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FOREWORD

This reportAdocuments the results of & study of coolers for
remote sensors on a satellite. The study concentrates on accumulating
characteristies of cooler for use in the preliminary design of &
Pollution Monitoring Satellite. The study was performed by the
Vought Systems Division of LTV Aerospace Corporation during the
period of January to September, 197k, as Support Item 12T of Contracts
NAS1-10900 and NAS1-13500.

Mr. Jim Pleasants and Dr. Bob Greene of NASA-LRC were the
technical monitors for this study, and their office supplied the

requirements of typical sensors employed in the study.
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1.0 SUMMARY

This report describes a study performed by the Vought Systems Division
(VSD) of LTV Aerospace Corporation under NASA Langley Research Center Contracts
NAS1-10900 and NASl;lBSOO, during the period of Jenuary thru June 1974, The
purposes of the study were:

(a) determine the characteristics and use of proven and state-

of-the-art cryogenic cooling systems for six (6) specified
ranges of performance

(b) determine the systems most appliceble for each of the six

cooling categeries

(e} perform conceptual designs for a candidate system for eéach

of these six representative cooling categories
The state-of-the-art systems to be considered were those that will be available
by approximately 1976 for a 1979-1980 flight of = Pollution Monitoring Satellite
(pMs).
The six cooling categories or ranges of interest were:
I/1II 50 milliwatt, 300 milliwatt, and 1000 milliwatt cooling
load at T7°K

IV,VY 50 and 500 milliwatts cocling load at 195°K

VI 1000 milliwatts cooling load at 300°K
The desired mission life for each of the categories is 2 years with some of the
categories requiring intermittent operation and others continuous operation.

An extensive literature and industry search was performed to obtain
characteristics of systems applicable as cryogenic coolers in the range of
interest. The search was concentrated on systems applicable to long life in
the environment of space. Applicable systems were identified for each category
and their characteristics were tabulated.

A preliminary study identified those systems most applicable to each
of the six cooling categories. The systems were categorized by cooling temperature

as follows:

/171 TT°K : Vuilleumier, Joule-Thomson, Solid Cryogen
Iv,v 195°K : Thermoelectric, Pagsive Radiator
VI 300°K : Semi-passive Radiator, Active Radiator

A more detailed study was then performed on the above systems to
identify the most effective or promising cooler for each category. Conceptual
designs were subsequently performed on the most promising system for each of

the 6 categories along with three additional variations. Information of



primary interest was weilght, voluyme and power requirement. Table 1-1 sum-
marizes the conceptual designs.
A study oblectlve was to accurmulate dats on all promising coolers
for the PMS, Thms some cooler types were selected for conceptual designs
for categories for which other cooler were lighter weight. For exemple, the
VM's for either Category II and IIT could be sized for the smaller capacity
of Cetegory I, and the resultant weight and volume would be smaller than
any of the Category I designs.

The loads and temperature for the six categories were defined by
NASA for anticipated requirements. As develomment continues, conditions or
constraints may change snd may Qictate the choice of another type of cooler.
To assist in making selections scaling data are included. Weight, volume
and power for different cooling reguirements are presented as a function
of life expectancy, capacity, and heat load. In addition the operating
characteristics of each conceptual design are briefly degcribed. An in-depth
discussion of coolers is presented in Reference 1.

The following additional conclusions can be made as the result of

this study:

(11 Cryogenic cooler technology is evailable or will be available
by 1976 to satisfy requirements for satellite remote sensing
instrumentation. Howvever, limited development of this tech-
nology may be required.

(2) Systems using expendables are most applicable to missions
with duration of two requires or longer.

(3) Additional development should yteld significant reductions in

weight and volume, or increased reliability.



WEIGHT* POWER*
CATEGORY COOLER TYPE LB VOLUME WATTS
I. 779K, 50 MW ** | JOULE-THOMSON 300 27" D SPHERE 0
MODIFIED JOULE THOMSON | 100 17" D SPHERE 2
SOLID CRYOGEN 100/140 | 21" D X 36" 0
. 779K, 1000 MW *F vm 8h 6%" D X 25" + 35" X 35" RADIATOR 88
i, 77°K, 300 Mw VM ‘ 66 57D X 235"+ 31" X 31" RADIATOR 65
DUAL VM 8¢9 "D X 236" +5"D X 235" 65
+31" X 31" RADIATOR
V. 195°K, 50 MW ** THERMOELECTRIC 1.87 75" X 67" X .4" 2.06
, +5.5" X 5.5 RADIATOR
V. 195°K,500 MW | SHIELD PASSIVE RADIATOR 35 6.12° X 11.88" D =()
OSR UNSHIELDED RADIATOR 39 8.48" X 8.48" RADIATOR 23
VI, 300°K, 1000 MW| SEMIPASSIVE RADIATOR 2.63 265" X 2.656" RADIATOR 27

*POWER EQUIVALENT WEIGHT @ 0.56 LB/WATT IS INCLUDED IN WEIGHTS WHERE POWER IS REQUIRED
*%
INTERMITTENT DUTY CYCLES; ALL OTHERS ARE CONTINUGUS FOR TWO YEARS

TABLE 1-1 CONCEPTUAL DESIGN SUMMARY



2.0 INTRQDUCTION

A new seriez of satellites are currently bBeing planned by LRC to
remotely sense conditions in the enviromment of the earthJ Of particular
interest are pollution of the land, water and air. As envisioned each space-
craft could contain from 4 to 10 sensors. PFor the spectral bands of interest,
cooling of the detectors to eryogenic temperatures will be necessary for
most sensors. The spacecraft design will depend upen the number and type of
sensing instruments and their associated support equipment. This study
presents weight, volume, shape, power requirements and operating characteristics
for several representative cryogenic coolers, as well as conceptual deéigns of
several of the more promising types. This information is provided for use in
the preliminary design of remote sensing instruments and spacecraft.

The study consisted of three general tasks. The first task was to
perform a literature and technology search to determine the characteristics
and use of proven flight systems ard state-of-the-art systems that will be
available by approximately 1976 for a 1979/1980 flight. This search was
limited to systems in the 60 to 300°K refrigeration temperature range and
included expendables, closed cycle refrigerators, thermoelectric coolers,
and radiator ccolers.

The second task was a preliminary screening of feasible cooling
system for each of six cooling system categories with requirements which were
determined by NASA to be representative. The categories‘are def'ined in
Table 2-1. The objective of the preliminary screening was to identify promising
systems for each category. The ltems evalusted in the trade-off included
weight, volume, radiator area, life expectancy, power required, reliability
and cost. Figure 2-1 illustrates the heat lcad definition.

The third task was to perform a conceptual design for a promising
cooler for easch of the six categories. A candidate system for each instrument
category was selected for design following completion of Task II. The design
included component identification, dimensions, volume, power, and a narrative

description.



. DETECTOR DETECTOR |
CATEGORY TEMPERATURE COOLING LOAD LIFETIME
oK MW YEARS DUTY CYCLE
| 77 50 2 A+B
" 77 1000 2 A+C
I 77 300 2 D
v 195 50 2 A+B
\Y; 195 500 2 D
\"/| 300 50—1000 2 A+B

DUTY CYCLE DEFINITION

A — CONTINUOUS OPERATION FOR 1 MONTH
B -5 TO 8 SELECTED DAYS OPERATION PER MONTH

C — 10 DAY CONTINUOUS OPERATION PER 6 WEEK PERIOD

D — CONTINUOUS OPERATION

TABLE 2-1 INSTRUMENT COOLING CATEGORIES




ELECTRICAL
POWER
DISSIPATION

CRYOGENIC DETECTOR DIRECT
COOLER RADIATION
DETECTOR
HEAT LEAK
FROM
SPACECRAFT
STRUCTURE

(WHEN APPLICABLE)

FIGURE 2-1 DEFINITION OF DETECTOR HEAT LOAD ON CRYOGENIC COOLER



The results of Task I are described in Sections 3.0 and L.0. The
results of Task II are given in Section 5.1. The results of Task III are
given in Sections 5.0 and 6.0. Some advanced concepts are identified in

Section 7.0. Conclusions and Recommendations are given in Sections 8.0 and

g.0.



3.0 SUMMARY DISCUSSION OF CRYOGENIC REFRIGERATION SYSTEMS

. The following description of cryogenic refrigeration systems is
taken from Reference (1).

"Phe refrigeration systems available for cryogenic cooling may be
categorized into four fundamental types: closed-cycle mechanical refrigerators,
open-cycle expendable systems, passive radiative coolers, and thermoelectrice
coolers.

The simplest and potentially most reliable method of providing cryo-
genic cooling is to utilize the low temperature sink of space directly by
uging a radimtor. The concept is attractive since the system is passive, re-
quires little or no power and is capable of high reliability for extended
periods. The low temperature radiator must be shielded against direct sunlight
and the parent spacecraft and, in the case of near-earth orbits, heat inputs
from direct thermal emission and reflected sunlight from the earth and its
atmosphere, Primary limitations of this approach are the rapid increase in
radiator size with decreasing temperature and the parasitic heat leak into
the radiator.

Thermoelectric coolers are appropriate to provide eryogenic témpera—
tures for small wattage heat sources. Based on the Peltier cooling effect
arising from passing a current through & Junction of different materials,
thermoelectric coolers provide a simple, lightweight, reliable method of cooling.
These systems are limited primarily by the low efficiencies {in the order of
one percent) and maximum operating temperature difference between the hot and
cold junctions.

For operation at lower temperatures and/or higher cooling capacities,
open—cycle expendable systems are appropriate. The simplest, least expensive
approach is to use a Joule-Thomson {J-T) cooler wherein a high pressure gas
(in the range of 1000 to 600C psia) combined with a J-T expansion valve {con-
sisting of an orifice, small diameter tube heat exchanger, shield, ete.) results
in cooling of the gas and ultimately provides a source of liquid at the point
to be cooled. The utilization of helium, hydrogen, argon or nitrogen enables
developéﬁ units to provide cooling from approximately 4.2 to TT°K at capacities
in the range of 0.50 to 10 W, The primary limitation is the high weight penalty
for storage of high-pressure gas {approximately 4 1b per nound of gas for No



and 15 for Hzl. One advantage of this approach over cryogenic storage is
the ability to provide intermittent operation over a long period of time.

Cryogenic fluids stored as liguids in eguilibrium with their vapors
{suberitical storage) can provide a convenient constant temperature control
system for ground-based or advanced aircraft and spacecraft applications.

A variety of fluids are available which provide temperatures ranging from

4.2 (nelium) to 240 K (ammonia). The primary limitation of this approach

is the compiex tank design required to minimize boiloff and the direct relation
of weight and volume requirements with elapsed time.

The same fluids can be stored at pressures above their critical pres-
sures (supercritical storage) as homogeneous fluids, thus eliminating phase
separation problems encountered during weightless conditions in space. A ‘
weight penalty as compared with suberitical storage normally accrues as a
result of the higher opersting pressures required. The added flexibility of a
single phase homogeneous fluid makes this approach competitive, in some cases,
with closed-cycle mechanical refrigeratcrs for missions of 60 to 90 days.

The sublimation of a solidfied cryogen can provide reliable refrigera-
tion for small wattage heat sources for periods measured in months to a
year or longer. This approach utilizes a solidified cryogen in conjunction
with an insulated container, an evaporation path to space, and a conduction
path from the coolant to the device being cocled. Advantages over the use of
eryogenic liquids include a higher heat content per pound of coolent, and a
higher density storage resulting in less storage volume, and the lower tempera-
ture solid phase can permit a gain in sensitivity in certain infrared detectors.
Temperatures ranging from 10K (using hydrogen) to 90K (using methane) and 125K
(using COE) or higher are achievable. Limitations involve restrictions on
detector mounting, specialized filling procedures, and temperature control
requirements.

A limited number of fluids exist which can be stored at embient temp-
erature (thus eliminating the boiloff problem of cryogenic fluids) and thermo-
dynamically manipulated to provide cooling at about 100°K. However, development
is required to advance this concept to the hardware stage.

To provide cooling in the range of approximately 4 to 100 K or higher
in capacities ranging from a fraction of a watt to 100 W for periods of months

to years, closed-cycle mechanical refrigerator systems may be required. The



most significant components of mechanical refrigerator systems involve a
power supply, power conditioning equipment, the refrigerator itself, and

the heat rejection system which normally includes a remote radiator and a

heat transport loop. .A number of different refrigerator cycles are in various
stages of development for space applications, but none currently have demon-
strated the capability to operate maintenance-free in excess of 2000 hr. The
high penalty for spaceborne power places a premium on refrigerator efficiency.
Reliability also is of primary importance.

Stirling and Vuilleumier (VM) cycle systems possess several of the
primary requirements for spaceborne refrigeration systems. The primary area
of application of these systems is at temperatures above about 10 K and for
capacities below 50 to 100 W. Both of these eycles can be classed as inter-
mittent flow systems and utilize thermal regenerators to store and release
energy during the completion of each e¢ycle. As the specific heat of all materials
becomes very small near absclute zero, the effectiveness of storing thermal
energy, and thus the efficiency of both these c¢cycles, becomes very poor at
temperatures below about 10 X.

Gas-bearing supported turbomachinery utilizing reversed Brayton and
Claude cycles is being developed for use with very low temperstures and/or
high capacity systems. Turbomachinery units appear to have the best potential
for long iife. However, the high power requirements (due primarily to low
efficiencies of turbocompressors and expanders) make these systems competitive
only at temperatures below about 20 K at higher capacities where the compconent
efficiencies improve.

Rotary-reciprocating machinery utilizing the Brayton or Claude cycle
(in which portions are rotated as well as reciprocated) also shows promise
for long life and potentially provides a minimur power system at temperatures
below about 20 K. Both turbomachinery and rotary-reciprocating units are being

developed."

10



Lo SURVEY RESULTS

Literature and industry surveys were performed during the early
portion of the ccoler study to determine the characteristics of a) proven
flight cooler systems and b) state-of-the-art cooler systems which could be
available by 1976 for.a 1979/1980 flight. The survey included cooling systems
with a cooling capability in the range of 0.05 watts to 5 watts at a cocling
load temperature of 60°K to 300°K. Primary emphasis during the survey was
placed on systems with potential for long life (1 to 2 years) operation in
the enviromment of cuter space.

The literature search resulted in 70 reports which were considered
pertinent to the program. A bibliography of the reports presented in Appendix A
is categorized by cooler type. Reference (1)* is considered directly applicable
to this study.

The industry survey resulted in a number of systems heing identified
in the ranges of interest. These systems were categorized by type and tempera-

ture level. The results are tabulated in Appendix B.

*
References are included in Section 10.0

1l



5.0 SELECTION OF COOLER TYPES FCR CONCEFTUAL DESIGN

The trade-off and rationale items for the selection of cryogenic

coolers for preliminary design are presented in this section. Initially the
available coclers were screened for each category to eliminate obvious
non-contenders from fuither consideration, Next a trade-off was conducted to
identify the most promising concept for each category. The categories are
only representative, and different conditions {e.g., duration, capacity,
restrictions) may dictate the seilection of another cooler. Recognizing this
fact, at least one conceptusl design was selected for each promising cocler.
Section 5.1 presents the guidelines for the gelection of pro-
mising coolers employed in this study. This data is also useful for tempera-
ture, durations, and capacities outside the range of interest of this study.
Section 5.2 presents the coolers selected for conceptual design and the rationale

for each.

5.1 Cryogenic Systems Selection Guidelines

To aid in selecting the type of cryogenic refrigeration system
for use in a given application, two system selection maps have been prepared
(Figures 5-1 and 5-2). Three primary variables (temperature, refrigeration
capacity, snd mission duration) are required in most cases to properl& identify
the most desirable system. Figure 5-1 shows refrigeration capscity in watts
versus mission duration in days, while Figure 5-2 shows refrigeration capacity
versus refrigeration temperature (°K). It should be clearly noted that these
merely represent guidelines and in many cases, especially where regimes are in
close proximity or even overlap, sdditional criterie such as booster payload
capability, geometry limitations, type of orbit, the reliesbility required, the
development cost and time available, ete., will determine which system is most
appropriate. These charts are based on the technology that either exists or is
under development to the point at which a given system can be applied in the
next two to three years. Figure 5-1 establishes the fundamental concepts that
can be considered and Figure 5-2, along with various charts in the repert, de-
fines the specific system. ' .

The upper bounds shown in Figure 5-1 for open-cycle systems are
based con weight limitations associated Vith & 3000- to 4000-1b spacecraft and

a cryogenic storage limitation of 90 days. However, tankage currently under

12
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development indicate durations of six months tc & year and longer may be
feasible. Open-cycle systems utilizing cryogenic fluids are applicable at
esgsentially any point within the capacity and temperature boundaries of
Figure 5-2 and are limited primarily only by weight (as determined by mission
duration and refrigeration capacity). For very short duretions and capacities
high-pressure gas systems coupled with J-T expansion valves provides the sim-
plest, most economical means of refrigeration. However, the weight penalties
for high-pressure gas storage limit the practical duration. Solid cryocgenic
systems are most attractive for capacities of less than about 0.50 W for tem-
peratures ranging from about 10K {hydrogen) to about 125K (CO2) but are
feasible for substantially larger loads.

For temperatures above about 100 K passive systems utilizing
radiators become attractive, especially where long mission durations are in-
volved. This may preclude the use of mechanical refrigerstors. As the tempera-
ture increases, the radiator becomes more effective due to the fourth power
radistion factor and is competitive at larger refrigeration capacities. Be-
yond about 150 K, and for loads less than about 2 to 5 W, thermoelectric
systems become competitive, although the most sttractive area of application
ig in the fractionsl wattage load range.

Mechanical refrigerators are applicable over a wide range of con-
ditions from sbout 4 K to mear 100 K &t moderate cepacities and possibly to
higher temperatures at relatively higher capacities. Many specific applications
may exist at capacities from a fraction of a watt up to 100 W for mission dura-
ions ranging from a month to possibly three years and beyond as limited by re-
frigerator capabilities.

Stirling cycle systems have been developed and are operational in
aircraft (and one spacecraft). These machines are the most efficient in terms
of power requirements down to about 10K {as limited by regenerator efficiencies)
at moderate capacities. Maintenance-free operational life of 1000 hours has
been demonstrated. Vuilleumier cycle systems recently developed have inherent
capability for longer life than Stirling cycle units and have the potential
advantage of being powered directly by e heat source. A VM unit was recently
successfully operated in space, while a number of units are in various stages

of development for aircraft and spacecraft uses.
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Turbomachinery or rotary-reciprocating machinery utilizing
Brayton or Claude cycles sre applicable from temperatures of around L K up
to 40 or 50 K. The lower efficiencies associated with the turbomachinery
systems will generally restrict applications to the larger capacities. Both
of these systems may have potentisl for extremely long life. Components have
been developed and fabricated; however, no significant overall system perfor-
mance data or operating experience are available.

The primery area of interest in this study is shown on Figures
5-1 and 5~-2. The coolers of interest for each temperature region and a one

to two year duration are as folliows:

TT7°K Vuilleumier
Stirling
Joule~-Thomson

Solid Cryogens

195°K Thermoelectrics

Passive Radiators

300°K

Active Radisastors
Semi-Passive Radiators

Based on data obtained in the literature Stirling cycles were eliminated from
conceptual designs since they have little promise of meeting a 2 year life
without maintenance. For applications on the order of 6 months, the Stirling

cyecles are excellent candidates.

5.2 Comparison of Coolers

Trade-off data were genersted to select the best coolers for each
category. In Task II potential suppliers were contacted and sizing dsts obtained
for each type of cooler. Using that data equivalent welights were calculated for each
promising cooler. Where power penalties were applicable, the following factor was

applied:

_ LBS = EEEE_E%E
We = 0.55 WATT(electrical) ( WATT electrical))

That factor is typiecal of a solar cell array and is eﬁployed in all studies
reguiring an estimdte of equivalent weight.

All promising coolers were compared solely on the basis of weight.
Volume and cost are also extremely important to the selection of a cooler. How-

ever, equivalent weight is good indication of volume requirements and equipment

15



costs are many times secondary to the launching costs associated with
welght. No attempt is being made to make "final" selections. Rather, the
objective is to identify the type of cooler generally most suited to g
given cocling requirement. The trade-offs for each temperature range are

Presented in the following Paragraphs.
5.2.1 TT°K Trade-0Dffs

Table 5-1 presents approximate weights for three coolers applied
to three categories of applications. Joule~-Thomson (F=17) is reasonable only
at the smallest integrated heat load ang too heavy for categories IT and ITI
{order of 6000 1bs). The Vuilleumier (VM) coolers have the lowest weight
for ali three categories for a two year system. However, for one year life
the solid cryogens have the lowest welght in all categories. J-T does not
become weight attractive until the integrated heat loads are very amall.

The J-T cooler weight was estimated from data in Reference 5-1
and property data for No. The cooler unit itself is very small (typically
1.0 pound ). Nearly all of the weight is for storage of the expendable gas
(Ng) at high pressure and room-temperature. Typical tankage Penalty factors
average around 3 to 4 1b (tank + No) per 1b of No. Since typical cooling effects
for No are 1 to 3 watt-hours of useful heat load per 1b of N2, large quantities
are required; and thus g large system weight. These units however have two
very important advantages; low cost and high reliability,

The solid cryogen welght was estimated from Parametric datg
supplied by Aerojet General (Reference 2 Y. A 2 year duration and CHy ex~
pendables were employed for the weight estimates. No power is required for
this cooler, However, these designs are expensive and have not been demonstrated
for a 2 year application. Solig cryogens have been used in space, however for
very limited durations. Problgms with controlling and predieting the para-
sitic heat leak have caused actual durations to fall short of rrojections by
30% or more.

Vuilleumier (VM) systems require a cooler unit, power for the
eyele, gnd heat rejection by radiators. Cooler unit weights were obtained from
data in Ref., 1. Power and heat rejection requirements were estimated from data in
Ref'. 3. Based on the above power penalty and rediators at 300°F, the total equiva-
lent weights were summed. The VM has the advantage of low weight and small volume.
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TABLE 5-1
TT°K TRADE-OFFS

LT

APPROXIMATE WEIGHTS*

JOULE-THOMSON, SOLID CRYOGEN VM

CATEGORY |
— 2YEAR LIFE
— 50 MW DETECTOR LOAD

— 174.5 TO 257.3 WATT-HOUR 300 TO 400 LBS 8O LBS 50 LBS
INTEGRATED HEAT LOAD

CATEGORY i
— 2YEAR LIFE
— 1000 MW DETECTOR LOAD

— 4731 WATT-HOUR - 150 LBS 130LBS
INTEGRATED HEAT LOAD

CATEGORY HI
— 2 YEAR LIFE

— 300 MW DETECTOR HEAT
LOAD, CONTINUOUS

— 5260 WATT-HOUR - 150 LBS 90 LBS
INTEGRATED HEAT LOAD

*8ASED ON PRELIMINARY S1ZING DATA OBTAINED FROM SUPPLIERS AND INCLUDING RADIATOR,
POWER PENALTIES AND PARASITIC HEAT LEAK AS APPLICABLE




However, development is still in an early stage; and life expectancies are
still projections based on data on a limited number of components rather
than being observed from a full system. Improvements are still being made
and current projections indicate that a 2 to 5 year life is feasible, even
without maintenance.

Both the J-T and solid cryogens require venting of the expen-
dables; the highest rate being with the J-T. Some form of thrust nullification
will be needed on & satellite to minimize the effect on the orbit. Since
thrust nullifiers are imperfect, additional expendables for the reaction control
system may slso be needed. Expendables may alsoc conteminate the environment
of the spacecraft. If there are one or more experiments requiring coeling to
g temperature which is lower then the condensation temperature of the expenda-
bles, the vented expendable may accumulate on the detector. The condensed
film may absorb the radiation from the item(s) being monitored thus eliminating
any useful data. That effect is strongly affected by the temperatures, the
nature of the expendable, and the location and direction of the exhaust. Due
to the latter effect, venting normally ceuses no problems to cryogeniély cooled

detectors.
5.2.2 195°K and 300°K Trede-Offs

Table 5-2 presents approximate weights for 195°K and 300°K coolers
for three categories of applications. Passive rediators offer the lowest
weight option over all heat load ranges, durations and either 195°K or 300°K
applications.
Weights for 195°K passive radiastor were scaled based on data in
Reference L. These radiators impose an orientation constraint on the satellite
since they must have a clear view of deep space to provide the necessary heat
rejection. Bhields are employed to increase the number of orbits and locations
on the satellite. The shields are normally either conical or parabolic. Although
the weight impact for the shields is not large, the volume is increased by an
order of magqitude. Thus low temperature radistors are suited conly te applica-

tion where the orbit, location on the satellite and available volume allow
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TABLE 5-2
195°K AND 300°K TRADE-OFFS

APPROXIMATE WEIGHTS*

SOLID
CRYOGEN

THERMO-
ELECTRIC

PASSIVE
RADIATOR

ACTIVE
RADIATOR

CATEGORY IV
— 2YEAR LIFE
— 50 MW HEAT LOAD

— 1745 TO 257.3 WATT-HOUR
INTEGRATED HEAT LOAD

— 195°K

CATEGORY V
— 2 YEAR LIFE

— 500 MW HEAT LOAD
CONTINUOQUS

— 8766 WATT-HOUR
INTEGRATED HEAT LOAD

— 195K

CATEGORY VI
— 2YEAR LIFE

— 1000 MW HEAT LOAD
CONTINUOUS

— 300°K

18.4 LBS

1.2LBS

12.3 LBS

1LBS

2TO3LBS

% LB

%LlB
BUT MORE COMPLEX -
AND EXPENSIVE THAN
PASSIVE

*BASED ON PRELIMINARY SIZING DATA OBT
POWER PENALTY AND PARASITIC HEAT LEA

AINED FROM SUPPLIERS AND INCLUDING RADIATORS,
K AS APPLICABLE




300°K radiators reject heat well above the equivalent sink
temperature at all locations and orbits of the satellite. The radiator should be
sonted with a material having a high emittance and low solar absorptance, such
as white paint. Weight in Table 5-2 were estimated assuming a full view of
deep space. The area requirements were then calculated from Stefan-Boltzman's

law as follows:

A = “““ELWI
eoc T
where;: A = area

= detector heat load

= emittance of the radiator surface (0.9 is typical)

Q
1}

atefan-Boltzman constant

=
|

absolute temperature of detector

The radiator area weight was then determined gssuming a typical value of
1-2 1b/fte.

Passive rediators have only direct conduction paths to distri—
bute heat in the radiator. Active radiators employ either pumped fluid loops
or heat pipes in addition to direct conduction paths to distribute heat through
the radistor. In large sizes the passive radiators need very thick solid metal
conduction paths; thus very heavy devices result when conduction distances are
greater than 5 to 10 inches (12.7 to 25.4 cm). For longer distances the active
system divides the radiator intoc an array of small passive radiators with heat
delivered by a pumped fluid or heat pipe. The required conduction distances
are very small for the detector heat load in this study (O:l inches, 2.5 em)
and passive radiators are best at 300°K. For dissipating the large heat load
from an active refrigerator such as the VM large radiators (approximately 30 x
30 inches, or 75 x 75 cm} are required, and active radiators provide significant
weight savings.

Thermoelectric coolers (T/E) weights were scaled from data in
Reference 5. The largest factor (over 3/4 of the total) is the power penalty
to run the thermoelectric device. At very small sizes the penalties are smell,
but as size increases very large penalties result {compare the 50 mw and 3500 mw,
195°K coolers versus passive radiators). T/E rejects heat at high +temperatures

(300 to 325°K). At that ftemperature the radietors impose nc constraints on the
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orbit of the satellite or location on the spacecraft.. Thus T/E may be
spplied when passive radiators can not.

Solid eryogen weights were scaled from data supplied by AerojJet-
General, Reference 2. - NHg was selected for the expendable since it has the
highest cooling capacity and minimum volume at 195°K. A rather large weight
results due to the larée impact of the parasitic heat leak for a two year
application. Both passive radiators and thermoelectric coolers have lower
cost and smaller volumes and do not require venting of expendables. Hence

solid cryogens are not good choices for these categories.

5.2.3 110° - 1h0%K and 243°K Coolers

Two other categories of coolers were considered in this study;'
110°-140°K range and a 243°K range, both with 50 to 1000 mw heat loed and 1 to
2 year duration. No preliminary designs were prepared for either but promising
candidates sre identified in the following paragraphs.

110°-140°K Coolers 7

Table 5-3 presents the weights of promising coolers. A heat load

of 76 mw at a temperature of 125°K was arbitrarily selected since data on scolid

cryogens were directly available. Data for both one and two year duratien are
presented to show the relative impact of lifetime.

Shielded, passive radiators are the first choice for this range.
Orientation constraints and locations on the satellite are manditory.

Vuilleumier refrigerators are very attractive for the 110° to
140°K range. The power penalties, the radiator and VM cooler sizes are all
small. The weight is larger than with the shielded radiators but there are no
orientation constraints.

Thermoelectric devices are not useable in this range. Potentially
new materials can be developed which can provide a cooling effect. Even then
the power penalty is likely to be excessive.

Solid eryogens are very attractive for one year or legss. The
penalties for expendables for two yesars become quite large.

Certain liquids can be stored at room temperature and thermodynamically
manipulated to provide cooling at cryogenic temperatures. Ethane is one of
these fluids. For continuous use the expendable requirement makes that approach
heavy even for one year use. The concept has promise for intermittent use. Then
the expendables are required only for ihe_useful heat load and the expendables

may be stored for long periods of time without loss.
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TABLE 5-3

110-140°K RANGE COOLER TRADE-OFFS

: #
APPROXTMATE WEIGHTS

COOLER 1l year duration ¢ year duration
Solid Cryogen, COp @ 125°K 20 1bs. 50 1bs.
Liguid Ethane (stored at
300°K, evaporated at 125°K)} 50 1bs. 90 1bs.
Shielded Radiator (125°K) 15 1bs. " 15 1bs.
M 30 1bs. 30 1bs.
T/E Outside Usable Range

*
Based on 76 MW contimuous heat load 666 watt-hours integrated heat load

for cne year, 1332 watt-hours for 2 years.
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243°K Coolers

At this temperature level some type of radiator is the best

choice for all heat load and durations. Available coatings provide low solar
absorptance and high emittance (i.e., low sink temperatures). The following
equivalent sink temperatures for typical coatings are obtained for the condi-

tions indicated:

OPTICAL
SOLAR SILVER BACKED WHITE
CONDITION REFLECTORS TEFLON PAINT

Sun synchrous orbit, LeK 4°K Lex
earth oriented satel-
lite, radiator fac-
ing deep space
Any orbit, earth 197.5°K 235°K 272°K

oriented satellite,
radiator facing away
from earth

[Equilibrium temperature in full sun)

(1)
(2)

Any orbit, earth 249°K
QSBOK(2) ETOOK(E)

oriented satellite, 2550K
radiator facing earth

{1) Earth in darkness
(2) Above sub-solar point

Either optical solar reflectors [silver backed, thin fused silica tiles] or
silver backed Teflon can be employed where the radiator may face full sun. If

a full view of the earth is necessary, no radiator can reach the desired tem-
perature. An active cooler, most probably a Thermoelectric device would be re-
quired. For conditions between the two extremes, rediators may or may not

need an sctive cooler. Data are presented in Appendix C to determine the
incident thermsl radistion and thus the equivalent sink temperature as a function

of orbital parameters and location on the spacecraft.

5.3 Selections for Conceptual Design

Table 5-3 presents the coolers which were selected for coﬁceptual
designs. Not all selections are optimum for each category as defined. Since
the categories are only representative, at least one cbnceptual design
was chosen for all promising coolers. These designs illustrate the operation

of the system and present representative weight and volume data.
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TABLE 5-3

SELECTIONS FOR CONCEPTUAL DESIGNS

CATEGORY

COOLER

RATIONALE

1. 77°K, 50 MW

. 77°K, 1000 MW
L. 77°K, 300 MW
V. 195°K, 50 MW

V. 1959K, 500 MW

VI. 300°K,50TO
1000 MV

JOULE-THOMSON

SOLID

CRYOGENS

vVM*
VM*
THERMO-ELECTRICS

PASSIVE RADIATOR

PASSIVE RADIATOR

e J-T BECOMES BEST CHOICE AT
VERY LOW HEAT LOADS AND IS
LOWEST COST SYSTEM

® SOLID CRYOGEN BECOMES THE
BEST CHOICE AT LIFE OF A
YEAR OR LESS

o LOWEST PENALTY SYSTEM
o LOWEST PENALTY SYSTEM

o NO WEIGHT OR COST ADVANTAGES
BUT ALLOWS FREEDOM OF LOCATION
OF COOLER

e LOWEST PENALTY SYSTEM
HIGH RELIABILITY, BUT REQUIRES .
SPECIFIC LOCATION ON THE SPACECRAFT

® ACTIVE RADIATOR HAS HIGHER
COST AND WEIGHT

*ACTIVE RADIATOR SELECTED FOR HEAT REJECTION DUE TO NEED FOR REMOTE LOCATION

AND WEIGHT SAVINGS OVER PASSIVE RADIATOR




The Joule-Thomson and solid cryogen coolers were selected for
category one, T7°K. Joule-Thomson is very heavy; but has the advantage of
being a very low cost system. At very small heat loads the weight penalties
are small enough for this cooler to be favored over others. Solid cryogens
are relatively expensive and are not well suited to life on the order of
two years. For application with less than one year of life, solid cryogens can
be the lightest weight system.

Vuilleumier (VM) coolers were selected for both category TI and IIT.
The expendable systems reguire large quantities at these heat loads and are
thus not very attractive. Stirling cycle machines can offer even lower pen-
alties. However, those coolers are limited to approximately 6 months of life
without maintenance. For one to two year durations, the VM's are much more
promising.

Passive radiators provide lower penalties than active
coolers at 195°K. The devices are highly relisble but require both specific
orbits and locations on the spacecraft. When orbital parameters do not allow
the use of radiators, T/E are best. When the heat loads are small, the penalties
are very small for T/E; and in some designs T/E may be chosen over passive
radistors to maintain close proximity of the detector and cooler.

At 3009K passive radiators are not limited in either orbit or
location on the spacecraft. For the small heat losd of category VI, the very
simple passive radiators offer both cost and weight advantages over active radiators.
Active radiators were selected to reject the heat from the VM coolers. The
quentity of heat and size of the radiators are sufficiently large to warrant
the active system. '

Conceptual designs were generated for the specific conditions of all
6 categories. The designs are representative of similar heat loads and durations.
No conceptual designs were generated for the 110-140°K and the 243°K ranges
coolers for these last two conditions are similar to one of the other con-

ceptual designs.
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6.0 CONCEPTUAL DESIGNS

The conceptual designs for all 6 categories are presented in this
section. The operating fundamentals on each cooler are presented first. Then
the equipment is described. Weight, power and envelope data are presented
for the specific conditions. Parametric scaling date for other heat loads and

durations are included tc extrapclate the design tco other conditions.

6.1 Category I
Category I requires 50 mw of cooling on an intermittent duty cyele

250 watt-hour of useful heat load in a 2 year period. Two expendable coolers

were selected, Joule-~-Thomson (J-T) and solid cryogens.

The intended application does mliow for additional development. Advanced
concepts for both types are considered to insure that the data are representative

of the best hardware which ecould be obtained.

€.1.1 Joule-Thomson (J-T) Cooling

The Joule-Thomson devices employ the cooling effect from the expan-
sion of a gas from high pressure to low pressure without heat transfer or work
being done by the gas. The process occurs at constant enthalpy and is called
throttling or Joule-Thomson expansion. Once the gas has been cocled (with or
without liquification of part of the gas), the useful heat load is transfered
to the gas from the detector.

The magnitude of the cooling effect is a functicn of the temperature
and pressure of the gas. The most effective use of the expendables occurs
by cooling the gas before expansion. With all gases the J-T cooling does nect
occur until the gas is below the inversion temperature [LO®K, Helium 204°K
Hydrogen and 250°K Neon; the other gases of interest have inversion temperatures
in excess of room tqnperature]- High pressure in general increases the
magnitude of the J-T effect. However, above certain pressures and at
temperatures less than the inversion point, the cooling effect is reduced

as pressure increases.
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Figure 6-1 presents the schematic of a typical J-T cooler and
property data for Nitrogen (Np). The gas is normally stored at room tempera-
ture and at high pressure. A control velve is employed to prevent 1oss of
expendables when the detector is not in use. A regenerative heat exchanger
is employed to cool the gas prior to expansion. The expansion valve may be
one of two types ir common use: 1) a simple orifice which cesuses a fixed
consumption rate regardless of the detector heat load and 2) a thermostaticly °
controlled valve. The latter provides a much lower consumption rate and is
baselined for these studies. After being expended the gas removes heat from
the detector. The gas is then warmed in the regenerative heat exchanger and
then vented overboard near rocm temperature conditions.

Property data for Nitrogen is included in Figure 6~1. The storage
tank is initially at very high pressure (order of 3000 to 7500 psia, 200 to
500 atm, and 300°K). The cooling. in the regenerative heat exchanger lowers
the No to 150° to 165°K at essentially the same pressure. The gas is then
expanded to 1.0 ATM and 77°K, forming some liquid. The detector heat load evap-
orates this liquid. The gas is then warmed to near the initial room temperature.
As the pressure in the tank is lowered, eventually the expansion process pro-
duces only No gas at T7°K as indicated by the line merked "einal" on Figure
6-1. No useful heat load can then be removed. Typically this is a pressure
on the order of 1000 psia (70 ATM). The remaining Np in the tank is rather
significant but unusable in the system. The average useful cooling effect
was calculated as 2.8 watt—hr/pouﬁd of Np, based on & 7500 psia initial pressure
and all of the N, in the tank. Air and Op vere also considered. Both have
a higher cooling effect, but the difference ig minimal and the gains are not
normally worth the safety hazards.

The cooling effect is much less than that for liguid Nz storage.

If the Np could be sufficiently cooled prior to expansion, a factor of 9 re-
duetion in expendables can be obtained. With only regenerative cooling available
no significant increases can be obtained, (the heat exchanges is already 95%
efficient). The addition of a second cooler can remove this limitation.

Figure 6-2 presents data on a modified Joule-Thomson cooler,

A thermoelectric (T/E) cooler removes part of the heat from the high pressure
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gas (the shaded area of Figure 6-2). The T/E cold junction is at 195°K,
cooling the high pressure gas to 200°K with an integral heat exchanger on
the cooler. Two regenerative heat exchangers are employed, one upstream

of the T/E cooler (lst stage which reduces the regquirements on T/E cooling},
and one downstream of the T/E cooler (2nd stege). The remainder of the
system is unchanged; and the low pressure gas ig exhausted at the same tem-
perature as in the gimple J-T cooler.

The right hand side of Figure 6-2 presents the cooling effect per
unit mass of No as a function of the tank pressure. The maximum cooling effect
occurs at 5000 psia (340 ATM). However, the meximum average cooling effect
{pased on all No initially in the tank) occurs with an initial pressure of
approximately 9000 psia (600 ATM) for both simple and modified J-T. Hﬁwever,
the maximum pressure which can be provided to a satellite prior to launch will
be limited to about 7500 psia (500 ATM) by ground servicing equipment.

The average cooling effect is €.65 watt-hr/1b at 300°K, and 7500 psia
initial tank conditions. based on all Np in the tank. This value is 2.4 times
the 2.8 watt-hr/lb for the simple J-T cooler. This difference is due to the
jincreased cooling effect per unit mass and useful range of pressure fcooling is
obtained with pressures as low as 150 psia versus 1000 psia minimum- with simple
J-7].

The modified J-T was baselined for this study, since the savings OVer
gimple J-T are Very significant. The modified J-T system has not yvet been dem-
onstrated with hardware. However, demonstration of the system can be accomplished
within the time constraints and the technical risks are small due to the high
development status of J-T and T/E hardware.

Figure 6-3 presents & conceptual design of modified J-T systems.

The weight of each item and the dismeter of the high pressure tenk are included.
For purposes of comparison the conventional J-T system weight and tank diameter
are also included. With both systems the N, gas and storage tank are the most .
important penalty factors.

This conceptual design assumes & high technology Np storage tank
material. There are several currently availablei typical examples are:

;) 'High strength, aged and cryogenic form stainless steel tanks

2) Glass filament wound tanks

3) Carbon filament wound tanks
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A1l of the above incur a penalty of 2 to 2-1/2 (1bs of No + tank) per
{i% of NE)‘ Other tank materials are available with a lower cost but
a higher weight penalty. Typical materials are:

1) Titanium Alloys
(e.g.; Ti - 6 AL - Lv)

2) Steels
(e.g., SAE 4340}

The weight penalty factors are 3 to L (1bs of Ny + tank) per (lb of No).
The volume is not significantly afferted by the choice of tank mgterisl.

The fill provisicns inelude a check valve, relief valve and lines
(typically 1/8" dia. tubing). An on/off control valve is employed to save gaes
when cooling is not required. A desiccant bed and filter are included in the
system to provide a very lov dew point and to prevent the freezing out of ice
in the cryostat. The exhaust No is expelled cverboard through a thrust nul-
lifier to prevent disturbing the orbit and attitude cf the satellite. The
condition of the exhaust are near One atmosphere pressure (14.7 psia) and at
room temperature. All of these items have an estimated weight of about 10 1bs.

The T/E cooler is the same unit as Category IV cooler described in
Section 6.3. The unit in the modified J=T incorporates & high pressure heat
exchanger on the cold junction and is slightly heavier than the unit shown
in Figure 6-26.

The Joule-Thomson cocler is a standard unit with integral 2nd stage
regenerative heat exchanger. The 1st stage regenerative heat exchanger 1s
upstream of the T/C cooler; the econstruction of both regenerative heat exchangers
is similar. J-T coolers are typicelly on the order of 0.2 to 0.5 inches in
diameter and 1 to 2 inches long exclusive of any insulation. With a dewar?
the dimensions increase to 0.5 inches to 1 inch dismeter and 1-1/2 to 2-1/2 inches
long. Mounting provisions and tubing connections are 1in sddition to these
dimensions. J-T cooler (wlth ond stage) and the lst stage regenerative heat
exchanger are similar in size and mounting. Both units will weigh about 1.0 1b

Sizing data for both the conventional J-T and modified J-T systems
are presented in Figures &4 and 6-5 respectively. The penalties are basically
a function only of the integrated heat load. The 1ife of the system is not
normally & factor, for even greater than two years of use. Cool down times are
typically 1 to 5 minutes and represent only a small portion of one day
(1LL0 minutes) of operation. However, when caleulating the integrated heat

load, the mess, specific heat, and temperature chenge of the detector and all
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equipment cooled by the J-T unit must be added to the detector heat load
for every cool down cycle.

The data on Figures 6-4 and 6-5 have been calculated for a 50 mw
heat load. The conventional J-T will be slightly affected by heat loads up
to 1 to 2 watts but not greatly. Modified J-T are more sensitive to heat
load due to the added T/E cooler requirements; that factor may be determined
by lineraly scaling the T/E cooler with heat loads and adding the increase
to the weight data.

The weight data for both the conventional and modified J-T includes
the supporting hardware indicated on Figure 6-3. None of these items change
for increasing the expendables and only the tank igs inereased. The tank
dismeter is included in Figure 6-5 for spherical tanks. Due to the ra?id
increase in weight and volume with increased cooling requirements, the
J-T systems are normally best suited to the very small heat loads with short
durations. The next section describes a lighter weight expendable system for

larger capacities.

6£.1.2 Solid Cryogen Cooling

Solid cryogen cooling employs the heat of sublimation of a solid
to achieve a cocoling effect. The basic features of the device are shown on
Figure 6-6. The detector heat load is conducted into the eryogen by a heat
transfer rod. From this fins extend cut into the volume and transfer heat
to the colder cryogen. The cryogen sublimates forming & gas which then leaves
via the exhaust port. Temperature is controlled to the desired level by
adjusting the vapor pressure. The mass is insuleted from the environment
to minimize the loss of eryogen to parasitic heat leek.

Solid cryogens have important advantages over J-T and liquid cryogens.
Higher cocling effect per unit mass and per unit volume of expendable can be

obtained as illustrated below:
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COOLING EFFECT & 77°K

. An ¥ oedh

CRYOGEN watt-Hr/Lb Watt-Hr/£t3
Solid Methane 77.3 2505
Solid Argon ‘ 25.8 2737
Liquid Nitrogen 25.1 1265
Modified J-T (7500 psia) ' .65 1L8
J=T (7500 psie) 2.8 €2

#
Fxclusive of storage tank, insulation, and other system components

The solid cryocgens {both methane and Argon) have a much larger cooling effect
than eitner the J-T or ligquid coolers. Figure 6-T illustrateé the reason.

The heat of sublimation includes the heat of vaporization and the heat of
fusion. In addition the density of solids is normally higher than the liquid.
Thus for a given useful heat load the quantity of solid will weigh much less
and take less volume. In addition the liquid systems have zero "g" phase
separation and pressure control problems which are not applicable to splids.
[The solids stay in place ab all times.] Seolid cryogens do heve & cbntinuous
parasitic heat leek from the environment into the storage container; this
effect causes a continuous loss of cryogen which does not remove any of the
detector heat low. At very small heat loads the parasitic heat leak causes the
largest loss of the expendables. Thus the effective cooling effect is greatly
reduced and J-T can become both lighter weight and smaller.

Single stege and two stage systems have been developed for TT°K coclers.
Single stage coolers employ only one expendable cryogen; Lwo stage coolers
employ one cryogen at TT°K end a second Crycgen at & higher temperature (100 to
200°K) to remove part of the parasitic heat leak. The latter approach is generally
better because more effective crycgens are aveilable. Two stege coolers are u
paselined for this study.

Figure 6-8 presents & comparison of expendable cryogens. The coolers
are compared for & typleal application, 55 mw continuous detector heat load at
T7°K and a one yesr duration. Based on data for an Argon/COp cooler, Ref. 6,
the heat leak at T7°K was estimated to be equal %O the detector heat load and
at the upper stage to be & little ‘more than twice the detector heat load. The
total heat loads on the cryogens are tnus 110 mw at 77°K and 120 mw net at the

36



LE

ONE YEAR DURATION

56 MW DETECTOR HEAT LOAD o
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CHg + NH3 43 18 1.40 0.88

0, +CO2 75 1.7 1.33 0.96

ARGON + NH3 67 1.7 1.37 0.88

ARGON + CO9 85 1.8 1.37 0.96

*AT 109K CPAT OF VAPOR USED FOR HEAT LOAD l

FIGURE 6-8
COMPARISON OF EXPENDABLE CRYOGENS



upper stage. )

The TT°K cryogen is surrounded by an insulation blanket. A thermal
shield is outside this insulation blanket and another insulation blanket is
outside the shield. The shield is maintained at the same temperature as the
upper stage by a conductive path to the upper stage storage tank. Part of the
heat leak from the environment is thus conducted in the upper stage. For the
assumed conditions 175 mw of heat leak reach the shield, of which 120 mw are
transfered to the upper stage and 5> mw are leaked to the colder, TT°K eryogen.
The magnitude of these heat leaks will be affected by the temperature of the
upper stage cryocgen; the upper stage heat lesk will be smaller for higher
temperature cryogens. However the lower stage heat leak will be larger for
higher temperature upper stage cryogens. In the sum little difference in
total weight and volume is expected for differences in upper stage cryogens.

The lightest weight system is solid hydrogen. That concept employs
the heat of sublimaticn to remove the hest lesk. The heat capacity of the
vapor from 10°K to TT°K is employed for the detector heat load. The upper stage
cooler is provided by returning the vapor to cool the shield with the heat
capacity from T7°K to 150°K. Although the solid Hp system is the lightest system,
it is alsc the largest, by more than a factor of 2 over aiternative approaches.
The concept has not been developed and a large amount of work remains to be
done. One should recognize the potential of this concept; some epplications
require cooling for more than one detector, sometimes at different temperatures.
Other applications sre very weight critical, for both conditions seolid H2 is
very attractive. However, due to the volume penalty and the need for additional
development, solid H, was eliminsted from this study.

Methane/Ammonia was selected for the conceptual design. This concept
has the lowest weight {other than Ho)} and there is very little difference in
volume in the other concepts. There are safety hazards with these cryogens
but the problems can be solved.

Figure 6-9 presents a conceptual design of a solid cryogen, CHL/NH3
cooler. The sizes for both an intermittent and a continuous heat load are in-
cluded on Figure 6-9; intermittent on the left and continuous on the right.

For the conditions specified for Category I, either the intermittent or con-
tinuous size may be applicable, depending upon the nature of the detector heat
load. If the electrical dissipation is the main factor, then the power dissi-
pation can be terminated and the intermittent heat load design is apnlicable.

1f most of the detector heat load is due to conduction and radiation
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heat loads from the environment, the heat load conbinues and the large
unit must be used.

The design of both the continuous and intermittent are shown on the left
éide of Figure 69 and are identical except Tor aize. The detector is mounted Lo
g cold finger, eithef directly or by a flexible connection. Heat is conducted
from the detector down a solid copper or aluminum rod into the CHy tank at
T7°K. The cold finger ig attached to the metal walls of the tank which
distributes the heat. Attached to the waells are fins in the form of a very
low density (2-3 1b/ft3) sluminum foem. This foam extends throughout the
interior of the tank to distribute heat to all points and to provide a large
surface area. The heat sublimes the methane and the gas leaves the vo;ume
through & hollow tube. The pressure is controlled by an active valve in the
tube and hence the temperature [Aerojet has developed such a valve}. An alter-
native approach to temperature control is a long length of small diameter
tubing. That approach is good for continuous heat loads, but for intermittent
duty temperature tolerances may be exceeded (a 3.5°K shift in temperature level
may result due to intermittent duty). The same tube is employed to fill the
tank with CH)j and a check valve is employed to isolate the fill lines.

The tank is filled by supplying room temperature gas to the fill line.
Liguid nitrogen is also supplied and pesses through the insulation tc a heat
exchanger on the cutside of the CHh tank. The tank is cooled to TT°K by the
LNo, and freezes the methane out on the foam. The LN, then passes over the
ammonia tank where NH3 is also frozen out. The now gaseous Ko again passes
through the insulation and is vented.

The NH3 tank construction is similar to the CH) tank. No cold finger
is required since there is no detector heat load. Only the heat which leaks
through the outermost insulation blanket is transferred to the NH3 from both
the area around the NHj3 tank and the shield surrounding the CH) tank. The
exhaust line has no control valve, since the Nij temperature is not critical.

The insulation between the exterior wall and the NH3 tank + shield
and that between the shield and the CHy tank are multilayer insulstion
{ 50 lavers/inch). The heat leaks per unit ares were assumed to be the same
as the measured values of the Lockheed Solid Argon - COp cooler, described
in Reference 1. That design requires very complex technicues in the construc-
tion and also includes a high risk that the objectives may not be reached.

As an example the Lockheed system was designed for a total heat leak to the

Lo



€O, of 76 mW (0.26 BTU/hr and 40 mW (0.135 BTU/hr) to the argon including

the 25 Mw IR detector load. The initial tests of the unit resulted in heat
loads approximately three times the predicted values. After considerable
redesign, improved insulation and reconstruction, the final thermal tests were
considerably improved but.still short of the design goals. The final measured
heat leak was T4 mW (0.25 BTU/hr) to the CO, and 28.6 mW (0.098 BTU/hr) to

the argon not including the IR detector load. In order to permit the one-year
operation, the IR detector load had to be reduced to 17.6 mW. The CHy/NH3
system in Figure 6-9 is based on the redesigned measured heat leaks.

The shape chosen for both tanks was spherical. This choice reduces
the parasitic heat leak by 13% from that of the best cyclinder (length/diameter
ratio = 1). The resultant savings in the system weight and volume is approximately
20%. Construction of a spherical shape is more difficult, but the savings are
probably worth the extra cost, although cost will already be high;

Table 6-1 presents & comparison of the weight of intermittent and
continuous duty solid cryogen coolers. The intermittent duty cycle can provide
250 watt-hours of useful detector cooling at TT°K in a 2 year pericd or
about a 30% duty cycle. The continuous duty cooler can provide 8TT watt-hours
at 77°K in 2 years. The difference in weight is mainly due to two effects. One
is the larger heat load; the other is more parasitic heat lesk due to thé increased
area of the larger tank. For the latter reason the quantity of NH3z must also
increase. The structure weight increases due to the larger sizes. The total
weight increase for continuous duty is only 40% for more than a factor of three
change in useful heat load. This effect illustrate the importance of the
parasitic heat leak. Most of the CH) in the intermittent design is employed
to remove that heat {1L.3 1bs out of the total of 17.5 lbs, only 3.2 lbs goes
to useful heat load).

Figures 6-10 and 6-11 present the effect of duration and equivalent
heat load. These data are based on the conceptusl design previously presented.
The effect of duration is even more pronounced than heat load. For example
a 50 mw continuous heat lcad requires 42 1bs for one year but 140 1bs for
2 years; much more than a factor of 2 increase in weight.

Figure 6-11 presents the effect of equivalent heat load on cooler
weight. Equivalent heat loed is defined as the integral of the intermittent
heat load divided by the total duration. This integral includes the heat
capacity of the detector and gll equipment which may have changed temperature

(mep AT) and the number of cycles. If those factors are small, the intermittent

L1
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TABLE 6-10

CATEGORY I

SOLID CRYOGEN WEIGHT ANALYSIS

INTERMITTENT DUTY
(30% ON; 50 MW)

CONTINUQUS DUTY*
{50 MW)

® CHq (CRYOGEN ONLY) = 175LB
e NH3(CRYOGEN ONLY) = 35.21B
e STRUCTURAL = 43.0LB
(INCLUDING TANKS)
TOTAL 100 LBS

CHg4 (CRYOGEN ONLY)
NH3 (CRYOGEN ONLY)

STRUCTURAL
(INCLUDING TANKS)

TOTAL

35.0LB
465 LB

56.0 LB

140 LBS

*|F ALL OR MOST OF THE DETECTOR POWER DISSIPATION AND HEAT LEAK CAN NOT

BE STOPPED.
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duty of Category 1,{250 watt-hours total, at 50 mw) has an equivalent

heat load of only 14 mw. This unit would be the same size and welght as
one designed for continuous duty at 14 mw, The lack of dependence

upon peek heat load is true at all heat loads with solid eryogens. The
large surface arees for heat transfer result in little dependence upon
heat transfer rates causing these units to be capacity limited rather than

rate limited.

£.1.3 Comparison of J-T and Solid Cryogen Coolers

Joule—-Thomson and solid cryogen coolers employ expendables. As
such both coolers are best suited to small heat loads and modest to short
durations. The rate of expendable consumption is highest with J=T and hence
only the very small integrated heat loads are applicable (less than 100 watt-
hours). The solid cryogens are best suited to modest or high heat loads but to
durations on the order of one year. As shown earlier in Section 5.2, Vuillemeir
coolers become most attractive for 2 years or more of 1ife and high detector
heat loads.

Table 6-2 presents a comparison of the features of the J-T and solid
cryogens. J-T has the advantage of being an off-the-shelf system. ~Flight
hardware can be obtained with minimal cost and delivery delays. The convention-
al J-T system is quite heavy and large due to the requirements for expendable.
The modified J-T can greatly reduce the penalties (by & factor of 3 or more) .,
Additional development work is needed but sufficient development time is available
before a PMS flight. The system is a straight forward application to two
developed systems and minimal problems are expected. The J-T cooler expendable

consumption can reedily be stopped when cooling is not required. The life time

of system components is very high even without maintenance. Thus the life is

virtually independent of the duration of the mission, and the J-T coolers are

sized almost totally by the integrated heat load. -
Many cryogens are available for a 77°K application; due to high cocling -

capacity per unit weight and volume. NH3/CH& are considered best. If weight X

is extremely important and volume less critical, a Hp system may be preferred.

A1l solid cryogens require complex, high cost designs to minimize the effect

of parasitic heat leak. This parameteric is very strong in determining system

size; and prototype units have frequently underestimated it by factors of 3.

Even with redesign heat leaks have been a factor of 2 larger than predicted,

resulting in reduced detector heat load or system 1ife or both. Although

by
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TABLE 6-2

COMPARISON OF J-T AND SOLID CRYOGEN COOLERS

JOULE THOMSON

Ee—

® CONVENTIONAL J-T

— LOW COST & SIMPLE
— LARGE WEIGHT & VOLUME PENALTY

s MODIFIED J-T

— REQUIRES ANOTHER COOLER

— A MINIMINAL AMOUNT OF
DEVELOPMENT

— LOW WEIGHT AND VOLUME PENALTY

e EXPENDABLE REQUIREMENTS

— DETERMINED ONLY BY THE INTEGRATED
HEAT LOAD (WATT-HOURS)
— INDEPENDENT OF STORAGE DURATION

e MOST APPLICABLE TO SMALL HEAT LOADS

SOLID CRYOGENS

————————

NH3/CH4 ARE BEST CRYOGENS
COMPLEX DESIGN WITH HIGH COST
HIGHLY RELIABLE (NO MOVING PARTS

LOW WEIGHT BUT HIGH VOLUME

EXPENDABLE REQUIREMENTS

— STRONGLY AFFECTED BY THE TOTAL
DURATION

— LESS STRONGLY AFFECTED BY THE
INTEGRATED HEAT LOAD (WATT-HOU RS)

MOST APPLICABLE TO DURATIONS OF A
YEAR OR LESS




there is a risk of premature exhaustion of expendables, the units have been
reliable. No moving parts are employed resulting in a minimal - number of

failures. The expendable is stored in a high density solid; however, because

the cryogen must be well insulated, the volume becomes quite large. TFor

example the modified J-T cooler has a weight approximately egual to the sclid
cryogen with the same heat load, however the modified J-T requires only a 17"
diameter sphere versus a 21" diameter sphere + a 18" dia x 1L" cylinder for the
solid cryogen. The expendable reguirements for solid cryogens are strongly affected
by duration in the range of 1 to 2 years; the effect of capacity is significant but
not as strong. Due to the strong effect of heat leak, the solid cryogens are best
suited for durations of a year or less. The alternative for long durations,

the VM, is described in the next section.

6.2 Categories II and IIT

The Vuilleumier cyecle cooler was selected for conceptual design for

categories IT and III (77°K cooling load and detector cocling loads of 300 and
1000 milliwatts) as discussed in Section 5.0. From the survey results described
in Section 4.0 the AiResearch Fractional Watt CoolerB’T* (Figure 6-12) was
chosen as the basis for conceptual designs. Reasons for this choice were:

a) The Fractional Watt Unit is designed for long life operation
in the space enviromnment. Design life is 2 years continuous
operation with a 5 year design goal.

b) The design performance of the Fractional Wett Unit is in the
range of that required for categories II and III. The design
point was 250 milliwatts cooling load at 65°K.

¢} A significant amount of scaling information is available from
reference 8,

A description of the basic operation of the VM cooler which is taken

directly from Reference 9 is given in Section 6.2.1, This is followed by
a discussion on scaling of the VM cooler in Section 6.2.2 and conceptual designs

in Section 6.2.3 thru 6.2.5.

6.2.1 Basic VM Operation9
The VM cooler (Figure 6-13) is essentially a heat engine driving a

refrigerator. Thus the input energy to the device is supplied as heat, which

* Syperscripts indicate References in Section 10,0
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minimizes the required drive-motor size, and allowslfhe direct use of a
long lifetime heat source such Bs & radicactive isotope. The displacers

move the gas from one cylinder of the refrigerator to the other, but do '
not directly compress oOr expand the gas.

The steady state operation of the VM refrlgeratlon cvcle'will now
be explained. Reference will be made to Figure 6-1L4 (a schematic of four
crank positions encountered during operation and the pressure-volume diagrams
for the cold cylinder, hot cylinder, and total gas volmme for the VM cycle).
In this explanation we assume that the pressure drops across the regenerators
is zero, and thus for the design depicted the pressures in the three sections
are always egual. (In the actual case, the regenerator pressure drops are
comparatively amall.) Furthermore, we note t+hat the shapes of the pressure-
volume disgrams in Figure f-14b are close to theose resulting froﬁ the crank
type of design shown in Figure 6-13. TFinally, it should be noted that the
following is a simplified view of the operation of the VM engine, in that only
the predominant processes for a given crank position are pointed out. The

actual operation of the refrigerator is much more complicated.

We begin with the crank in the South position (Figure 6~1i{a). At
this point the cold displacer is at its maximum displacement position, and the
hot displacer is only at its half-maximum positicn. The mean gas temperature
in the VM refrigerator is relatively low, and consequently the gas pressure
is low. This is shown in the hot cylinder and cold cylinder P-V diagrams
in Figure 6-14 (b). Since this low pressure is the result of the West-South
expansion process {es will be shown), heat is absorbed from the refrigeration
load and heat source.

As the crank turns to the Fast positicn, both the hot and cold cylinder
volumes decrease. Part of the cold gas is forced through the cold regenerator,
which is at some mean temperature, TCRG(TC < ﬁCRG < TA)’ where it is heated to
nearly TA pefore entering the ambient section. Similarly, most of the hot

regenerator which is at some mean temperature, HRG(TA < TH), where it

is cooled to nearly TA pefore entering the ambient sectlon%RGHeat, which is to
pe used later in the cycle, is thus stored in the hot regenerator. Finally,
since both the hot cylinder volume &nd cold cylinder volume have decreased, the
mean gas temperature, and consequently the gas pressure, change very little

during this process. Nevertheless, some gas expansion {caused by the small
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pressure decrease that does occur), with the resultiﬂg heat absorption from
the load, does teke place.

As the crank moves from East to Forth, the hot cylinder volume in-
creases and the cold cylinder volume decreases. The cold gas which is forced
through the cold regenerator is hested to nearly T,, while part of the ambient
gas flows through the hot regenerator, is heated (from stored energy) to
nearly TH, and enters the hot cylinder. The net effect of the hot cylinder
volumetric increase and the cold cylinder decrease 1s an inerease in the mean
gas temperature and gas pressure. Hence, this process is one of gas compres-
sion, and for the temperatures to remain constant, heat must be relected.
Therefore, heat is rejected at the ambient section.

As the crank turns from North to West, the volumes of both the hot
cylinder and cold cylinder increase. Part of the ambient gas moves through the
cold regenerator, releases heat to it, and enters the cold volume at nearly TC'
. On the hot side, part of the ambient gas moves through the hot regenerator,
absorbs heat, and enters the hot volume at nearly TC. Since both the ccld
volume and hot volume increase, the system pressure does not greatly change.
Nevertheless, there is some compression with a corresponding heat rejection at
the ambient section. .

The crank now turns from West to South, decreasing the het cylinder
volume while increasing the cold cylinder volume. Part of the hot eylinder
gas is forced through the hot regenerator where it is cocled to nearly TA’ vhile
part of the ambient gas is forced through the cold regenerator where it is
cooled to nearly TC. The mean gas temperature, and consequently the gas pressure,
decreases, resulting in gas expansion. This causes heat gbsorption at the cold
and hot ends.

The net affect of the described processes is that heat is absorbed at

the hot and cold cylinders, and rejected at the amblent section.

6.2.2 Scaling of the VM Cooler

The items of primary interest in the conceptual designs are weight,
volume, power requirement, life and radiator area. The weight consists of VM
cocler weight,vra&iator weight, and the equivalent weight of the power at 0.55
1b/watt. The VM cooler weight and volume are relative constant for the cooling
load range of interest (0.3 to 1.0 watts) as shown in Figure 6-15. The equiva-
lent power welght is a function of tﬁe COP for e given cooling load. COF can

be approximeted as a function of the cycle temperatures by the relation
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(Th - Tsw)

cop = KVM (%%) (Tsw - Te) (6-1)
where: Te = cold temperature
Tsw = sump temperature
Th = - hot cylinder temperature
_ coe
KVM COPideal

KVM is & strong function of Q, at constant temperatures as shown in Figure
6-16. While Tc snd Th are fairly well fixed, Tsw is free to be optimized.
Since,
- QC = 1 (ﬁ)(TSW —_ TC) l (6"‘2)

U cop Ky T Th - Tsv
Qy increases as Tsw increases and thus, a low Tsw is desired. Radiator ares
is also a function of Tsw and QH. The area can be expressed as

Qy + @
A = i " A (6-3)
oen[(Tgy - ATgp) - Tg |

where: g = Stefan Boltzman constant
€ = emissivity
n = fin effectiveness
ATsr = temperature drop from sump to radistor
Tg = externsl sink temperature

It can be seen that radiator area incresses with decreasing Tgy. Thus, &an
optimum Tgy can be determined.
The total cocling system weight was celculated versus Tgw and Ty

as follows:

%

v, = P e @ +P. I ]+P.  (6-1)
T T N N F
P venl(Tey - ATp) - Tg )

where: P = power weight penalty

P - .55 1b/watt for this study

Pr = radiator weight penalty

© = 1.5 1b/ft® for this study
Pp = Tfixed weight penalties

QH i determined from equation (6-2)
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The weight versus Tg, and T is shown in Pigure 6-17. . Three sink temperatures
are shown. Fach corresponds to a different coating assuming the sun shines
directly on the panels. A coating of silver-backed Teflon was assumed which
resulted in an optimum sump temperature of approximately 295°K. The white
paint coating optimum Tsw‘was 325°K compared to the 333°K used for the Fractional
Watt Cooler. Based upon this study, & sump temperature of 300°K was used for
conceptual designs.

An estimate was made of total VM system weight vs cooling losd.
This curve is shown in Figure 6-18. The sfstem weight shown in this curve

ineludes the VM unit weight, the heat rejection system and the equivalent weight

of power.
6.2.3 Category II Conceptual Design
The design requirements for Category II were as follows:
. (Cooling Temperature : T7°K
. Cooling Load : 1000 Milliwattis
. Mission Life : 2 years
. Duty Cycle : Continuocus operation for 1 month

followed by 10 days continuous

operation per 6 week period

A sketeh of the conceptual design is shown in Figure 6-19. The design
consists of & scaled fractional watt VM cooler and a heat pipe radiator ettached
for heat rejection. The VM cooler is approximately o5" in length, 6-1/2" diameter

on the hot cylinder end and 2" diameter at the cold cylinder end. The cooler

estimated weight is 20 pounds. The heait rejection system consists of & 35.1"
square panel coated with silver-backed Teflon (coating, o = .08, ¢ = 0.8) with
four eluminum/ammonis hest pipes attached. The heat pipes are 3/8 inch 0.D. with
a condenser length of approximately 35" and an adisbatic length of epproximately
3 feet. The estimated total heat rejection system weight including the adiabatic
heat pipe sections is 16 pounds.
The power required for the cooler is estimated at 88 watts (78 watts
for the hot cylinder heater and 10 watis for the crark motor). The weight equivalent
of the power at 0.55 1b/watt is L8 pounds. Total weight of the system is 8L
pounds. '

A summary of the Category II conceptual design is given in Table 3.
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TABLE 6«3

CATEGORY YT CONCEPTUAL DESIGN DESCRIPTION

® VM COOLER DESCRIPTION.
— TYPE: VM (AIRESEARCH BASELINED)
— LUBRICATION: DRY
— WORKING FLUID: HELIUM
— VOLUME: 25" X 7" X 64"
— WEIGHT: 20LBS
— PRESSURE VARIATION: 1000/885 PSIA
— HIGH TEMPERATURE: 853°K
— LOW TEMPERATURE: 77°K
— SUMP TEMPERATURE: 300°K
— COOL DOWN TIME: 15 MINUTES
— POWER: 88 WATTS:

e HEAT REJECTION SYSTEM
— TYPE: HEAT PIPE RADIATOR
_ WEIGHT: 16 LBS {INCLUDING HEADERS)
— VOLUME: 356" X 358" X 1"
— HEAT PIPES: .375" OD AMMONIA/ALUMINUM {4)
— COATING: SILVER BACKED TEFLON (0g=0.08;¢ = 0.8)

e WEIGHT SUMMARY

—~ VM MACHINE 20LB
— ADIABATIC HEAT PIPE SECTION 3
— RADIATOR 13
— POWER @ .55 LB/WATT 48
- TOTAL 84 LB
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6.2.4 Category III Conceptual Design
The design reguirements for Category III were as follows:

. Cooling Temperature : TT°K

Cooling Load : 300 Milliwatts
. Mission Life i 2 years
Duty Cycle :  continuous

A sketch of the conceptual design is shown in Figure 6-20. The
design consists of a scaled fractional watt VM cooler and a heat pipe radiator
attached for heat rejection. The VM cooler is approximately 23.5" in length,
5" gismeter on the hot cylinder end and 2" dimmeter at the cold cylinder end.
The cooler estimated weight is 17 pounds., The heat rejection system consist of
a 31.0" squere panel costed with silver-backed Teflon {coating, o = .08,~E = 0.8)
with Pour aluminum/emmonia heat pipes attached. The heat pipes are 3/8 inch 0.D.
with s condenser length of approximately 31" snd an adiabetic length of approximately
3 feet. The estimated total heat rejection system weight including the adiabatic
heat pipe sections is 13 pounds.

The power required for the cooler is estimated at 65 watts (62 watts
for the hot cylinder heater and 3 watts for the crank motor). The weight equivalent
of the power at 0.55 lb/watt is 36 pounds. Total weight of the system is 66
pounds.

A summary of the Category III conceptual design is shown in Table 6-b.

6.2.5 Alternate Conceptual Design for Category ITY

The total ective life requirement for Category III (2 years continuous
operation} is & relatively severe requirement for a single VM unit with current
demonstrated technology. (An AiResearch 5 watt engineering model was tested for
5000 hours and & minimum 2 year life was projected but has not been demonstrateall.)
Because of this uncertainty in meeting the long life with & single VM unit, an
alternate conceptual design is proposed for Category III identical to that of
Section 6.2.4 except a standby.VM unit is included. A schematic of the alternate
conceptual design is shown in Figure 6-21. The backup VM, which weighs 17 pounds,
requires a means of thermal isolation/engagement such as the thermal switch
which has an estimated weight of 5 pounds. These two additional items plus a pound
for sdditional heat pipe header for the heat rejection system results in 23
additional pounds for the redundant VM unit.

A summary of the alternate Category ITI conceptual design is given
in Table 6-5.
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TABLE 6-4

CATEGCRY III CONCEPTUAL DESIGN DESCRIPTICN

e COOLING DEVICE DESCRIPTION
— TYPE: VM {AIRESEARCH BASELINED)
— LUBRICATION: DRY
— WORKING FLUID: HELIUM
— VOLUME: 235" X 6" X 6"
— WEIGHT: 17 LBS
— PRESSURE VARIATION: 1000/885 PSIA
— HIGH TEMPERATURE: 853°K
— LOW TEMPERATURE: 779K
— SUMP TEMPERATURE: 300°K
— COOL DOWN TIME: 15 MINUTES
— POWER: 65WATTS

¢ HEAT REJECTION SYSTEM
— TYPE: HEAT PIPE RADIATOR
— WEIGHT: 13 LBS (INCLUDING HEADERS)
— VOLUME: 31" X 31" X 1"
— HEAT PIPES: .375" OD AMMONIA/ALUMINUM (4)
— COATING: SILVER BACKED TEFLON (xg = 0.08; ¢ = 0.8}

® WEIGHT SUMMARY {(LBS)

— VM MACHINE 17 LB
— ADIABATIC HEAT PIPE SECTION 3
— RADIATOR 10
— POWER @ .55 LB/WATT 36
— TOTAL 66L8
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TABLE 6-5

CATEGORY ITII ALTERNATE
CONCEPTUAL DESIGN DESCRIPTION

® COOLING DEVICE : SAME AS CATEGORY III (TABLE 6-4) DESIGN EXCEPT
THO VM UNITS REQUIRED )

— ADDITIONAL WEIGHT: 17 LBS
e HEAT REJECTION: SAME AS CATEGORY DESIGN (TABLE 6-14)

e HEAT LOAD INTERFACE REQUIREMENT
— THERMAL SWITCH REQUIRED TO ISOLATE INACTIVE UNIT
— SOLENOID ACTUATED
— CONDUCTING CABLE PROBABLY REQUIRED
— ESTIMATED WEIGHT: 51B

¢ WEIGHT SUMMARY (LBS)

— VM MACHINES 7|
— ADIABATIC HEAT PIPES 4
— RADIATOR 10
— POWER @ 0.55 LB/WATT 36
— THERMAL SWITCH 5

—~ TOTAL 89




6.3 Category IV

Category IV is 50 MW of cooling at 195bK for 2 years. The duty
eycle is intermittent at 5 to 8 days per month. Thermoelectric coclers were
selected for this category. Passive radiators are also good candidates and’
they are discussed in the next conceptual design, Section 6.L.

Thermoelectric (T/E) coolers employ the Péltier effect to provide
the necessary heat transfer. The refrigerator is illustrated in Figure 6-22.
The cooling occurs at the cold space where the detector is maintained at a
temperature of T,. Cooling is provided by passing an electric current through
two dissimilar materials with a common junction. The two legs form a couple
consisting of one "n" type and one "p" type material. Heat is pumped from
the cold Junction and dissipated with the elecirical power at the hot juric-
tion at a temperature of Ty. Direct current with controlled current and volt-
age powers the unit. The power required for a couple is & funcfion of the
Figure of Merit, Z. Z is determined from the basic properties and is calcu-
lated as shown in Figure 6-22, The power penalty represents the largest
component of weight for the system; and good material properties are needed

to minimize that penalty.

Figure 6-23 presents the maximum coefficient of performance {cop)
of a single stage T/E cooler as a function of the cold junction temperature and
Figure of Merit. COP is the ratio of cooling rate at T, to the power consumed;
hence the power penalty is directly proportioned to this factor. Z's for Bi/Te
alloys couples are typically between 2 and 3(1073) °k-1; with these materials a
single stage cooler can not achieve cooling at 195°K. Bi/Sb alloys can have
higher Z's but the COP is still very low.

A multistage cooler increases the cooling region of a given material.
Figure 6-24 presents theoretical performance for one, twe and three stage coolers.
For a typical Figure of Merit of 0.002 °Kfl, maximum COP is plotted as a functiom
of the cold junction temperature and number of stages. Multiple stages always
increases the maximum COP; and the theoretical maximum always cccurs with an
infinite number. However, practical limits prohibit building a cooler with
very many stages, and for 195°K, 4 stages is about optimum.

Figure 6-24(b) presents the maximum temperature difference across
a couple as a function of Z and number of stages. (This maximum temperature lift
is also proportional to the maximum COP). Again the largest number of stages

will yield the highest performance for all meterials (Z's). Again the number of
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stages will be limited by the ability to efficientlf construct a larger
number .
Figure 6-25 presents measured data on Figure of Merit for N
and P type materials. Three sources for materials were considered commercial,
Borg Warner Thermoelectrics and Lockheed Missiles and Space Co. The commercial
materials are availeble in large quantities today; off-the~shelf hardware in
a number of standardized designs can be purchased. The other tweo are‘still in
development and are currently produced by laboratory methods. However, for
apace application and for the time period of interest, sufficient quantities
could be produced even if current manufacturing technigues must be used.
Bi/Te alloys are employed in the commerciel and BWTE materials.
Basically the same alloys are used in both, but an improved manufacturing technique
provides the improvement in Figure of Merit. For thé 10 to 20% inecrease in
7, a 40% to 100% improvement in COP (see Appendix B, the COP for the 6 stage
Marlow Industries and Nucleer Systems are 0.006 to 0.010 at 195°K versus the
0.014k for the 6 stage Borg Warner unit). The higher performance materiasl can
thus have very significant reduction in power requirements. This advantage
will probably more than Justify the higher costs for a spacecraft application.
The IMSC materiels are Bismuth-Antimonide (Bi/Sb) alloys. The
P-type material has a figure of merit approximately equivalent to the BWIE material.
The N-type materials are distinctly different. Very high Z's can be obtained but
only at the very low temperatures. At 200°K and higher temperatures the BWTE
materials have better properties than the IMSC. Since this study is concerned
with the 195°K and higher tempersture range, the IMSC material has little promise.
The N-type Bi/Sb are affected by a magnetic field, but P-type is
not significantly affected.With the proper magnetic field applied, the N-type
Figure of Merit can be increased to 3-5(10)-3 OK.l at 300°K, 5-5(10)-3°K-l @
250°K and 6.2(10)_3°K_l @ 190°K (Ref. 12 ). The magnetic field strengths reportedl;.
can be obtainable by permanent magnetics., This Z is greatly in excess of that
of the BWIE materisl, which is not affected significantly by magnetic fields.
Thus the power requirements can be greatly reduced with & magnetically enhanced
Bi/Sb cooled. Heowever, this technolcgy is not well developed and significant
Questions have yet to be solved. For those latter reasons the BWIE material

was chosen for the conceptual design over the magnetically enhanced IMSC material.
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Figure 6-26 presents a conceptual design of a T/E cooler for
Category IV requirements. The photograph on the right is of a prototype unit
made by BWPE. The COP of this unit was measured as 0.0243 at 195°K and
radiator at 300°K. The detector in this design directly mounts to the cooler.
The cooler unit has an envelope of 0.4" x 0.67' x 0.75" and is connected to
the radiator either by a flexible conductive cable or by direct mounting, if
tolerances permit. Mounting holes are provided to install the radiator on
the outside surface of the spacecraft. Silver-backed Teflon is the coating
and the radiating area is sufficiently large to provide heat rejection in any
orbit and any location on the spacecraft provided the radiator is not radiantly
heated by other spacecraft surfaces. To increase the effectiveness of tpe
radiator the surrounding surfaces should alsc have a low solar absorptance and
high emittance coating; insulation from the surrounding surfaces is not necessary.

The temperature of the detector is maintained within tolerances by
the control module. That module controls voltage and current supplied to the
cooler and senses the temperature of the detector via a thermistor mounted on
the cold junction of the T/E cooler. When either the heat load of the detector
or the radiation environment change, the control module responds in one of two
ways as follows:

1) changing the current and voltage supplied to the cooler

or 2) 1Increasing {or decreasing) the heat dissipation in a
resistor mounted at the T/E cold junction (requires
10 to 50 milliwatts)

The weights of all component are presented at the bottom of
Figure 6-26. The total weight including penalties is 1.87 1bs of which the vast
majority is the power penalty for 2.06 watts.(l.33 1bs et 0.55 lb/watt). The
next largest weight is the controller, at approximately 0.5 1lbs for a constant
current supply and temperature control via heat dissipation in & resistor on the
cold junctien. The T/E unit itself is almost negligible by comparison to the
other items. o

Figure 6-2T7 presents the approximate effect of cooling capacity upoen
the system weight. Total system weights, both with and without the power penalty
are presented. 'When the power penalty is different from 0.55 lb/watt, the total
system weight is calculated by adding the electrical power weight eguivalent

to the lower curve. These data were linearly scaled from the conceptual design;
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the radiator weight mey increase due to the need for inéreased thickness
and possibly active heat transfer. For the latter reason the data are not
good with cooling loads in excess of 1.0 watt.

T/E coolers are not strongly affected by life. Since there are
no moving parts, the relisbility of these units are very high even with durations
up to 5 years. In spececraft power penalties must be assigned for the maximum
rate and there is no advantage for intermittent over continuous duty. As men-
tioned earlier the T/E cooler may be mounted with any orbit and st any location
on the spececraft. This characteristic greatly reduced design installation problems
but may incur large weight penalties at high cooling loads. Passive radiators
can provide lower penalties But incur orientation and orbit limitations. Those

devices are discussed in the next section.

6.4 Category V and VI
The trade study described in Section 5.0 suggested that radiators

would best meet the requirements of Categories V and VI. Conceptual designs
were performed for these categories which are described in Section 6.4.2 and 6.L4.3.

A general discussion of radiators is given in Section 6.4.1.

6.4.1 Radiators

Two types of radiators were considered for the requirements of
Categories V and VI. These were (1) shielded radiative coolers and (2) flat radiator
panels with advanced coatings to obtain the low temperatures. Several configurations
have been conceived for obtaining low temperatures in spe.c:el‘l and 13 thru 17
using shielded radiators with some as low as 77°K. Since the requirements of
Category V are not severe, the two stage cooler approach described in Reference
% and shown in Figure 6-30 was considered best. The weight of this cooler is
approximately 35 pounds per square foot of cold stage radiator area st T7°K, The amount
of heat rejection obtainable from a shielded radiator may be estimated from
Figure 6-28 for known emissivity aﬁd area of the cold stage.

The heat rejection of the flat plate radiators may he estimated
by the relationship:

4 Q

o/ = nloeT’ - af abs) )

A

13
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where: Q/A is heat rejection per unit area

n is the fin effectiveness
g is the Stefan-Boltzman constant
£ is the radiator coating emissivity

is the radiator coating absorptivity

T is the radiator tempersiure

Qabs
{ ) is the absorbed heat per unit area

The approximate weight can be estimated by w = 3 + A for both the 195°K and

300°K radiators where w is weight in pounds and A is the area in square feet.

6.4.2 Category V

The requirements for Category V are 500 milliwatts cooling load at
195°K with & 2 year continuous operating life. The trade study described in
 Section 5.0 indicated a radistor would be the best type cooler for these require-
ments. Thus & radiator was baselined. The orbital design enviromment was not
firmly defined for the current study. However, it is anticipated that the PMS
satellite would be in a low earth orbit and may be in a sun synchronous orbit.
Thus ‘designs were performed for two cases: (1) a sun synchronous orbit and (2) a

general low earth orbit. Each of these are discussed separately below.

6.4.2.1 Design for Sun Synchronous Orbit

The design of a radiator is strongly dependent upon its radisant
environment which in turn depends wupon ihe orbit being flowm and the orientation of
the radiator in orbit. One candidate orbit for the pollution monitoring satellites
is a sun synchronous orbit. This orbit which is shown schematically in Figure
6-29 maintains = constent angle, 8, between the orbit plane and the Farth-Sun
line throughout the year. The orbitel inclination for the sun synchronous orbit
is 99°. A conceptual design for a passive radiator for the sun synchronous orbit
is shown in Figure 6-30. This radiator is the Arthur D. Little Radiator Cocler
Model 101 which was designed for rejection of 10 milliwatts of cooling at 100°K.
However, its projected performance &at 195°K meets the requirement of Category V.
The cooler consists of two radiator stages and a reflecting cone. The external
radiator stage attaches (thermally) to the cone outer opening and extends out to
a diameter of 11.88". The internal radiator, which is isolated from the reflecting
cone, is approximately 3.95" diameter. The two radlator surfaces are assumed to be

coated with silver backed teflon, giving a solar sbsorptance, o, of 0.08 and
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emittance, e, of 0.8. The reflecting cone has & lowa & €: o = 0.1, and
e = 0.02. The weight of the radiator is approximately 3.5 pounds and the system
has a very small power requirement for controlling the radiator temperature.

The shielded passive radiator has a limitation on the direction it
may face in orbit. There are two sources of energy which constrain its orienta-
tion. The Earth rediation requires that the maximun angle from the earth-
satellite line toward the horizon, opgy, be 80° or less. The Solar radiation
dictates that the meximum angle, Ypays between the Farth~-Sun line and the
direction the radiator faces must be larger than approximately 50°. Figure 6-31

illustrates the allowable orientation range.

6.4.2.2 Design For Earth Oriented Satellites

Farth oriented satellites may be in an orbit with any solar inclina-
tion angle. One side always faces the esrth and &t least one side is always shielded
from the earth's infrared radiation. A radiator placed on the shielded side will
receive direct solar but no infrared, Using Optical Solar Reflectors (OSR's}
very low equivelent sink temperatures can be obtained in flat panels without shield-
ing. Such a cooler will be useble in any orbit as long as no infrared radiation
falls on the surface. -

Figure 6-32 presents a conceptual design of an OSR radiator. It consist:
of an §.45 inch square alumimm plate, approximstely 0.1 inches thick which is 1sc-
lated from the spacecraft structure by low conductance mount. The suwrrounding space-
craft structure is costed with a low ofe coating. The radiator panel is coated with
optical solar reflectors described by Reference 18 which has an a/e of .050/.81. A
high thermal conductance cold finger connects the radiator to the cold finger detec-
tor hest load. This cold finger could be & solid bar of copper or aluminum or it
could be a heat pipe. Control is achieved by an electrical resistance heater when
the temperature is too cold and by a amall thermoelectric cooler for the cases
where the temperature is slightly high. The maximm power required for this
control is 2.3 watts for the heater power. (The thermoelectric cooler requires
1 watt mex). The total weight including the equivalent weight of the power is
about 3.9 pounds. A sumary of the design is given in Table 6-6.

6.4.3 Category VI

The design requirements for Category VI are 1000 milliwatts maximum

cooling load at 300°K with a two year life. The trade study described in Section

5.0 indicated that & semi-passive radiator would be the best approach for this

cocler requirement.
18
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TABLE 6-6

CATEGCRY V CONCEPTUAL DESIGN SUMMARY
FOR SEMIPASSIVE RADIATOR

AREA: 0.5 FTZ (8.48" X 8.48")
PLATE THICKNESS: 0.06 IN.

DESIGN ENVIRONMENT:
— MAXIMUM: FULL SUN
— MINIMUM: NO INCIDENT HEAT

COATING: OPTICAL SOLAR REFLECTORS (a = 0.05; ¢ = 0.81)
HEATER/THERMOELECTRIC POWER: 2.3 WATTS MAX

CONTROL: THERMOELECTRIC FOR COOLING {1 WATT INPUT)
RESISTANCE HEATER FOR WARMING (2.3 WATTS INPUT)

WEIGHT SUMMARY

— RADIATOR AND MOUNTS .63
— COLD FINGER, HEATER, AND 'I)E DEVICE 1.00
— CONTROLLER (ESTIMATE) 1.00
— POWER 1.27

— TOTAL 3.90L8BS




The radiator design for this requirement is shown in Figure 6-33.
Tt consists of a 3" sguare aluminum plate coated with silver backed Teflon
(0 = .08, ¢ = .8). The radiator plate is isolated from the spacecraft structure
with low conductance mounts. Temperature control is achieved with a resistance
heater and a cold finger (either solid metal or heat pipe) conducts the heat load
from the detector. The maximum power required for control is approximetely
3.2 watts. The total weight of the system is 2.8 pounds. The design environment
‘assumed was that of full earth. This is the most severe requirement and thus
no orientation restrictions are imposed. Table 6-T7 summerizes the Category

VI conceptual design.
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TABLE 6-7

CATEGORY VI
CONCEPTUAL DESIGN DESCRIPTION

COOLER TYPE: SEMI PASSIVE RADIATOR|

AREA: 0.063" FT° (3.01" SQUARE)

COATING: SILVER BACKED TEFLON {a = 0.08; ¢ = 0.8)
PLATE THICKNESS: 0.06”

APPROXIMATE HEAT LEAK THROUGH MOUNTS: 1.0 WATT
DESIGN ENVIRONMENT: ANY ORBITAL ORIENTATION

MOUNTS: FIBERGLAS STANDOFF WiTH TITANIUM BOLT (4 MOUNTS)
TEMPERATURE CONTROL: 2.7 WATT RESISTANCE HEATER
MAXIMUM POWER: 3.2 WATIS

COLD FINGER: 1/2 IN. DIA. COPPER BAR

WEIGHT SUMMARY (LBS)

— RADIATOR .050

— MOUNTS (4) .25

— COLD FINGER 76

— POWER 1.75

~ TOTAL 2.81




7.0 ADVANCED CONCEFPTS

The previous sections have degeribed conceptual designs vwhich could
be developed for a near term application, the PMS. In this section advance
concepts are presented; these technigques could improve the state-of-the-art
in cryogenic cooling but not necessarily in the time frame of the PMS. These
concepts were generated in the course of this study and no development hes
been conducted. The concepts are modified J-T coolers, redundant mechanical
refrigerators, combined systems and liquid cryogen storage systems. The
modified J-T cooler has previously been discussed. The others are described

in the following paragraphs.

T.1 Redundant Mechanical Refrigerators

Redundency is a well established method of increasing the life and
religbility of a mechanical system. For very long satellite missions maintenance
is not practical; employing redundant coolers can provide the necessary life withou
the need for & state-of-the-art improvement . Existing designs in VM coolers can
thus be employed without the need for expensive redesign and higher cost hardware.

Integrating the redundant unit into the system imposes several pro-
blems. The concept is obviously heavier and larger than non-redundant, but the
primary penalties for a eryogenic refrigerator are for the power penalty and
the heat rejection system. Both of those items inherently have high reliability
and can be employed as common elements with two or more mechanical refrigerators
minimizing the impact on weight and volume. Integrating the refrigerators with
the detector requires special consideration. In a remote sensing spplication
the detector can normally be mounted at only one location due to constraints
imposed by the optical system. Several approaches are available to meet that
requirement and are discsssed in the following paregraphs.

Common Thermal Contact -

The simplestrappfoach is to place both refrigerators in thermal
contact with each other and the detector. No development is required and the
approach is easy to accomplish with flexible condqctors such as copper wire
braids or heat pipes. The heat load on the active refrigerator is greatly
increaged by heet transfer from the inactive unit. Both units must be made larger
as well as the power supply and radiator. These penalties may Or may not be

acceptable depending upon the magnitude of the heat leak.
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Thermal Switch

Isclating the inactive unit requires a thermal switch to make
contact with the detector. Figure 7-1 presents a concept for a thermal switch;
this approach was previously mentioned in Section 6.2.5, the alternative con-
ceptual design for Category IITI. The power supply and radiator can be used by
either cooler. Both VM's are continmuous connected to the radiator by heat pipes.
As shown, VM #2 is active, when thet unit fails a control system redirects
power to VM #1 and the solencid actuator. The lever arm moves breaking contact
with VM #2 and meking contact with V"M #1. To maintain the switch position
with good thermal contact many options are svailable. Some are as follows:

o Continuous power on the solenoid

o A motor and screw drive

o Springs and latching mechanism
Development is needed to select and build a good cryogenic thermal switch; the
probability of success is very good. The concept also has the problem of in-
ereased heat load on the refrigerator (and hence size) but the impact is anti-
cipated to be much smaller than the common thermal contact approach.

Optical Means

The redundant refrigerator may also be equiped with a second detector;
and both isolated from the primary units. Two independent units are thus provided.
A means of directing the light signal from the item being sensed to the redundant
detector is needed. A mirror or mirrors which are moved into the light path to
redirect the signal can be used for this purpose; then only a minor change in
the optical system is needed. Preflight, in plece calibration of both detectors
and cooler sets can resolve the small differences in response characteristics.
Optical means of switching is not as genersl as the other two éince e good
location for the switch mirror may not be available in some optical systems.

In addition optical switching may be more expensive for & high quality mounting
mirror and a second detector.

Redundant cryogenic refrigerator will be needed only on applications
with long durstions. Current technology in VM coolers has demonstrated the
capability for long life, but this conclusion was based on an extrapolation of
partial data, Two to 5 year life with a complete system has not yet been proven.

To minimize the risk of a failure, redundant units can be employed. The impact
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on weight is anticipated to be on the order of a 30% increase over a
non-redundant design (based on Category III requirements). Since most
applications will not require redundancy, that development may be a less
expensive approach (in both development and recurring costs) than develop-

ing a single machine for long life.

7.2 Combined Systems

Previous developments in cryogenic coolers have concentrated on
a single type of cooler. Combining different cooler types in one cooler can
have weight and volume advantages; potentially costs can also be saved.

Figure 7-2 presents an example of a combined system employing a
T/E and a solid cryogen. The T/E cooler maintains an inner shield at 170°K in-
stead of lst stage solid cryogen. The interior of the shield is a CHy
solid eryogen cooler as described previocusly. The exterior of the tank is
a vacuum jacket to obtain a low pressure for good performance of the insulation.
The outer Jacket also serves as the radiator to reject heat inside the space-
craft. No controls are needed since temperature tolerances are not critical.
Assuming a 6 stage Borg Warner {see Appendix B), approximately 50 watts of
power are required; the total system equivalent weight including the power
penalty is about 60 to 70 1bs for a Category I application (2 years, 250 watt/hr
at T7°K). This weight compares to approximately 100 lbs for a pure solid
cryogen (CHh/NH3) system for the same application.

Passive radiators could also be used in = solid cryogen system.
When the corientation of the spacecraft permits, the passive radiator may be
lighter than T/E since no power is'required.
_ Combined systems are not limited to solid cryogens; the modified
J=-T previously discussed is a combined system. Another alternative is the use
of passive radiators in lieu of T/E in the modified J-T. Previously mentioned
in the use of passive radiators is the use of T/E to provide temperature control
and limited refrigeration in orbits with relative werm sink temperstures. Other
approaches are also possible; but additionsl work is needed to prove the

validity of these concepts.

7.3 Liguid Cryogen Storage Systems

Normal liquid cryogen systems reguire both storage and use of the
cryogen at the same temperature. With such a system there is a continuous

loss of the cryogen due to heat leak into the storage container. That problem
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can be minimized by storing the cryogen at a high temperature to reduce
the rate of heat transfer, and then flashing the liguid to low pressure and
temperature will produce the desired cooling. Figure T7-3 presents a schematic
of such a concept. That concept employs NH3 stored at room temperature. The
NH, is withdrawn from the storage tank and flashed in a miniature flash evaporator.
The evaporation of the liquid NH3 maintains an insulated methane tank at
150°K. The CHh is stored at high pressure so that no loss occurs during storsage.
Liquid is withdrawn and flashed at low pressure, cooling a detector at TT°K.

The cooling effect per unit mass and volume of expendable are smaller
that using the same cryogens as solids operating at the same conditions. For

CHh and NH3 the cooling effects are as follows:

CH), @ 7T7°K NH; @ 150°K
Ah phh &h oAh
(Watt-hr/1lb) (Watt-hr/ft3) (Watt-hr/1b) {(Watt-hr/ft 3
Soliad T7.3 2505 229 11427
(TT°K Storage) (150°K Storage)
Liquid 35 906 112 L166
{150°K Storage) (300°K Storage)

The solids have more than twice the cooling effect of the liquids for both
eryogens. However because the storage temperatures are lower with the solids,
the heat leakage is also larger. The latter éffect can be significantly larger
than the detector heat load, and a liquid system can be smaller than = solid
eryogen system. Figure T-3 presents weight and volume daete for a liquid system
sized for Categofy I requirements (two years, 250 watt<hr of cooling at TT°K);
the estimated weight is only 58 1lbs compared to 100 1bs for a s0lid system.
The volume is even smaller for the liquid system, 15" dia. vs 21" die spheres
for CH), and 14" die vs 18" dia spheres for NHgy

The miniasture flash evaporator is the only major development item
necessary to achieve the advantages. The major problem is to flash a liquid
at high pressure to a very low pressure (order of 0.2 ﬁsia to 0.1 mmHg) with
solid being formed &t the low pressure. Preventing loss of the solid prior
to its sublimation is anticipated to be a major problem; but based on VeD's
experience with large flash evaporators (see Ref. 19 ) the problem is solvable.
The expansion valve may be either a simple orifice with an upstream control valve

or the same type of valve as used in a J-T cryostat. The remainder of the system
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employs state-of-the-art zero "g" liquid storage tanks with minimal

technical risks.
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8.0 CONCLUSIONS

Cryogenic coolers will be ayailable within the time period to
satisfy all requirements congldered herein for satellitefrémoté sensing instru-
mentation. The state—of-the-art and on-going developments are sufficient to
meet the needs of all identified categories. Joule-Thomson and thermoelectric
coolers, and radistors have all been developed. The Joule-Thomson coolers are
available in standardized units at relatively low cost. Thermoelectric coolers
are also available in standerdized size in the commercial materials. The more
advanced thermoelectric materials can produce significant advantages and cooler
should be available, although at higher cost than the commercial materials. Low
temperature passive radiators have been used in spaceflight. These radiators
are available in either shielded (for very low temperatures) and unshielded
designs (T >>195°K). Neither design requires development but the shielded
radistors are more expensive and larger in volume.

The Vuilleumier cooler, solid eryogen systems and advanced thermo-
electric materials are not yet fully developed. Research is being conducted by
NASA-Goddard, the Army Night Vision Laboratory at Ft. Belvoir, and the Air
Force Flight Dynamics Lab. The activities of these govermment sgencies will
assure the basic technology base. Production of the required hardware is
feasible within the specified time hereln considered. Scme expenditure of
development effort can be expected for the requirements of a specific application

since stendardized hardware will not be avallable.
The selection of a cooler for a given application is strongly depen-—

dent upon the duration or life of the mission, the temperature and required
cooling capscity. For the sensor requirements as defined herein, the following

coolers are most promising for the indicated temperature range:

NON-EXPENDABLE _ FXPENDABLE
TT°K Vuilleumief Joule-Thomson
Stirling Splid Crycgens
110 to 1L0°K Vuilleumier Liquid Cryogens
Shielded Radiator Solid Cryogens
195°K . Thermoelectrics -
Passive Radiators
- Shielded
- Unshielded
2L 3°K Passive Radiators -
300°K Passive Radiators -

Q3.



The expendable systems are Gest suited to missions of one year or less,

but de not regnire héat réjectimn to spacé. Tﬁé VM, Stirling, and thermo-
electric refrigerators require a radiator in addition to the cooler. These
radiators typically reject heat at about 300°K and do not impose any orbit or
orientation restrictioﬂs upon the spacecraft. Passivé radiators at 110-140°K,
195°K, and 243°K can only be employed with orientation constraints.

Six categories were defined to obtain representative designs of
eryogenic coolers. The categories and coolers selected for conceptual design
were as follows:

I T7°K, 50 MW, 2 years as continuous for one month

followed by 5 to 8 selected days per month (175

to 257 watt-hous)} (Joule-Thomson, and Solid Cryogen)
Ir T77°K, 1000 MW, 2 years as continuous for one month

followed by 10 days continucus per 6 week period

(4731 watt-hours] (Vuillewmier)

I T7°K, 300 MW, 2 years contimuous for the entire
period (5260 watt-hours} (Vuilleumier}
v 195°K, 50 MW, 2 years as continuous for one month

followed by 5 to 8 selected days per month

(Thermoelectrics)
v 195°K, 500 MW, 2 years as continuous for the entire
period (Shielded Radiamtor and Passive Unshielded Radiator)
VI 300°K, 1000 MW, 2 years as continuous for the entire

period (Passive Unshielded Unrestricted Radiator)

The selections were not necessarily optimum for each category.
The trade-off is strongly dependent upon the constraints of the mission and
the relative importance of the constraints, weight, volume, launch costs, and
equipment costs. Trade—off data for weight and volume have been included with
each cooler type. The other factors are mission dependent and must be defined
by the person msking the choice for flight hardware.
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9.0 RECOMMENDATIONS

The basié technology needed for satellite remote sensing applica-
tions is aveilable. However, in some systems standardized hardware will
not be availeble by 1976 and planning for a limited amount of development of
hardware is recommended. The specific coolers where devélopment is needed are
VM's, solid cryogens, T/E's, and shielded passive radiators (to & much less
degree).

Significant advances in eryogenic technology can be made to reduce
cost and/or weight and volume. The recommended areas for development are:

1) Modified Joule-Thomson Coolers

2) Redundant Mechanical Refrigerators

3) Combined Coolers

Thermoelectric-Sclid Cryocgens
. Radiator-Solid Cryogens

L) Liquid Cryogens with Miniature Flash Evaporator
The modified Joule-Thomson device is a straightforward application of two
well known coolers and only a demonstration is needed. Redundant mechanical
vefrigerstors may or may not need a thermal switch; a study to evaluate the
potential and & demonstiration are recommended. Combined coolers employ existing
technology, but additional study on integration problems is recommended. Liquid
cryogens could reduce weight and volume over solid eryogen systems for long dura-
tion and reduce cost by standardized and cheaper designs. The development of a

miniature flash evaporator is needed to obtain those advantages.
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APPENDIX A

LITERATURE SURVEY DOCUMENTS

A listing of the documents obtained during the literature

search is given in this Appendix. The documents are categorized by cooler types.
A. Claude and Reverse Brayton Cycles

1. Breckenridge, R. W., "Summary of Rotary-Reciprocating
Technology", AFFDL Cryogenic Cooler Conference, U.S.

Air Force Academy, Colorade, 16-17 October, 1973

2. Breckenridge, R. W., and Harris, R. E., "Rotary-Reci-
procating Refrigerator Performance Spectrum', AFFDL Cry-
ogenic Cooler Conference, U.S. Air Force Academy,
Colorado, 16-17 October 1973

3. Colyer, D. B., Hurley, J. D., Oney, W. R., "Long-Life
Turbo Refrigerators for Unattended Space Applications",
U.S. Air Force Academy, Colorado, 16-17 October 1973.

L. stratton, L. J., "Power Conditioning Equipment for Ro-
tary-Reciprocating Refrigerators”, AFFDL Cryogenie
Cooler Conference, U.S. Air Force Academy, Colorado,
16-17 October 1973.

5. Breckenridge, R. W., et.al., "Development of Rotary-
Reciprocating Cryogenic Refrigerator for Space Applica-
tions", AFFDL-TR-T2-88, July 1972. '

6. Breckenridge, R. W., Heuchling, T. P., and Mocre, R. W.,
"Rotary-Reciprocating Cryogenic Refrigeration System Studies-
Part I: Analysis", AFFDL-TR-T1-115, Part I, September 1971.

7. Colyer, D. B., and Gessner, R. L., "Miniature Claude and

- Reverse Brayton Cycle Turbomachinery Refrigerstors”,
Advances in Cryogenic Engineering, Volume 13, Pp 4T7h-L8L4,
1967.

8, Maddocks, F. E., “hpplication of Turboemachinery to Small-

Capacity Closed-Cycle Cryogenic Systems", Advances in Cryo-
genic Engineering, Volume 13, Pp 463-473, 1967.




Cryogens

1. Fowle, A. A., "Cooling with Solid Cryogens - A Review'",

Advances in Cryogenic Engineering, Volume 13, page 198,
1968.

2. Caren, R. P., and Caston, R. M., "A Solid Cryogen Refrigera-

tor for 50°K Infrared Detector Cooling", Advances in
Cryogenic Engineering, Volume 13, page 450, 1968
3. PFriedman, A. 5., Gross, V. E., Weinstein, A. I., "Cooling

to Cryogenic Temperatures by Sublimetion™, Advances in
Cryogenic Engineering, Volume 9, 196k,

L4, Cunnington, G. R., and Tien, C. L., "A Study of Heat-Trans-
fer Process in Multilayer Insulation", ATAA Paper No. 69-
607, ATAA 4th Thermophysics Conference, San Francisco, Calif.,
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APPENDIX B

CHARACTERISTICS OF EXISTING SPACE APPLICABLE CRYOGENIC COOLERS

This Appendix presents the results of an industry survey conducted
during the early portion of the Cryogenic Cooler Study. The survey ineluded
cooling systems with a cooling capacity in the range of 0.05 watts to 5 watts
at temperatures of 60°K to 300°K. Primary emphasis was placed on systems with
potential for long life (1 to 2 years) operation in the enviromnment of space.

The results are tebulated in Tables B-1 thru B-6 as summarized below:

COOLING TEMPERATURE COOLER TYPE TABLE NO.
77°K Vuilleumier B-1
" Stirling B-2
“ Solvay B-3
" Joule-Thomson B-4
195°K Thermoelectric B«5
" Passive Radiators B-6



004

ab 8

J0
Nporao

aW

|LJIW
o1 99

¥

TAELE B-1

= RADIATOR
EXPENDABLE WEIGKT
VOLIME

a
310 tnd(7,25%D = 12,
camp)

3,9% x BY comp

5% 3"%3-1/3"zh" Comp

J18¥Dp x 1.13" Cold Finger

3" x 31/2" x 4" Camp.

12-1/2410-1/2x7 Comp

16,5 1b.

846 in3(23.5" x6"xE")

VUILLFUMIER - SPACE APPLICABLE
1| MANUFACTURER EGHES HUCGHES HUGHES HUGHES ATRESEARCH ATRESEARCH ATRESEARCH
2. |SYSTEM BESCRIPTION N 2 Stage VM Mpdular YH Hodular M Mo‘dular w VM Cosler WM Cooler V¥ Cooler
mgf me Fractlional Watt Cooler Long Life, 5 W Cooler TR&D 3 ¥ Cooler
.D. 15 ¥Meh .
épgmﬁ:@wm. 1%,5/60% il d 7€ 770K 53;“ 33"!( m"x
gkpﬁnclsmﬁfum Eey.:m Helium Beliun Helium
o D Iy
LUBRICATION Y ry 3
PDHESARDE[!"S L0 fow 150% asod Bow 210 W 350 W
VOLTS/PHASE/FREQ
Hﬂ;iﬁﬁ Regurs Liquid Liguid or heat pipe Liguid or Heat Pipe Liguid
qu 335% ° 335°K
STAE‘SERQTE%EBMEHT mczisvx 1y 1o 1n Deslign Pre-production proto built Leb unit built
- APPLICABILITY TO SATELLITE COOLING | Dfrectly Applicable
. {OPERATIQMAL FEATURES
HIGH PRESSURE
LOW PRESSURE (3 I7°€ 65°K T5°K TTOK
TE{IJSE%HLB;};HE 13 57E/607K 2215:. Sg zin. I nin, 5115 min. 30 min. 30 min.
ATTITUDE REQUIREMENTS Nane ane Fone None
- | PHYSICAL CHARACTERISTILS
COST
RELIABILITY z
MAINTENANCE INTERVAL 3600 hr, 17,500 hr {2 yr)
FIXED WEIGHT - EXPANDER
. COMPRESSOR 19.5 1k

2 yr deslgn/ 5 yr goal
protazhl 1b; Tlight:201h

h1.52 1n3(18"x8"x8"}

2500 hr desiga/S000hr goal

864 in? (18%28"26")
,3"D x 1-1/2" ColdFinger [ .35"D x 3.6" Cold Pinger
finger|
- |CYCLE PARAKETERS Basel  GampE 17°K 17°K s RS 657K T5°K K
REFRIGERATION CAP, L J15H o5 2.0 & w fow Aow 30w
Eggzn INPUT 'agg? : OaLES 0185 . 00857
LB JUATT burPUT .19 66 Proto: B; Flight: b
INS/RATT QUTRUT 5% 338k 230 288
YoVt canTRACT wk.
GOVN. COMTACT/LOCATION
COIMENTS




TABLE B-2

STTRLING CYCLE - SPACE APPLICABLE

North American

WATT OUTPUT

.| MANUFACTURER PLillipe Corp.
. 1SYSTEM DESCRIPTION
TRADE NAME
MODEL
I1.D. NUMBER .
OPERATING TEMP. TT°K -
TYPE CYCLE Stirling
WORKING FLUID Helium
LUBRICATION Dry
POWER REQMTS
LOAD 30 Watts
VOLTS/PHASE/FREQ
HEAT SINK REQMTS
MEDIUM
TEMPERATURE 125°F
STATE OF DEVELOPMENT Developed
APPLICABILITY TO SATELLITE COOLING Good
. | OPERATIONAL FEATURES
HIGH PRESSURE
LOW PRESSURE .
MINIMUM TEMP. T7°K
COOL DOWN TIME 5 min.
ATTITUDE REQUIREMENTS None
PHYSICAL CHARACTERISTICS
COST '
RELIABILITY
??iEEE"ANCE INTERVAL 8000 hrs.
WEIGHT - EXPANDER
- COMPRESSOR 10 hrs-
exp - RADIATOR
VOLE§E§BLE WEIGHT 290.7 in.3
I CYCLE PARAMETERS .
COLD PLATE TEMP, TT°K
REFRIGERATION CAP. 1W
POWER INPUT 30 W
cop .0333
% CARNOT EFF% ; 10
%ﬁg}/wATT OUTPU 250.7

TGOVN. CONTRACT MR.
GOVN. CONTACT/LOCATION

Applied Physics Lab

COMMENTS

B-3

1. Rhombic drive




TABLE B-3

SOLVAY CYCLE - SPACE APPLICAéLE

Air Products and

1.| MANUFACTURER Chemioate. Inc.
2. |SYSTEM DESCRIPTION
TRADE NAME Displex
MODEL Ms-1003
I.D. NUMBER
OPERATING TEMP. TT°K
TYPE CYCLE Solvay
WORKING FLUID
LUBRICATION Dry Lubrication
POWER REQMTS
LOAD 560 watts
YOLTS/PHASE/FREQ 115/3/400
HEAT SINK REQMTS
MEDIUM Water or Air
TEMPERATURE 135°F
STATE OF DEVELOPMENT Developed
APPLICABILITY TO SATELLITE COOLING Marginal
3. | OPERATIONAL FEATURES
HIGH PRESSURE
LOW PRESSURE .
MINIMOM TEMP. T7°K
COOL DOWN TIME 5 min.
ATTITUDE REQUIREMENTS None
4. | PHYSICAL CHARACTERISTICS
cosT -
RELIABILITY 3100 hr MTBF
MAINTENANCE INTERVAL 1200 hrs.
FIXED WEIGHT - EXPANDER 0.5 lbs
- COMPRESSOR 14.5 1bs .
EXPENDABLE WETGHT TOF
VOLUME LE WEIGHT 1.3"x1.3"x4" Expander
1.75"x1.75"%x5.75" Valve
7.25"x5.43"%x8.56" Conipr.
5. | CYCLE PARAMETERS
COLD PLATE TEMP, TT°K
REFRIGERATION CAP. 1 watt
POWER INPUT 560 watts
coP .0018
% CARNOT EFF.
LBg./WATT OUTPUT 15
IN3/WATT OUTPUT 361. k4
6. { GOVN. CONTRACT NR.
GOVN. CONTACT/LOCATION
7.1 COMMENTS 1200 hr meintenance in-

terval is limiting factog
for space application.
Compr. seals & bhears and,
expander valve, disc, &
displacer seal control
life.




TABLE B-4
CRYDSTATS - SPACE

APPLICABLE

Ady Products arid )

Ay Products and

Alr Products and

Air Products and

Alr Products and

1.| MANUFACTURER Chemiesis. Inc, CHemicels, Inc. Chemi¢als, Inc. Chemicals, Inc. Chemicals, Inc.-
2. |SYSTEM DESCRIPTION N tat Cryo-Tip
Vi 1 Crycstet Yariflow Cryostat Variflow Cryoste
HODEE fi A S Feotats TP B0ath To-a0208 2o
SPERATING. TENP. K Borx Lo 196°K 680K
g:iI%C%IE_UID Nﬁi:gen Argon HalocarBon L1k REalocarbon 13 Ni‘;rogen
LUBRICATION Hone None . Nene None one
POWER REQMTS ) .
LOAD ) .
VSLTS/PHASE/FREQ 36000 pad enpply 35000 pad sopply 36000 pal aupply 36000 psi supply .B5 CFM
H .
EA{IE%H:E REQHTS None None None None None
TEMPERATURE .
STATE OF DEVELOPMENT Deyelopeld Deyrelope Developed ]ﬁveﬁpﬁi g;‘zgifgzi.
APPLICABILITY TO SATELLITE COOLING Bxcellent Excellent Brcellent cellel
3. .
OPEI;QEI%{%SEEETURES 6000 pydr 6000 pal 6000 s 6000 psi
h?:xﬁﬁﬁs?léﬁg. I} Sgrx 14598 196K 5623.
COOL DOWN TIME . None
ATTITUDE REQUIREMENTS
4, | PHYSICAL CHARACTERISTICS
COST
RELIABILITY
MAINTENANCE INTERVAL
FIXED WEIGHT - EXPANDER
- COMPRESSOR
EXPENDABLE l«'E- RADIATOR
VOLUME 1eHT 25" dfag, x 2% long ,25% dtasm, x 2" Ing ,25" afam, x 2" long
> | G50 BATE Towe, e s 159K 196°% T vett
REFRIGERATION CAP. 200 m, ¥, 200 m %, 200 m.w, 200 m.w.
POWER INPUT
cop
% CARNOT EFF.
LBS. /WATT QUTPUT
INS/WATT OQUTPUT
6. | GOVN. CONTRACT MR.
GOVN. CONTACT/LOCATION
7. | COMMENTS .

B=x5




TABLE B4 {(CORNT'D)
CRYOSTATS - SPACE APFLICABLE

P{J'HER IKPUT

% CARNOT EFF.
/WATT QUTPUT
/ WATT ﬂUTPUT

MANUFACTURER Aﬁ;ﬁi‘;‘ﬂ;—:‘:‘ A aet® oo Bendkx Bendix Bendix Welch Seientific C.
L JSYSTEM DESCRIPTION
TRADE NAME Cryo-Tip Eeli~Tran .
MODEL AC-2 LT=3-110 3271011-0000 3271003-0101 12710030201 3150
I.D. NUMBER
DPERATING TEMP. 16°K 2K 87°K TT°K TT°K 100°K
TYPE CYCLE J=T I=T J-T J-7 J-T J-7
WORKING FLUID Ritrogen/Hydrogen Bel Pum/ Nitrogen Argon Nitrogen Hitrogen Air
LUBRICATION None Rone None None None None
POWER REQMTS
LOAD .95 CPM/ 85 CFM .75 L/hr 6000 psi supply 6000 pai supply 6000 psi supply 2.5 CFM @ 85 psi
VOLTS/PHASE/FREQ
KEAT SINK REQMTS :
MEDIUM None Hone None None None None
TEMPERATURE -
STATE OF DEVELOPMENT Dereloped Derveloped Developed Developed Developed Developed
APPLICABILITY TO SATELLITE COOLING Exeellent Excellent Excellent Excellent Excellent Excellent
. JOPERATIONAL FEATURES
HI1GH PRESSURE -
LOW PRESSURE
MINIHUM TEMP. 16%K L,2°K 8T°K TT°K TT9% 13C°K
COOL DOWN TIME 10 nin, 10 amfn,
ATTITUDE REQUIREMENTS None None Rone Rone Fone None
- | PHYSICAL CHARACTERISTICS
COST )
RELIABILITY
MAINTENANCE INTERVAL
FIXED WEIGHT - EXPANDER
- COMPRESSOR 12 1bs.
- RADIATOR
EXPENDABLE WEIGHT
VOLUME
. |CYCLE PARAMETERS
COLD PLATE TEMP. 239¢ 4,20 209K SOFK B79x T7°K T7°K 100°K 110°K
REFRIGERATION CAP. L watts 1.59 aw 20w 19 149 iy 0w Y

. | GOVN. CONTRACT
GOVYN. CONTACT!LDCATIOR

COMMENTS

%
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TABLE B-5

THERMOELECTRICS - SPACE APPLICABLE

| Nuclear Sygiems. loc.

1 MANUFACTURER ﬁarlow Industries NMexlow Fndnstries Moxlow Jndustries Nuclesr Bystem, Ing.
2. |SYSTEM DESCRIPTION
ﬁ%ﬁ?f NAE M1-60L0 M-60ka M-6040 LT-700 LT-700
1.0, MUMBER 630k-01 6301;-01
OPERATING TEMP. 170%K , 170°E 170° 165°K 165°K
TYPE CYCLE 6 Stage THermoelectrle 6 Stage Tharmoelectric 6 3tage Thermoelectric 6 8tage Thermoelectric 6 Stage Thermoelectrie
HORKING FLUID - .
LUBRICATION
POWER REQMTS
LOAD ) 30 watts 12 watte B.2 watts 26,4 watts 13.5 watts
VOLTS/PHASE/FREQ & YDU L yoe R & vIC 3 VD¢
HEAT SINK REQMTS . )
MEDTUM Radimtor or HX Bedlator or EX Radiator or HX Rediator or HX Ra.diatog or HX
TEMPERATURE 300°K 300K 300°K 300°K 3009K
STATE OF DEVELOPMENT Developed Dereloped Dereloped Developed Developed
APPLICABILITY TO SATELLITE COOLING E¢cellent Bscellent Pxeellent Excellent Exgelient
3. jOPERATIONAL FEATURES
HIGH .PRESSURE
LOW PRESSURE
MINIMUM TEMP. 160%K 7% 1909K 160°K 174°K
CO0L DOWN TIME
ATTITUDE REQUIREMENTS None Hone Fone None None
4. | PHYSICAL CHARACTERISTICS
COST
RELIABILITY
MAINTENANCE INTERVAL
FIXED WEIGHT - EXPANDER
~ COMPRESSOR
- RADJATOR
EXPENDABLE WEIGHT : ) _ : o
VOLUME 0,41k n3- 0, k14 pard- o, lab g3 0,5 n3- 0.5 1n3 .
5. ICYCLE PAI:.R‘:NETERB?W .
COLD PLATE TEMP, 170°k 1BG°K  195°K 186°K 190K  195°K 190°K  195°K 2059 173°K  1B1°K  195°%K 180° o o
REFRIGERATION CAP, 05¥ 0,1W 0,18% 5% OTH 0oy o o5 0BT o 95 X 190°K 195°%K
. , . . . . . . . O5W oW .19% .05¥ L0BSW  L1lw
Eg';ER sl 30w 3oy 30% hE 1a% 12w 8.160  8.16y 5.16¥ 246w 24.6W  2h.6w 13.5W  13.5W  13.5W
% CARNOT EFF. .00167 ,00333 .006G7 .00k2  ,0058  .0096 0 00613 011 L0020 .0OLL L 007T . 0037 .0063 .0L0
LBS./WATT QUTPUT . . . :
TNUATT oUTPUT 8.26  uah par laoa =g 4o a8 ——irrt w?ﬁ ;‘ﬂ altg ig‘fo 32 ;59-&_‘5
6. 1GOVN. CONTRACT NR.
GOYN. CONTACT/LOCATION
7. | COMMERTS

B=T




TABLE Be5 (CONT!D)
THEAMOELECTRICS - SPACE APFLICABLE

MANUFACTURER Fuclear Systems, Inec. Borg-¥Warner Borg-Warner Borg-Warner
. |SYSTEM DESCRIPTION
TRADE NAME
MODEL '
1.D. NUMBER 630L-01 " Y
OPERATING TEMP. 165°K 163°K 170°%K 145°K
TYPE CYCLE £ Stage Thermoelectric |b Stage Thermoelectric 6 Stage Thermoelectric 8 stage Thermoelectrie
WORKING FLUID
LUBRICATION
POWER REQMTS
LOAD 6.4 Watts 2 Watts 10.3 Watts 39 Watts
VOLTS/PHASE/FREQ 3.2 YIC 6 voC 6.3 VOC
HEAT SINK REQMTS
MEDIUM Radiator or HX Rediator or HX _Radiator or HX Radiator or HX
TEMPERATURE 300°K 300°K 300%K 325°K
STATE OF DEVELOPMENT Developed Developed Developed Developed
APPLICABILITY TO SATELLITE COOLING Excellent Excellent Excellent Excellent
. |OPERATIONAL FEATURES
HI1GH PRESSURE
LOW PRESSURE .
MINIMUM TEMP, ° 189°K 182°K 165°K 1L459K
COOL DOWN TIME
ATTITUDE REQUIREMENTS None None Hone None
- | PHYSICAL CHARACTERISTICS
CosT
RELIABILITY
MATNTENANCE INTERVAL
FIXED WEIGHT - EXPANDER
- COMPRESSOR . -
- RADIATOR
EXPENDABLE WEIGHT 0.5 1nd 0.2 in3 1.25 in3 2.55 in3
VOLUME A4 xo e x LTS " x 1" x 1.25" 21.35" x 1.35" x 1.4
CYCLE PARAMETERS .
COLD PLATE TEMP, 189°K 195°K  205°K 193°K 200°K  208°K 170°K  181°K  193° 1hb,3°K
REFRIGERATION CAP. oW . O5W L1 .052W  LOTOW L 1OW .05TW J1oW L1bw . oby
POWER INPUT [ 6.4y 6.4w 2.06W  2.06W  2.06W 10.3W  10.3W  10.3W 39W
coP o L0078 0172 .025 .03k .ob8s L0055  .009T  .01b .001
% CARNOT EFF.
LBg./HATT QUTPUT .56 .25 .5h ko .28 .70 Lo .28 k. 625
IN3/WATT QUTPUT 10.0 L.54 3. 85 2.86 2.0 22,9 12.5 8,88 £3.75

GOVN. CONTRACT MR,
GOVN. CONTACT/LOCATION

COMMENTS




TARLE B-6

PASSIVE RADIATIVE COOLERS

MANUFACTURER

Santa Barbara Research
Center

Phileo Ford

Philco Ford

Arthur D, Little

. |SYSTEM DESCRIPTION

TRADE NAME
MODEL
I.D. NUMBER
OPERATING TEMP.
TYPE CYCLE
WORKING FLUID
LUBRICATION
PONER RECHMTS
LOAD
VOLTS/PHASE/FREQ
HEAT SINK REQMTS
MEDIUM
TEMPERATURE
STATE OF DEVELOPMENT

APPLICABILITY TO SATELLITE COOLING

£MS/VISSR Cooler

>125°K
Radiative Cooler

oW

Radiation to Space

Space Qualified

Y4 Steged Radiator Cooler

>120°K

Development Model Tested

>111°K

Development Model Tested

3 Staged Parabolie Cocler

2 Staged Cooler
>T7°K

Analyzed

- | OPERATIONAL FEATURES

HIGH PRESSURE

LOW PRESSURE

MINIMUM TEMP.

COOL DOWN TIME
ATTITUDE REQUIREMENTS

JI°K
60 hra.
jpo Direct Sun/Earth Rad

120°K

No Direct Sun/Esrth Rad

111°K

No Divect Sun/Earth Rad

T7°K

No Direct Sun/Earth Rad

.| PHYSICAL CHARACTERISTICS
CosT

RELIABILITY
MAINTERANCE INTERVAL
FIXED WEIGHT - EXPANDER

- RADIATOR
EXPENDABLE WEIGHT
VOLUME

- COMPRESSOR

3 to 5 years

. T1w
o .
2 3 (28"D x 1L")

3 to 5 years

. 1.31%

p )
18 43 (31.06"D x 3"}

3 to 5 years

2,57 1n

3 to 5 years

2,5 1b

O

1,45¢t3 (18.5"D » 9.34")

§

. | CYCLE PARAMETERS

COLD PLATE TEMP.
REFRIGERATION CAP.
POMER INPUT

cop

% CARNOT EFF.
LBE.INMT QUTPUT
IN3/WATT OUTPUT

TT°K  125°K  165°K
oW .0SW  1.0W

» 1ko T
» 69000  2LS6

120°K 131°K  13%°K
o .1V 183w

= 13. 7.10
@ 3110 1699.

TT9K 1LO°K  195°K  2L3°K
oW L235W L935W  2.30W

© 10.6 2.7 1.06
0 10662 2680 1066

.| GOVN. CONTRACT MR.

GOVN. CONTACT/LCCATION

COMMENTS

Three Units Delivered -
« Flight of VISSR

Inst. on Synchronous

Satellite Due Spring 'TY

Data obtained from ATAA
Paper TO-85L

Dete obtained from ASME -
peper T1-AV-30 - Laler
data is probably avail-
able from ADL

B-%




APPENDIX C

SATELLITE INCIDENT RADTATION

This Appendix presents data to determine the magnitude of all
radistion incident upon a satellite. The data have been taken directly from
"Handbook of Military Infrared Technology", edited by Wolfe, William L.,
Office of Naval Research, Department of the Navy, Washington, D. C., 1965.,
pages 812 through 821,

For additionsl data, including thermal radiation properties of

selected materials, the reader is referred to Section 20 of the above feference.

Cc-1



2-0

three external sources:

{1y ‘The sun (solar radiation)

{21 Reflected sunlight off the planet (albedo radiation)
(3} The planet surfoce acting as 8 blackbody {planet radiation)

20.7.2. Sateliites. A satellite, i.e., a spacecraft orbiting a planet, is irradiated {rom
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20.7.21. Incident Solar Radiation. The solar rudiation power in a planet's orbit
ia obtained from Table 20-3.

In orbit, a satellite in the shadow of a planet is occulted from the sun. This shad-
owing, and time in the sunlight, varies according to the angle # between the satellite’s
orbital plane and the sun-planet plane tthe echptic, when considering the earth, see
Fig. 20-29b). The angle g is determined by the incident launch angle i. The orbit of
an earth satellite precesses: Le. the normal to the orbital plane will generate a cone
about the earth's axis at a constant half-angle of i. A 50U-mi circular arhit at 1 = 32"
precesses approximately 6 per day. Because of the precession of the orbit and the
rotation of the earth about the sun, the ungle B varies continuousty from & maximum
tequatorial inclination +is to & minimum fequatorial inclination —i). The maximum
and minimum average solar heat load over the orbit are determined, respectively,
when @ is a maximum and when 3 = 0%

Consequently, the orbital average solar heat flux incident at 2 point on a spatially
oriented satellite’s surface is

H,= 5 cos 8 X (% time in sun) (20-10)

where # is the angle between the surface normal and the sun-line.
20.7.2.2. Incident Albedo Radintion. The parameters in the orbit geometry (Fig.
20.30) used in defining the incident albedo flux are:
8, = angle between the planet-sun line and the planet radius vector to the satellite
¥ = angle between the satellite surface normal and the planet radius vector to the
satellite surface
v = orbit angle about the planet

& = one of the attitude parameters, the angle of rotation about the planet radius
vector to the surface normal

& = 0 when the normal lies in the plane containing the planet-surface vector and
the planet-sun vector

&.. 8,, and y may vary as the satellite traverses its orbit; therefore, to obtain average
albedo heat fluxes, computations of geometric factors must be made at each orbit angle v
and integrated over the orbit, '

Figures 20-31 through 20-41 are used to determine the geometric factor Fq for albedo
radiation incident to a sphere, cylinder, and flat plate [13].

Fic. 20-30. Sun-véhicle geometry.
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Fic. 20-31. Geometrie factor for planetary albedo radiation

incident to a sphere, vervus altitude, with angle of sun as a
parameter.
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FiG. 20-32. Geometric factor for albedo to hemisphere, Lersus
altitude, with angle of sun as parameter {y = 0", .= 0%,
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Fic. 20-33. Geometric factor for albedo to hemisphere, versus
altitude, with angle of sun as parameter (y = 90°. & = 0°).
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Fic. 20-34. Geometric factor albedo to oylinder, versus altitude,
with angle of sun as parameter (y = 07, ¢, =07,
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Fic. 20.35. Geometric factor for albedo to cylinder, versus
altitude, with angle of sun as parameter {y = 90° ¢ = 0.
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Frc. 20-36. Ceomctric factor for albedo to one side of flat plate,

versus altitude, with angle of sun as parameler ly = 96°, ¢ = 0"
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Fic. 20-37. Geometric factor for albedo to one side of flat plate,
versus altitude, with angle of sun as parameter (y = 0°. ¢ = o°).

e N S LN N1 A SRR RNt N R AL
- 7
L _
. —
Q 1 o
[ = =
[#] — o
= - =
b - —
o - -
&
[ - \ —
w
2 g .
8] — =
[&] - 5
- .
oL I TR TI1!| SR S S 1T S W WU U7 R RS L
w? 10°2 107! 1 10

ALTITUDE (Planet Radii %)

P, 30-38. Gesmelric factor for plunetary thermal radiation

incident to sphere. versus altitude.
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Fic. 20-39. Ceometric factor for planetary thermal radiation
incident to hemisphere, versus altitude, with attitude angle as
parameter.
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Fic. 20-40. Geometric factor fur planelary thermal radiation w
cylinder, versus altitude, with artitude angle as parameter.
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Fic. 20-41. Geometric factor for planetary thermal radiation
incident to flat plate, versus altitude, with attitude angle as
parameter.

From these, the instantaneous albedo heat flux density indicated by the prime
is obtained:
H'y=8SaF.,

where a is the albedo factor (from Table 20-3}.
Average heat fluxes per orbit are obtained from

ok
H,=8a 2 F..:l
ani

where #, = 0°, 10°, 20°,...350°
n=12.3,...%

To obtain the total power incident. P = HA, one can project the surface area for
A in Fig. 20-42 through 20-45. For the flat-plate heat’ fluxes, the cosine relation is
incorporated in the curves, so that the full flat-plate area can be used.

20.71.2.3. [Incident Planetarvy Radiation. Similar geometric factors [13] are given
below for planetary radiation to a sphere, cylinder, and flat plate using the geometry
outlined above. The angle y varies with orbit angle, and for average orbital planet
flux the geometric factor must be averaged over the orbit.

n=g

H=H,=¢,uT,’ e
P ) A n

wol
ank

- E Fielv,

=Wy _
- .

fr—r= L

Generally the planvt emissivity e,,. is assuined to be 1. 7%, is ubtained from Table 20-3,
and €,0T,* becomes the planet emittance W,. The instantanecus planet heat flux is:
Hy= W, Fy
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FiG. 20-42. Space radiation te an insulated

thin plate, 200°-900°R.
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Fic. 20-43, Space radiation to an insulated
thin plate, 800°-1500°R.
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Fic. 20-44. Geometric (actor for earth rudiation to a flat plate,
‘versus plate orientatinn and dintance above earth surface.
y is the plute orientatiun angle, the true angle between the
plata norasl and the earth-plate Ere. & = plate di<tance

above the carth's earfee, in - ol mil s Fy = peumetric
factor for diffluse radistion {rom the earth to the plate. The
flat plate irradiance is given by: H, = F.W¥, B hr ft1 1 For

an average vearly albede of 36%, H, = 70.9 Btu (hr ffy-".
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Fic. 20-45. Geometrie factors for earth albedo to a flat plate, versus plate orientation and
distance above earth's surface. F.v.» is the geometric fuctor {rom the earth to a piate
parallel o the earth surface.  Fl.yF.-.q 15 the plate urtentation correction factor as a function
of altitude. v is the true angle between plate normal and earth-plate line. &, is the true
angle between earth-plate and earth-sun lines. A ts the plate distance above earth's surface,
in nautical miles. The fAat plate irradiance 18 given by: H = Fy., (FyiFyeodH,  For the
average yearly earth albedo of 36%, H. = 1539.3 Btu (hr i) &

20.7.2.4. Total Incident Space Radiation. If one sums the heat fluxes of solar,
albedo, and planet radiation, the instantaneous heat flux to a’ satellite’s surface at a
point is calculated from:

H =S cos 8+ aSF. + W, Fy

as a function of @, #. &, and .
The orbital average heat flux to a surface is calculated from:
LEL']

n=k
H=Scos6+aS E Falew + w, 2 Fv_H 4+ H,+H,
n n
LET At

Once the irradiances from space are knowr, along with the corresponding spacecraft
surface thermal properties of .. @.. and e, the surface temperature (Tye) of a pertectly
insulated material may be computed from:

€50 Tt = Hoog + Huaa + Hpog

Generally, the abserption of the materiala for albedo radiation is the same as the
"absorption for the solar spectrum, and for the case where the pilanet temperature and
skin temperature are similar, the surface absorption for planet radiation (a,) is the same

* a5 the murface emissivity; ie, ap =en. The above equation theo becomes

ey
o Tt = H,+ Ha) 'E';_fc“‘ H,





