of C for various cam-,
pression ratios and regenerator efficiencies.

As was previously mentioned,- an actual machine provides the p-iston and
displacer 'with sinusoi-dal motions. Using the notation:

V0 = Maximum volume of the expansion spats, emn5

W a Ratio of the swept volumes of the compression and expansion space

0 w Th. phase difference between these spaces

TC u Temperature In compression space, O
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T, Temperature In expansion space, O

Ts 3 Temperature In any dead space, *

vi a Volume of any dead space, cq

VT
S !L £

V0  T S

A a Ir+we I Cs0
P + W7,"

- A/S

a Maximum pressure deuIing the cycle.. kgma

Pmean Pa Rsa

n - Cycle% per minute

Reference 16 gives the cool ing capacity as

qW5.136 watts~n
-~ ~ V PIM Tim ats(2

Agiain, this expression must be combined with Equation 61 In order to'

account f or losses due to the regenerator., The cycle, as It has been con-

sidered to this point, bei ng perfectly reversible, wou'ld have the sam

efficiency as a Carnot cycle. The actual 4cycle suf fort 4d4reases In e f fI-
ciency due mainly to three causes:

a. Mechanical loss of the drive

b. Pressure loss

Co Adiabatic loss

Losses due to (a) and (b) need no further elaboration. Losses due to (c)

arise from the necossity of introducing heat exchangers in order to cool the,



gas after compression and ln order to exchange heat betweent the ekotns ionv
cyl indee and the coolilng fluid (nitrogen). Thed walts of the cyl inders, are,
extremel'y poor heat exchangers, consequendy, the, tem~perature, of the gas
varies- nearly adiabatical1ly with- time. KHce,# the udan' temperaturf of the

Ili" In the compressioan cylitndeor will be higher than- the temperature of the,
adjoining hat exchangor and similarly, the mean tempeature of the gas ift

the gas in the expansion cylinde will be lower than the tepoleraturo of its.
adjoining heat exchanger. The less of refrigerativ capacity duo to thist
effect is very smal, thd this 6ffect also has a minhor Infiatinco onv the
off iciency (Mbiaretce 17).

Scie idea of the effect which the Actual cnmression and expantionv Oro-/
cesses have on the refrigeration capactity mray be gained by considering &loin
the ideal cycle. Now the heligum wll b. tamprtssed and axpandild polytropl-
cally -according to the law

pV n constant

'Where p - ressure-

v- specific voltm"
W a constant depending on the prodett

For the ideal. isothermal case, n" , 1, For the ideal adiabatlc e0a
where ho heat It transferred between the hel Ium: Sad Its sueroings-hj
n - T m 1.61. Hehcep I fi h ;6 1,61. SUch a procebt It thdicated tchagiatleily
In Figure 56 Where thii dashed I Netsae listhemls and the *6l14 1 thes ee
the actual path folle~edi

Wefrring to-Figere 36p the fellewingp thermsdyh*Mf e*latltib can bit
derived

Io
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Work Input to Gas Heat Inut to Gas Energy Chine o±J_

P9 VI " PI V2 Cv (fz-rn)(T2 - TO) C, (T2 - T,)

S0 c (T3 - T2 ) Cv (T3 - T2 )

P4 Vz-PV
III - I Cv (n.L)(T - 4) Cv (T4 - T3)

IV 0 Cv (TI -T 4 ) Cv (TI 1-T 4 )

saking Use of the relation

cv  - ' (276)

the Ideal cooling capacity of each cycle Is given by

p- ( i( Ts - T4) (271)

Making use of Equation 65, It can be showm that

TS -T4  .- T4  (278)

hence,.

q~ ~ F " ~i] 4  (a, i

where r Is the comreeSIon ratio.

Assuming TI - 6OOR

- 1406R

r 1O67
• t m 3l60.6 ft-lb/lb 'A:

• i~



and also assuming that the regenerative heat loss is given by the same

expression as for the isothermal case, the final expression for the cooling

capacity Is

Q - 1.828 (2iEr - 20)( 1n67 - n ) -(r ) C, kw/lb ((200)

This cooling capacity Is plotted in Figures 57, and 50 as a function of C for

various values of the compression ratio and n - 1.23.

As an example, suppose that the Stirling cycle refrigerator has a dis-

placer diameter of 6 Inches. Figure 53 shows that if the pressure In the

cylinder before compression is 14.7 psi, then there Is ,001 lb of helium

being used as a working fluid. Assuming a compression ratio of 2.0 and a

regenerator efficiency of .971 and also assuming n -. 1.23 at 1000 cycles per

minut e, the specific cooling capacity from Figure 58 Ns 193 kw/lb. Hence,

the cooling capacity will be .193 kw.

The comprossion ratio is necessarily low due to the dead space resulting

from the volume of the heat exchangers.

From the foregoing discussion it can be seen that a very large number of

parameters have to be considered whin trying to minimize all losses. A de-

tailed Investigation of this problem Is outside the scope of this report.

Suffice It to say that Stirling cycle refrigerators have been built to operate

at an optimum temperature of -1900C from ambient and yilding approximately

.05 ikw refrigeration for 5.85. kw measured shaft power operating at 1440 rpm

and a maximum pressure in the cycle of 35 kg/cm. ..

The machine requires high operating speeds and high operating pressure

levels# both of which reduce the rellability over prolonged periods of operation.

Furthermore, in order to reach refrigerative capacities of 20 isv several

cylinders would be required. 1In the words of Dr. Kohler, one of the malin pro-

ponents of Stirling cycle machines, "For very high refrigerating capacities

turbine systems are the solution; • • .. (Reference 16).

si,
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SECTION VII

NON-IDEAL SYSTEMS

In thl previous section, various Idealized cycles were considered for

cooling large heat loads at liquid nitrogen, neon, and helium temperatures.

In the analyses performed,simplIfylng assumptions were made concerning the
components of each system. In this section, system performance Is evaluated
under more realistic operating conditions.

System components are discussed in Sections II through V of this study.

The following design assumptions are taken from these component analyses and

form the basis for the system analyses presented here.

a. Heat echangers:- The hi4kexthngers of the systems considered

are designed with a maximum NTU of 9.0. This corresponds to
effectiveness of 0.9 on both sides of a regenerator where the

capacity rate (wcp) ratio Is unity,for capacrity rate ratios dif-

ferent from unity the effectiveness on the cold side Is allowed

to Increase above 0.9.

In all cases where condensation of the working fluid occurs

on one side of a heat exchanger, the heat exchanger, for the pur-

pose of analysis, Is divided Into a condensing portion and into

a cooling portion where all the fluid Is in the gaseous state. In

this manner the Opinch'ffect is taken into account In system design.

b. Turbo-expanders: The adiabatic efficiency of the turbo-expanders

used In the refrigeration systems considered Is taken as 0.85. This

value might be optimistic at low flow rates, howeverj it. is felt to
be attainable by close control of the manufacturing tolerances.

Veight of turbo-expanders are obtained from Figures 27 through 30.

c. Compressors: Centrifugal type compressors arm used In all the

systems considered. Compressor parformant and weight Is estimated

from the parametric data presented In Section IV.

Si'
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d. Power Requirement: System pewer requirement is estimated from

the compressor performance assuming that all the power generated

by expansion of the working fluid In the system turbo-expanders

is used to drive the compressor.

-. Electric .-tors: As stated previously (see Section IV) electric

motor efficiency is taken as 0.85 (constant), and the motor weight

as 0.8 1b per kw.

f. Radiators: The waste heat from the system Is, rejected to space

by means of a radiator. The heat Is transferred from the system

to the space radiator by mans of a hiat transport fluid. The

radiater area estimates given In this section are based on heat

transport fluid temperatures at radiator Inlet and outlet of 1706F

and 50OF respectively (see Section III).

g. Accessories: Lines, Insulation, compressor 'Intercoolers and after-

cooler, control system, brackets etc., are assumed to contribute

4 per cent of the total system weight.

In this section, only bypass expander systems are. considered. System

arrangement and optimum number of expanders are discussed. The system flow

rate Is determined and estimates of the system weight, power requirement and

radiator area requirement are presented as functions of the system cooling

lbads.

The section Is divided In three parts according to the working fluid

considered, each working fluid corresponding to a given refrigeration tem-

perature level.

NITROGEN REFRIGERATION SYSTEMS

Single and multiple expander systems are considered for refrigeration at

liquid nitrogen temperature (14O0F). In the following paragraphs single

exparpder system data are given and its characteristics are plotted. Thermo-

dynamic calculations performed on two-expander systems are also given; these

are compared with the single expander systems..



Single Exander System

The system shown schematically In Figure 46 was analyzed w-Ith nitrogen
as the working fluid and subject to the following conditions, (The, subscripts
are for points defined In Figure 46):

I. T? -- i506F P7 a 1" at, The working flivd stater point at expander
outlet Is chosen to be sightly outside the vapor dome in order to
Insure that no liquification occurs Inside the expander.2

2. The temperature of the working fluid at eftercoolt outlet, tf,

Is taken at - 009.F The system perf-A'mance Is only tidly dependftt
on this teMperature, therefore thi's rolatlvoly high- value was setlected
to relieve the vehicle thermal management system load.

3. The data available on the workingfluis considered in this study Is
not suf ficilent ly accurate to refleact the, effects of pressure drops
up to 0.2 par cent In each heat exchanger, therefore no pressure drops
were cons-idered.

The equations govern-Ing the cycle analysis are the same a s those presented
In Section V16 it was found that once, a heat exchanger effectiveness Is assumed,.
a unique value of the flew ratio, WL/wT exist* for each set of system Inlet par&-
metersl here WL and wT aire 'respectively the flow to the load and the total Oystaft
flow, as def ined In Figure, 46. SInce the total flow rate W., Is determined frome
the ratio wL/wT , the heat exchangeir -effectiveness Is thus a parameter which lends
Itself to optimization procedures for the system.

System optimization on, the basis of heat exchanger effectiveness Is not-
performed In this ttudy, since It depends, essent 111y on particular vehkile
Installation parameters. In addition such an optimization study would, requirei
extensive use of computers whIch is outside the scope of this report, For the
reasons stated previously (see Section Vl) the system was analyzed based on a
maximum heat exchanger cold side MVU of 9.0.



The results of the thermodynamic analysis performed on the system

depicted In Figure 59 ae given lit Table 3 for comprossor del ivery pres-

sur05 of 10, 15, and 20 atm. The pressure In the cold leg of the system

was tnken as I atm In all cases.

'7rom this table it can be seen that the total system flov &screiise

marke'ly as the compressor deirvery pressure Increases.

Sysltm Chkeractar isttcs

Dased on the assumiptions statedf Orevtotisly the syste* ffxed! wateot
includ'ing heat exchangers, copessoes, expanders, divf~hg nvoot 66i'd
accessories& was estirmated. The -we fght is pl'.tted f It igU'et 66 *00hit
the cooling load. Also given in Figure 6f ar* the system OOWOO #4&0e-

ment and radrator aea.

The radiator Area based on the Assumptions fisted previously i veoy
large, which suggests thit at the higher coefl f oads it Aitht 6e avs-
able to divorce the cooling loop of thie efgraonsystemO~ flawtha of
the vehi1cle.- In this mfanle 0ier radito tiet tfAperaitis with col-
respondingly smaller raod(ator areas could be obtlihed. it shoudld 6e notad
here that the radittot area is given too an orbitlnd vehicle, fol Which
Case the raditor eqivalent ink temoeratiil is reittiveiy iiivh.

The plot of Figure 60 shows codVlsivoiy that opertO*6 At the kiigher

pressure ratio Is desirable from aft poit of view. A piesstUe ietlo
h.igher than 20:1 ts fiowevoe uhadvisaits &iadai of the high hta6*e of coig-
pression stages and the cotespohiiihg lost th tomodessoe efficieilcy 4eidh§
from the icessIty of Matching the speeds of All the gtiges.

Two-ExOan4*er Sys ter

A system featierln two expoaudrs was iftyestigated Iii od4 to hnpkova
on the Ipeorformance of the Single expande sytemb at lbwee o0eati~ Oesiula.

The system cohsidered is showti In Figure 61 0oi the OW~rosa of Aailysi
and ctuupalsoh the compressor, delivery pessle was taken as Id Atm. Agaid,
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TABE 51
NITROG SImI EXPANS SvTsm

Prssure inPressueg In0 ate 15 &to 20 ato

T 560 560 s0
he 16.2 15.7 15.3
T20 02. 5 326
hi -56 -51.5 -46.5

6s 187.5 199 209

hs -614.5 -64.5 -86

hs -97.7 -102.2 -107v9

T, 150 150 ISO

h -686.2 -86.2 -86.2
Tg 177.1 187.5 196

Hy -78.7 -76.2 -74

To 240 260 282

11 -62.5 -57.6 -52.1

T9 530.5 530 534

ho 9.7 . 9.6 '10.5

WL 4.9 3.6 2.6

wT 8.7 6.3 4.7

Well 3.8 2.7 2.1

See Figure'46 for definition of subscripts

Temperatures In OR

Enthailples In Btu/ilb

WL, w, WI. in lb/mmn per kw cooling

LP We) WT
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the cold expander outlet pressure ana temperature (Point 9) were taken as

1.0 ate and 150OF; lines and heat exchangers pressure drops were also

neglected in the thermodynamic calculations.

The cycle analysis Is critically dependent on the effectiveness chosen

for the desgn of te systsm heat exchangers. This was taken here as 0.90.

In these conditions the ratio wL/WI (wL and w, are defined in Figure 63) is

always lower than about 0.8$ and the analysis showed that the flow through

the upper (warm) expander Is very small. This would make it very difficult

to manufacture, also ft efficTncy would be much lower than that assumed

(0.85) In the analysis.

In order to reduce the temperature at Point 2 Exchanger "C" of Figure 62

was eliminated since its value seemed very doubtful. The modified system Is

shown In Figure 63. An analysis of this system based on a maximum heat

exchanger NTU on the cold side of 9.0 showed that the upper limit on the

ratio wLiw# was reduced from 0.85 to 0.66.

The flow through Expander Number I Is uniquely determined by the flow

through Expander 2. The flow rates through the various parts of the system

are shown in Figure 64-as a-fundtibn of the ratio wL/wI . Also shown on

Figure 6 for comparison purposes are the total flow requirement of the

single expander system discussed previously.

The results shown lead to the conclusion that a 10, atm two-expander

system does not offer any .advantage over a single expander system at a com-

pressor dalivery pressure of 20 atm, A similar analysis was performed for

the, two-expander systemat an inlet pressure of 15 atm, and the same conclu-
sion was reached,

In view of these results, and of the fact that the-addedexpander would,..

decrease the reliability of the system, it was concluded that a single

expander system should be used for cooling at liquid nitrogen temperature.

S's
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NEON REFRIGERATION SYSTEMS

- The system schematics for the neon systems considered are identical to

those of the nitrogen systems already shown. Likew!se, the system operation,.

as shown on temperature-entropy diagram, is the same as for the nitrogen cases.

Thermodynamic Cons iderations

The neon systems were analyzed subject to the same general conditions as

the nitrogen systems, namely:

I. Maximum heat exchanger effectiveness Is 0.9.

2. Expander adiabatic efficiencies are 0.85.

3. Ths pressure drops through the heat exchangers Is negligible.

4. The compressor delivery temperature is IO00F.

5. The working fluid state point at outlet of the cold expander is

just outside the vapor dome (see Figure 46). For neon, this was

taken as 53.7°R at I atmosphere pressure.

As for the nitrogen bypass expander cycles, the neon cycles are not
overly sensitive to variations in system inlet temperature; hence a rela-

tively high system Inlet temperature was used In order to obtain lower

radiator area requirements.

Single Expander System

The system shown schematically in Figure 46 was analyzed with neon as-

the working fluid. The maximum effectiveness of the heat exchangers, to-

gather with the efficiency of the expander, determine a unique flow ratio,

wL/wT, for each set of system inlet parameters. Since the system Inlet tem-

perature was helI constant at IO00F, the only free variable at the Inlet is

the pressure.

As was done for the similar nitrogen case, referring to Figure 46,

Point 7 Is held fixed, and the expander efficiency determines Point 2.

Since Point I is known from the system Inlet parameters. the effectiveness



of the first heat exchanger and the energy balance, determine Points 8

and 9. Point 7' is determined by the effectiveness of the condensing

portion of the second heat exchanger plus the fact that Point 3' is on the

vapor dome. Therefore, sinci Points 2, 3', 7', and 8 are known, the flow

ratio WL/wT is determined by the energy balance in the second heat exchanger.

Similarly, Point 3 is determined by WL/WT and the energy balance. In any

system of this configuration, as the system Inlet pressure, becomes lower,

Point 8 will approach Point 7', and since

ha - W hil - hl i
ht - h3 ' h3' h 3' -

an Inlet pressure can eventually be reached which will cause Point 3 to lie,

outside the vapor dome at a temperature lower than that at Point 7. This

constitutes an unfeasible system operating condition, since there would be

a temperature cross in the second heat exchanger. This effect makes the

single expander noon system unfeasible at inlet pressures below approximately

20 atmospheres.

The results of the thermodynamic analysis for this system operating at

20 atmospheres Inlet pressure are given in Table 4. The system weight and

power requirement are shown plotted In Figures 65 and 66 versus the. cooling

loild in kw. The system radilator area requirement, computed on the basIs of ...

-a 170°F radiator inlet temperature and 500F outlet temperature are also

given in Figure 66.

Two-Expander System

Two expander systems were also considered for neon in order to determine

whether a performance improvement high enough to warrant the Increased com-

plexity of the system could be achieved.

The system shown schematically in Figure 62 was analyzed and, as was

found for the similar nitrogen system, it was found that the heat exchanger

labeled C should be omitted. After making this modification, the system was

analyzed for inlet pressures of W0, 15, and 20 atmospheres at an. Inlet tem-

perature of IOOOF.



TABLE 52

NEON SINGLE EXPANDER SYSTEM

T! = 560.0 hi = 137.5

T2 = 140.0 h2 = 31.8

T3' = 77.1 h3' = 8.4

T? = 53.7 h7 = 12.0

T7' = 70i0 h7 ' = 16.3

Tg - 84.0 hs = 20.0

TV - 512.6 h, = 125.7

we - 9.85 lb/sin per kw cooling

wL = 1.848 lb/min per kw cool Ing

wT = 11.70 lb/min per kw cooling

Subscripts refer to system points and flows defined by Fiure 46.

Pressure In Hot Leg: 20 atm

Pressure in Cold Leg: I atm

Temperatures in Degrees R

Enthalples in Btu/lb
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It was found. that the maximum value of the hot side effectiveness of

heat exchanger B (refer to Figurer 63) determines the maximum value of the

flow ratio WL/Wf. The results of the analyses are presented in Figures 67-

through 70. In all-cases, the terminat'on of the curve at its maximum value

of WL/w, marks the condition where

7'2--TA -0.9
T, - Tj6

AS can be seen In Figure 67 operation at a. system Inlet pressure of 20

atmospheres offers a wide range of the flow ratio, WL/WI, at which to operate

with only small changes In total flow rate. Referring to Figure 69, it can

be seen that operation at the upper limit of the ratio, wL/wl, is to be

preferred: from the standpoint of achieving maximumexpander flow through

Expander No, I and, therefore, maximum efficiency. The considerable advantage

of .the 20'atmosphere system over the 10 and 15 atmosphere systems in regard to

total flow rates indicates that the 20-atmosphere system should be selected

for further examination. The 20-atmosphere system weight, power requirement,

and radiator area requirement are plotted in Figures 65 and 66 as functions

of the system cooling load.

By #x_ . ination of the plots of Figures 65 and 66 It can be. concluded
that the double expander system offers no definite advantages over the single

expander system, The latter one Is lighter by 10 to 20 per cent depending on

the cool inh load, The power necessary for operation of the single expander

system Is however higher by approximately 7 per cent. The selection between

these two competing system can only be made as the result of a careful design

analysis of the two systems In thl light of the Installation parameters for a

gIvan appi ation.

Here again It should be emphasized that the radiator areas ploted in

Figure 66 are critically dependent on the vehicle radiator desigrf which

in turn depends on the mission parameters. For large cool ng load systems

a separate radiator for the refrigeration system would appear preferable.

3"]
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HELIUM REFRIGERATION SYSTEMS

Thermodynamic Considerations

As was mentioned inSection VI, a single expander system of the con-

figuration examined for nitrogen and neon becomes unfeasible with helium

as a working fluid. Referring to Figure 46, if condensation is attempted

in heat exchanger B, the thermodynamic properties of hel ium confine the

system to very low Inlet pressures. Also, the extremely large tempera-

ture gradient required across heat, exchanger A Is unfeasible due to the

size of the exchanger and heat leaks from the environment.

If condensation'is not required in the heat exchangers, low "end-points"

effectiveness exchangers are required In order to avoid temperature cross-

ovii"!; ! --. In view of these considerations, multiple expander systems

are required for efficient rerrge,. .a , -i. I41Im temperatures.

.,In the following analyses, the-outlet, point of the last expander was

chosen to be Just outside the vapor dome, as .in the nitrogen and.neon

systems. For helium, this corresponds to a temperature of 4.50K at a

pressure of 1.0 atmosphere.

Two-Expander Systems

The system shown schematically in Figure 71 was analyzed for helium

subject to the following conditions:

. r!:i= Mat ex-changer effectiveness Is 0.9.

2. Expander adiabatic efficiencies are 0.85.

3. There are no pressure drops through the heat exchangers.

4. The system Inlet temperature Is 31iK.

Under these conditions It was found that operation of the system was

Impossible. It was found that expander number I must operate at higher

temperatures in order tomake tols eycle feasiblep therefore, a heat ex-

changer should be introduced betweer the two expanders.
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The two-expander system thus modified is shown schematically In Figure 72

where the working fluid state points are also shown on a temperature entropy

diagram. Subject to the conditions listed above, a thermodynamic analysis of

the -system was performed. It was found that condition I above Imposes severe --

restrictions on the design of the system. The effectiveness on the hot side 4,

of the heat exchangers was therefore allowed to Increase above the 0.9 limit

In cases where the flow ratio in the heat exchangers is different from unity.

the maximum NTU was then fixed however at 9.0 which corresponds to a heat

exchanger having a flow ratio of unity and effectivenesses of 0.9 on both,

sides.

The working fluid temperatures throughout the system are shown In Figure

73. The plot shows that T11 and T11 approach each other and become equal at

a flow ratio, wL/wI of approximately 0.53, therefore the system cannot be

operated at. higher values of1 WL/WI.

The system was also analyzed for a pressure ratio of 20 to I. The total

flow rates for the two values of the system inlet pressure are shown on Figure 74.

The analysis was also performed for a compressor delivery pressure of JD

atmospheres. In this case the total flow rates lie entirely outside the range

of Figure 74 and are too large to merit further consideration.

As can be seen from Figure 74, both systems exhibit minim for the /otal

flow rates. Furthermore, the minimum total flow rate at 15:1 pressure ratio
Is lower than that at 20:1. The minimum total flow rate for the iS atmosphere

system Is 43.5 lb/mln per kw cooling and occurs at a flow rotiow L/w, value of
.33. At this point, the flow through expander number I is 14.3 ib/mlnpr kw

cooling and the flow through expander number 2 is 19.9 lb/min pr kw of cool ing.

Three,,xpander Svsltm

The system slwwn scheaticaiy in Figure 75 was Qndlyzed subject to the

same general condlitions as--the-two expander system discussed ab -i. - - -

//I SiP
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The analysis of this cycle becomes rather unwieldy due to the number of
Independent parameters Involved. Referring to Figure 75, the flow ratio
WT/w Iis uniquely determined for each- value of the ratio we/wg. However,
wi/wi Is independent of w L/wl. In the analyses performed, several values

of wL/w, were chosen and the range of v,/w3 was examined fot each one. The

values chosen for w L/Wg were 0.4y 0.6, and 0.7. It was found that for

wi/WL - 0.4 the values of Tg ranged around 3000K and consequently the flowsI
through expander numbor I were too low to utilize It efficiently.

'the total flow through the system as a function of the ratio wj/w1 is
shown In Figure 16 for w,/wt of 0.6 and 0,7. The plot shows a mthiwjia total

flow of 19.6 lb/mmn per kw of cooling for wL/wt x' 0.7 and wt/wo - 0.1. The
variation of the temperatures throughout the system operating at WL/wa - 0.7
are shown In Figure 77.

Operating points of systems of this complexity are better optimized by
computer programs. Nowever, examination of the cycle shows that as w L /wt
increass 14 must decrease) thus necessitating Increasing flows through

expander number 1, At the chosen point, W/w, -0.61 and w L/wt -0.7, the

flows through the expanders are:

Expander no. 1 3.03 l/n aer kw cool ing
Expander no. 2 MO3.. ib/mtn per kw too! Iii
Expander no. 3 4.00 lb/min per kw cooling

It is thus Stan that the work done In cooling the helium Is being distributed
more or less uniformly throughout the system. Hence, It It felt that this

* operating point Is near optimum for the given conditions.

The flow requirement of the threeexpander systim Is about half that
of Its two-'xpander counterpart, this In Itself Is sufficient to justify the

* use of a third axpander. The weight, power, and radiator area requirements
of the three-expander system are plotted against the system refrigeration
loed In Figures 76 and 70i for a pressure ratio of IS1.-I
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SECTION VIII

DISCUSSION AND CONCLUSIONS

The analyses presented In this report are based on numerous assumptions
which appear reasonable In a general study of this type. However for any

particular space vehicle mission, some of these assumptions can become unreal-

istic and lead to the selection of systems which are far from optimum. The

basic data assumptions and operating conditions used throughout the system

analyses are briefly discussed below. Most of these have already been treated

in the body of the report.

I. The fluid properties used In the cycle analyses and presented in Section

II are only marginally accurate for precise thermodynamic calculations.

2. In this study the waste heat from the refrigeration system. is assumed

rejected to the vehicle thermal management system. In turn the vehicle

heat transport fluid rejects this heat to space through a radiator. An

effective radiator sink temperature of 4000R corresponding to an earth

orbiting vehicle at relatively low altitude was assumed. These assump-

tions yield very large radiator areas; It might be preferable, especially

for large loads to use a separate radiator operating at a much hghr tem-

perature than the 170°F to 50OF assumed.

3. The compressor performance and weight data of Section IV is believed

realistic. Motor weight contribute as much as one half to the total

system weight. In some installation this weight could be consideral.y

reduced byiusing a power turbine to drive the refrigeration system com-

pressor, this turbine'could be powered by any readily evallable working

fluid.

4. Assumptions regarding the heat exchanger parfor ence had to be made to

limit the scope of the study: A maximum heat exchanger NTU of 9.0 was.

assumed for this purpose because heat exchanger weight Increases very

rapidly for higher Ti's.

.50



For particular Installations a ciiwaful trode-off study shoiu'A Le

conducted between heat exchanger weights and system power requirem~ots.

Also hat exchanger surfaces %ho..ld b,, eotimized.

5.A thorough Investigation of c,-y gon' r e1rIgaratien cycles can oiply 1,%Q

accomplished hy the use di'lIi~ comimters. Such a program Wsulii rc~ufrk I

subroutines for the calculations of fluid prapsrtios, a well ag siik-

routines for the estmu~tion of cempinent m.rfomzance and sysite' intgri -3

This is well outside the :;z&upe of tils rolort. Gerneral condulns can be
drawn however from the study conductod.

6. The Stirling cysle appears to offer possibilities for cooling loads or, the

order of I kw at the temperature level of liquid nitrogen. Itvt win dis-

advantages for long mission duratiun are its relatively low* reliability,

as compared with turbo-machine sysions, anc Jtt Inharent laak.!ga which

might pose serious problems. For 4rge loads and tempeirature'levels lower

than liquid nitrogen, bypass expander cycles of the type describeol In this

report appear more attractive.

7. Ref rigeration at I quid n itrogen tisperaturt appears, be it accmp Iied by
the single bypass expander system. Perfurmaica data and weight estimtates

for this system are given In Sectisns VI and V11.

8. The choice between a single expander and a to-axpanfti refrigeiration

system for cool ing at liquid neon temperature dpene's primarily on the

vehicle and mission parameters paiticuler to m givan a plication. Thoe

systems are treated In Sections V1 and V11.

9. For cool ing at liquid hal im tempe rature a thi-ae-expander systes appears

to be much better than a twoexpairder zyst-sn. Investigation of helium
systems utilizing four or more ex,.nders seems to be ndlcatsd. Su~ch an

investigation would require the ues of a computer.

Performance data and weight istimatG: for ths heliumn Ciro expander

system are given In Section V11.
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