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FOREWORD

This report is submitted by the Space Division of Rockwell
Internattonal Corporation to the Nati l onal Aeronautics and Space
Admi ,nistrati,on's George C. Marshall Space Flight Center,
Huntsville, Alabama, in accordance with NASA Contract NAS8-30542.

Contract NAS8-30542 authorized an analytical iinvestfgati,on
of various thermal control concepts which are applicable to the
Solair Electric Propulsion Stage (SEPS). The performance peri:,.)d
for this study was December 27, 1 : 973 through February 27, 1975.
The results of the study are presented i , n this report.

Technical coordiinati l on of the contract activities was
provided by Mr. D. Moss of the Astronautics, Propulsi l on and
Thermodyi7amics Divisi,on at MS-FC. The study was conJucted by
Mr. L. E. Ruttner, SS&A, Flight Technology, Aerothermo Group, as
Study Manager. Technilcal assistance was provided by
Mr. J. P. Wright and Mr. R. L. Swanson of the SS&A's, Aerotherme
Group.

The author also wishes to acknowliedge the contributions of
Messrs. T. W. Tysor, Jr., and C. L. Watkins.
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NOMENCLATURE

A Area

C Thermal Conductance

° 'C Degree Centigrade

cm Centimeter

EC Equipment Compartment

F Configuration Factor

O F Degree Fahrenheit

h beat Transfer Coefficient

K Thermal Conductivity

°'K Degree Kelvin

L,	 z,	 x Length

PP Power Processor

M Meter

Q, Q Heat Load

AU Astronomical Unit

R Thermal Resistance

O R Degree Rankine

S Solar Constant

T Temperatuure

V Volume

W Width,/Watts

a Absorptivity

Differences between Values

E Emissivity

s Density

EY Stephan-Soltzman Constant

Angie

n Efficiency
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INTRODUCTION AND SUMMARY

Solar el-ectri ,c propulsion have evolved over the last decade from

a promising experimental technique to a practical technology whose

elements have reached an advanced state of engineering development.

Recent improvements in lion thruster and power processor (PP) efficiency

and advances fin li ,ghtwei-ght, high power solar arrays have contributed

stgnificantly to this evolution.

Solar electric propulsion offers operati;"nal advantages of high

specific impulse, high propellant density, flexibility in launch and

target approach conditions, as well as maneuverinj capability for

stationkeeping and attitude control during rendezvous or in orbit.

The use of solar electric propulsion makes economically ;possible a

spectrum of high-energy missions such as Encke Rendezvous, Close Solar

Probe, Saturn Orbiter, Mercury Orbiter and geosynchronous missions.

These varied mission profiles result in a broad spectrum of

thermal control system requirements. Factors such as vehicle

orientation, internal heat loads, and solar distance must be considered.

The temperatures of various el lements and surfaces can be expected

to vary throughout a given mission (particularly with passive or semi-

passive control). Since electronic component reliability is highly
temperature dependent, the thermal control system must provide

acceptable average temperatures over each mission as well as control

of maximum and mfinimum temperatures.

This Final Report presents the results of the work performed under

contract NAS8-30542 entitled "Solar Electric Propulsion Stage Thermal

Analysis". The purpose of the study was a) evaluate different thermal

control elements applficable to the SEPS; b) develop and analyze thermal

control concepts, c) evaluate and make recommendati lons(s) of the concept

best applicable to SEPS and d) identify follow-on efforts, such as

development and experimental programs to be performed, for future

studi{es .
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In the study special emphasis was placed on the Power Processor

and Equipment Compartment thermal control system. Several thermal

}	 control concepts were developed and analyzed. After evaluating each

concept based on performance, simplicity, reliability and weight, one
i

was selected and recommended to be used on SEPS.

The study i-s divi lded into four parts:

1. Evaluation of thermal control elements

2. Definition of boundary conditions

3. Thermal Analysis

4. Evaluation of therrial control concepts

and recommendations.
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1.0 TMERMAL CONTROL TECHNOLOGY

To provide a detailed analysis of thermal control considerations

on the Solar Electric Propulsion Stage (SEPS) and to remain within the

constraints of Contract BAS8-30542 Exhibit "'A", Thermal Subsystem

Design Approach, passive and semi-passive thermal control elements

applicabl-e to SEPS have been surveyed. These elements are:

°	 Louvers
•	 Multilayer Insulation (MLI)
•	 Thermal Control Coatings

'	 Conduction Interfaces

°	 Heat Pipes

Louvers

Thermal control louvers are used to vary the effective radiative

properties of a baseplate radiator as a function of local temperature.

This is accomplished by regulating the position of radiation barriers

relative to the basepliate.

Louvers can be classified by configuration, blade description,

and actuator type. Two basic configurations have been flown: 1) a

series of small blades which rotate to an open position normal to the

baseplate, and 2) a cruciform structure which rotates within a plane

to expose a high emissivity section of the baseplate. Blades have

ranged from a thin (10 mil) sheet of polished aluminum to hollow

structures of formed aluminum foil to fr •emes covereJ with multi1ayes

iinsulati-on .

Bimetallic and fluid actuation systems have been developed and

flown to provide temperature-sensitive control of blade position.

The former system relies on the differential expansion of a bimetallic

spring to rotate either one or two blades as a function of spring

temperature. The spring and baseplate are thermally coupled by

radiation only. Fluid systems use either-bulk. liquid thermal expansion
or increa-se in vapor pressure with temperature within a closed volume

bellows or piston to provide actuation force. A mechanical linkage

-3-
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connects the bellows to all blades of the system. Coupling between

the basepl-ate and sensor device is conductive.

Bimetallic actuated louvers have been usef^ for thermal control

in many spacecraft. In most applications louvers have been oriented

such that they are protected from direct solar radiation by shades,

dust covers or spacecraft orientation. The use of a protective device

might limit the heat rejection capability. Limitiing the spacecraft

orientation permits a design exclusive of solar input and high blade

temperature probl ,ams without affecting the heat rejection capability.
Both analytical and experimental results are available for louvers.

Figure 1-1 presents a typical louver effective emittance versus blade

angle for a louver system. Values range from 0.028 for blades closed

to 0.798 for blades open. Figures 1-2 and 1-3 demonstrate effective

abserptance vs sun angle for blade angles from 0 0 to 90° in 101
i=ncrements.

BLAM ANGLE	 SUN ANGLE

Figure 1-1. Effective Emittance vs Bl ade Angle Figure 1-2. Effective Absorptance
vs Sun Angle

Reference 9
Reference 9
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A comparison of three different louver analyses is shown on Figure
1-4. The heat rejection capability of a louver system with blades fully

open and a baseplate temperature of 294°K (21°C), is platted for: a

diffuse blade, specular base system, a diffuse base, specular blade
system and the all specular system. It is evident from the figure that
the all specular louver system is capable of greater heat rejection in

the solar environment. Figures 1-5 to 1-7 present data obtained from

the ATS-F & G spacecraft louver tests. Figure 1-8 presents the effect
of white paint on blade temperatures, while Figure 1-9 demonstrates
the effect of the white paint on louver effective em ttanLe (`eff)'

Additional louver performance data are presented in Figure 1-10 thru

1-12 for the Poineer and for an improved louver system.,

For the Pioneer louver system, the baseplate was coated with

"Cat-a-lac" white paint (c.-= .85) and the louver blade facing the base-
plate was bare aluminum	 .04). For the improved louver "ystem the

baseplate was coated with Sl3-G white paint (c = . 88) whine the louver

blade was beryllium coated on both sides with vacuum deposited aluminum

(c = . 03). Figure 1-11 compares different spacecraft louvers. Figure
1-12 demonstrates that the improved system can accommodate more 16

fold change in thermal load compared to a 5 fold change for the Poineer

System .

Additional louver performance data are available in the literature

From the data presented here it can be concluded that the majority of
spacecraft thermal control requirements can be satisfied by existing
flight proven louvers. Furthermore, tht. all specular louver system is

superior to other systems. White paint applied to the blades can be

used to control blade temperatures within acceptable limits without

si,gnifi-cantly affecting system performance. Finally, louver character-
istics can be adequately predicted thereby eliminating much of the
costly solar simulation testing (if necessary).

-5-
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Failure of an entire louver system will occur when all of the

blades fail to respond to temperature changes within the control range.

This condition is more likely in gang-actuated systems than in

systems with i-ndividual blade actuation. A bearing failure for one

blade of the ganged system will prevent movement of other blades and cause

system failure. The single blade failure will generally cause only

slightly degraded performance in an individual activation system.

Credible failure points in a louver assembly are: 1) actuator

(bellows or bimetallic element), 2) louver springs, 3) linkage bearings

or fatigue points, 4) blade shaft bearings or flex pivots.

Assessment of the overall system reliability involves manipulation

of four quantities: 1) failure rates, 2) one •rational time, 3) number

of units per system, and 4) number of allowable failures per system.
since items 2, 3 and 4 depend on specific design and analysis,

reliability figures are not presented here. Suffice it to say that total

reliability figures of .99 or better can be obtained (on paper) for either

type of actuation system. Table 1-1 indicates failure rates for louver

system components. Table 1-2 describes several louver systems flown.

Component	 Failures/106 hours

Bellows	 .09

i	 Bimetallic elements	 .01
;

Louver springs	 .05

Bearings	 .02

Flex pivots	 .02

Table 1-1. Failure Rates for Louver System Components

-10-



TABLE 1-2.

LOUVERS

CTUATOR BLADE FUNCTIONAL TEMP. EMISSIVITY FLOWN ON WEIGHT DESIGN UNIT I	 PERFOR- COMMENTS
YPE DESCRIPTION RANGE ( ` IQ RANGE M LIFE SIZE ILINNOE

YRS- I M2

Bellow* Al. form 29Z - 300 . 15- . 65 Nimbus . 635 .5 . 074 Good Fluid (Freon - I 14) actuated.
wrapped with No failure n in 64 systems
15 layers of flown to date.
al. mylar

Bt-metallic Polished Alum. Typically Z97 - 308 Ob-.61 OAO 30' 110 0.2. Satie- Internal systems (radiate to
Pegasus 0.21 factory vehicle skin).
Nimbus

i-metallic 20 mil polished {none given) . 08-727.2 Mariner II .12 Satie-
alum.

36
factory

i-me0s1]ie 10 mil polished
alum.

296 - 300 . 12-7676 Mariner C . 164 .15

i-metallic Rect. crass- 276 - 303 20- . 73 Pioneer .39 Annular system. 	 f range can
section of 3
mil ai. fail

be improved to . 07-. 82

#ereneow 19

MN

m Q

ro ^.

m

0
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Multilayer Insulation

A multilayer insulation (MLI) consists of many layers of radiation-

reflecting shields separated by low-conductivity spacers. This assembly

j	 is placed perpendicular to the flow of heat. Each reflective layer is a

thin polymeric film whic) is metalized on one or both sides enabling the

layer to reflect a large percentage of the radiation it receives from a

warmer surface. The radiation shields are separated from each other to

reduce the heat transferred from shield to shield by solid conduction.

Typical separation techniques are to crinkle each layer, to provide

continuous spacers, or to provide point contact. The gas in the space

between the shields is vented to low pressure to decrease convection and

conduction by gas molecules. Table 1-3 summarizes the thermophysical
properties of MLI component metals, substrate films, and spacer materials.

MLI systems have been used in a wide variety of applications rangi.n.g

from cryogenic storage tanks to complex spacecraft. However, most of the

recent research efforts have concentrated on improved thermal performance

on cryogenic propellant storage tanks. Table 1-4 summarizes the thermo-

physical properties of different MU composites. The leading candidates

based on thermal performance, weight, and ease-of-manufacturing criteria

are DAM/Superfloc, DAM/Silk Net, and SAM/Embossed. These systems use

aluminized mylar for the reflective shield and the spacer technique noted.

Current research effort is concentrated on development of goldized Kapton

MLI systems for Space Shuttle applications. The chief reasons for the

effort are elimination of the moisture reaction with aluminum during
}	 ground operations and reentry, improved thermal performance with a lower

shield emittance, and capability to withstand higher operating temperatures

The leading goldized Kapton MLI systems are DGK/Superfloc, DKG/Silk Net,

E	 and SKG/Embossed.
e

The thermal performance of any given MLI design depends upon the

following variables:

-12-
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Table 1-3. Thermophysical Properties of MLI Materials

Thermal	 Weight/Are Lateral
Density Specific

Conductivity	 Nominal Conduction
p Heat C P

Material Thicknes Kt
9

cm3 co'

cal

°K W	 9 X 10 69 oK cm	 cm C

Aluminum 2.71 0.208 2.02	 0.008* 6.06*

I-,_ 1 s ,r% nn n n2n 4 ofl	 n 4A+ 11 _AA#)
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l•i. TMr4rphy.rr.41 rrop.rt+N of Kr to^oes+lays

Metetlai
D	 an or

Nenrinel
Lint

Omwlty
N

I layers
Shield

E^iha^ce

Nominal
1111raw
Downy

p
(	 y

10.014)

Weminel
6lmdw

Ef[eetivw
Dieemel

CanduCNon
105 m ICep

(CC)

Wective
Emitter.
103 m .-.H

S Vie!

Ncimkw
lWW*W

Mlelght
(20 h0pe0,111

a Source

SAM-ealnided 26	 0.03e/.36 1.37 3.04 0.011 Na 1WHOl
Renaan:h

SAM-embossed 24	 0.045/.36 .022 1.74 2.90 0.019 lodwell
(NARSAM)

DAM 12	 0.024/.010 0016 1.32 1.35 0.037 Canvelr

DAM-rim net 32	 0.026 0.051 .9 2.41 0.0301 Open»

DAM-dwon net No deft avallable Opm

DAM-ellk net 20	 0.026 0.045 1.32 2.255 01046 Open

DAM-0ealplas 24	 0.035 0.039 1.46 3.0 0.05 Laedheed

DAM-Rmuolo 40	 0.035 0.052 .74 2.5 0.026 loddold

DMA-loci» (GAC-4) 15	 O.Ox 0.04 3.16 4.1 0.054 Gba*-

DAM-foam (GACA 22	 0.035 .027 1.58 2.95 0.024 Goedyeor

DGM-damm net 26	 0.029 No dole 0000

DGM-dlk net 20	 0.022 0.045 0.84 1.40 0.022 Open

DGK-domon not 26	 0.027' 0.042 0.54 1.20 0.032 Open

DGK-ellk net No data ovailalile Open

DGK-6uperfloc 12	 1	 0.027 0.016 0.72 0.74 0.027 Cowalf

OGK-P	 em net No d1wallOWS

SGK-en6owd 32	 0.0971.47 .03 ja 2.6 0.02 Rockwell

'include 2% open (pwfomtsO om K i 1.424x10-5 W^ when not pen wcited
wOpmti Implies man thou one eauree

f

l

s

E

DAM - Double Aluminized Mylar
SMA - Single Aluminized Myla r
DGK - Double Goldized Kapton
SGK - Single Goldized Kapton
DGM - Double Gol ,dized Mylar ORIGINAL PAGE IS

OF POOR QUALITY
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1. Number of layers

2. Surface optical properties

3. Layer density

4. Penetrations and methods of attachment

5. Type and number of joie is

5.	 Type of installation in the vicinity of

corners and penetrations

7.	 Size and number of vent holes

Effective emittance and effective thermal conductivity are two

measures of thermal performance commonly used to compare MLI systems.

Effective emittance 
(£eff) 

is used in connection with high-temperature

applications, such as unmanned spacecraft and science scan platforms where

radiation is the primary heat transfer mode. Effective thermal conduct-

ivity 
(Keff) is used in connection with low-temperature calorimeter and

cryogenic tank applications where radiation and conduction heat transfer

modes are equally important in MLI blanket de ,-ign and installation. For

the SEPS study, 
Eeff 

will be the performance measure.

Figure 1-13 shows MLI thermal performance for various applications

based upon effective emittance and size of blanket. The performance
levels can be separated into three categories according to density of

discontinuities:

7.	 Calorimeters and cryogenic tanks have few discontinuities,

and near ideal performance is achievable.

2. Most unmanned spacecft and propulsion systems have a
moderate number of discontinuities.

3. Science scan platform and highly complex spacecraft
have many discontinuities.

The vertical bars are uncertainty bands believed to be representative
of more recent cases. The results of Figure 1-13 show that control of

discontinuity heat transfer is a crucial spacecraft design probliem.

The Rockwell Space Division has recent experience building MLI

systems and installing them on cryogenic tanks, unmanned spacecraft, and

complex science scan platforms.

-15-
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The type of multi-layer insulation predominantly used at Rockwell

on sensors and spacecraft is NARSAM, a 1/4-mil-thick mylar, aluminized

on one side and embossed with a pattern which gives it a natural lay of
60 layers per inch. This proprietary MLI (Rockwell Material Specification

MB0135-034) has specific advantages when applied to surfaces with complex

contours, multiple discontinuities, or requiring deployable or compressible

insulation. The use of an embossment pattern rather than a spacer gives
the insulation a high degree of compressibility with a low spring rate.

The return to original height is 100 percent within the range of loads

normally experienced. This allows the insulation to be folded and stowed

in a compressed condition and deployed in orbit. The lack of spacers also

reduces fabrication time and allows more complex configurati-ons with

smaller pieces. The single aluminized surface reduces the insulation con-

ductivity parallel to the layers by one-half, compared to the double

aluminized surface, and therefore reduces the thermal effect of discontin-

uties and support posts. The embossing pattern also allows the individual

sheets to stretch a small amount to allow for thermal ^:ontraction without

ripping at support post holes. The embossing pattern is a random pattern

of small peaks which will not allow nesting of sheets, and provides a

repeatable stack height. The insulation remains flexible and the embossment

effective from liquid helium temperatures to 344°K.

A low temperature heat rejection radiator for the RM-20B infrared sensing

system was satisfactorily isolated from the ambient temperature spacecraft

using the NARSAM MLI. Thermal vacuum tests documented in Reference 18

showed effective emittance values ranging from 0.0055 to 0.007. This range

of values characterizes a complete thermal isolation system including

insulation, shields and radiator structural supports. As can be seen on
Figure 1-13, the thermal performance achieved for the RM-20B radiator

insulation system is somewhat superior to other systems representative of

its size and discontinuity category. The performance comparison is
conservative in that the area of the shields was also including for purposes

of locating the RM-20B radiator data on Figure 1-13. Based on the actual

-17-
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radiator area of 1.3 square meters, it can be seen that the RM-20B

radiator insulation emittance is significantly lower than comparable

systems.

In another application a large cryogenic tank was insulated with

NARSAM for NASA-MSFC. The predicted 
Eeff 

is 0.005 for this installation

and includes the effects of vent hales, attach posts, joints, a plumbing

penetration, and instrument leads. Full-scale performance testing has

not been completed. However, subscale testing does provide confidence

that acceptable performance levels can be achieved.

All MLI systems require penetrations and other discontinuities in

an actual cryogenic tank or spacecraft installation. The Space Division

experience in the above applications suggests the following techniques

and procedures for reducing discontinuity heat transfer.

All MLI systems require some method of attachment of the blanket to

the spacecraft. A common method is to use posts. This procedure requires

that oversize holes be cut into the blanket to accommodate the post.

The Space Division uses low-conductivity, high-strength hollow fiberglass

posts to minimize thermal performance degradation of the MLI blanket.

Additionally, radiation in the annular space of the oversize hole is

reduced by interposing MLI washers every five layers.

Large MLI blankets installed on plane and cylindrical surfaces and

smaller blankets installed on double-curved surfaces, such as a sphere,

require the joining of two blanket sections together for an efficient

design. Numerous joint configurations have been investigated. Thermally,

overlap joints are most efficient. Figure 1-14 shows MLI thermal perfor-

mance for two recent Mariner flight blankets tested on a calorimeter

based upon effective emittance and length of blanket overlap. The

longer the overlap, the lower is 
ceff' 

Figure 1-14 also shows the same

thermal performance based upon local percentage increase in Eeff.

Based upon this result, Space Division MLI blankets are designed to

employ a 20-centimeter (eight-inch) minimum overlap for thermal efficiency.

In addition, the Space Division builds MLI blankets in five-layer modules.

-18-
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This procedure allows for joints to be staggered, which further

increases MLI blanket thermal performance.

Broadside venting is needed during the launch-ascent phase of a

sna-ce mission to evacuate the MLI blanket rapidly and to reduce potential

blanket damage due to pressure stresses at MLI attach points. Typically,

each layer is perforated with small vent holes, and the vent area is

one-to-two-percent of total blanket area. This practice degrades thermal

performance since radiation is transmitted directly through the vent

holes, which are thermally black ( s = 1.0). Space Division tests and

analyses indicate that the apparent emittance of a single metalized

layer and the radiation component of effective emittance are increased

proportionately by the vent area.. For Pxample, if the apparent emittance

Is 0.045 for an unperforated shield, then the apparent emittance of a

perforated shield with two-percent vent holes will be approximately

0.065 ( an increase of 40 percent in MLI blanket effective emittance

compared to a nonperforated blanket). Some additional venting studies

and tests are needed to optimize blanket deign.

Thermal Control Coatings

Thermal control coatings are coatings and surface finishes with

desired values of solar absorptance (aS ) and emittance ( c).	 They are

used for spacecraft thermal control by selective absorption and

emission of visible and infrared radiation. 	 The classification of the

various optical surfaces and the process by which they can be obtained

are given in Table 1-5. 	 Of these, solar reflection is the most

important for spacecraft application since it is desirable to minimize

the effects of the variable solar environment on temperature surfaces.

Table 1-6 indicates maximum temperatures for different coating groups.

A wide range of optical properties is currently attainable.	 For

example, solar reflectors have been developed with a /e as low as 0.09,
s

while solar absorbers have been developed with as /s exceeding 10.

However, only a limited selection of these coatings (represented by

the shaded area in Figure 1-15) are stable under long-term exposure

to ultraviolet radiation, prelaunch handling, and ascent heating and

s.

U

t â.
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Table 1-5. Methods of Obtaining Various Types of Surfaces
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TABLE 1-6

MAXIMUM TEMPERATURES FOR COATING GROUPS

Description	 T Max., °K

Bare Metal N/A

Paint

Urethane Vehicle 34.0

Epoxy Vehicle 420

Silicone-alkyd Vehicle 620

Silicone Vehicle 700

Chemical Surface Finish

Alodine (Conversion coating) 480

Anodize 810

Flame, Plasma Spray 810

Tapes

Aluminized myl.ar 370

Series Emittance 700

Optical: Solar Reflector (OSR) 590

are applicable to large areas. Paints represent the major source of
these coatings since paints can easily be applied to large and complex
shaped structures with a high degree of reproducibility and reliability.

Many white paints degrade in the space environment. However, research

and development have produced some inorganic pigments which have been
experimentally shown to be relatively stable to ultravoilet radiation.

Two basic conclusions can be drawn from the vast quantity of experi-

mental data:

1. I.n general, continued exposure of paints to ultravoilet

radiation in a vacuum increases a  until some saturation

value is reached. The total increase ip as is usually

dependent on the operating temperature as well as the

exposure time.
2. Results from experiments flown in the solar wind show

considerably more degradation than those flown in a

near-earth environment and those tested in the laboratory.

-22-
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The most reliable data, to date, appears to be tha results of the

experiments fl-own on OSO-II, OSO-ITT, Pegasus, Lunar Orbiter IV, and

Mariner V. These data are summarized in Table 1-7. The most promising

coatings are Z-93 and OSR. The effect of ultravoilet radiation on the

solar absorptance of other relatively stable coatings are shown in Figure

1-16. Complex surfaces (conventional, radiative coatings applied to a

repetitive set of surface projections, such as grooves, fins, ridges, etc.)

may be used to produce desired directional radiative properties. One

obvious application of complex surfaces is to limit the visibility between

two surfaces on the space station, i.e., solar panels and a radiator.

Several complex surfaces have been designed and tested. Some of the

results of this program are shown in Figure 1-17.

0.4
..— ZINC OXIDE,51LICONE (EXPERIMENTAL)(c=0.85)

TITANIUM DIOX10E/$iLICONE (FULLER WHITE 51LICONF) 	 0. 85)

TITANIUM DIOXI DE/SILICONE (EXPERIMENTAL) (e = 0.87)

ZINC OXIDE/POT:ASS.IUM SILICATE (c=0.90)
^— LITHIUM-ALUMINUM SILICATE/SODIUM SILICATE (c= 0.85)

ZR02 . S, 0 2 - K(c=0,90)

------ ^	 C	 I	 - I
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Figure 1 -16. Solar Absorptance Versus Ultraviolet Exposure at 300'K
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Table 1-7. Coating Degradation in Space Environment

3

N

I

E

aS FINAL a5
COATING ESH

INITIAL FINAL (SOLAR WIND)

ZINC OXIDE/POTASSIUM SILICATE (Z-93) 0.90 0.17 0.18 7500 0.32
ZINC OXID;E/SILICONE (S-13) 0.81 0.19 0.34 2400 0.40
TREATED ZINC OXIDE/S.ILICONE (5-13G) 0.88 0.23 0.31 7500 0.34
OPTICAL SOLAR REFLECTOR FUSED SI1ICA/51LVER 0.76 0.05 0.05 7500

COBALT OXIDE 0.07 0.72 0.63 7500
METHYL SILICONE 0.81 0.22 0.33 2700 •--
PARSON'S BLACK LACQUER 0.96 0.98 0.68 7500
V GROOVE 0.91 0.98 0.98 7500

!TEMPERATURE OF COATING LESS THAN 0C

*=MARINER DATA
# EQUIVALENT SUN HOURS

Reference 2

a^n
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Conduction Interfaces

Interface conductance refers to the conduction of heat between two

surfaces held in physical contact by mechanical means. The surface interface

consists of a finite discontinuity between the two surfaces with a few points

of material contact. The modes of heat transfer between the two surfaces

to be considered are (1), solid conduction through the true contact area,

(2) gaseous, molecular, or other conduction throt o ih the interstitial fluid

of filler, and (3) thermal radiation.

The four major variables affecting contact resistance are surface

material, surface finish, interface pressure, and the presence or absence

of some liquid or gas in the interface. The optimum interface model is one

where no discontinuity of material exists at the interface. Up to some
practical limit, this is approached by increas-1ng the interface pressure,

which tends to flatten the material high points and reduce the interface

thermal resistance (i.e., it tends to increase conductance). Another
technique for reducing interface resistance is to add an interstitial
material at the interface. This material should have the characteristic

of flowing into the interface surface hills and valleys, replacing the air

or vacuum in the voids. The use of an interface material requires that

this material be thin enough that the decrease ih interface contact

resistance offsets the rise in resistance through the interface material.

T;,;;ical filler materials used in installing electronic equipment and

components are silicone greases, thin silicone rubbers, and soft metals

such as indium. Preliminary design thermal contact resistance guide-

lines are shown in Table 1-8. Figure 1-18 demonstrates the conductance

of an alumumum-aluminum joint with and without joint filler materials
as a function of apparent pressure.

More recent development in investigating conduction interfaces for

different materials are summarized in Figures 1-19 and 1-2.0 demonstrating

thermal contact conductance for vacuum - (2 x 10
-4
 Torr) conditions

without and with interface materials.
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Table 1-8. Preliminary design Thermal Contact Resistances

Description
Environmental

Pressure

Approximate

interface

Pressure

10-5dyne

cm

R1
oC an

watt

Small stud-mounted components (such Sea level 3447.5 0.32

as stud--mounted transistors) 344.75 3.22

High vacuum 3447.5 0.52

344.75 5.16

Mounting feet of equipment with Sea level 689.5 3.22
contact areas of about 6.45 cm 2 69 6.45

High vacuum 689.5 12.9

69 32.26

Large -surface contact areas Sea level fig 6.45

6.9 19.36

High vacuum 69

6.9

45.16

129.0

* Pressure
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Heat Pipes

The heat pipe is a unique high-flux heat transport device which uses

the evaporation, condensation, and surface tension of a working fluid to

give it an effective thermal conductance many times that of copper. The

major operating characteristics of a heat pipe are (1) near isothermal

operation over a length of several feet, (2) thermal transformer operation,

where heat is added over a large area at low flux, (3) thermal power

flattenting where large cariations in input heat flux causes very little

temperature variation, and (4) temperature control, where a constant

temperature may be maintained for large variations in heat transfer

rate along the heat pipe.

By using various working fluids, heat pipes can be designed to

operate from cryogenic temperatures to higher temperatures, limited only

by materials technology. Generally, heat pipes are bufit from circular

cross-section tutees, although pipes of practically any shape can be

built, including flexible types.

The ability of a heat pipe to transport energy is related to the

rate at which heat can be conducted from the heat source to the fluid,

the rate at which the fluid can be circulated within the heat pipe, and

the rate at which energy can be extracted from the condensing vapor at

the heat sink. The limiting factor affecting the rate at which the fluid

and vapor can be circulated are the capillary pumping limit (wicking limit),

the sonic limit, and the entrainment limit.

In a zero-gravity field, the maximum heat transport capability of a

heat pipe can be expressed in terms of its length and a liquid transport

factor which combines the pertinent fluid properties, the capillary pumping

radius, the flow permeability of the wick structure, and the wick flow area.

Figure 1-21 shows this factor for several fluids as a function of temper-

ature of the heat pipe. The wicking factor is frequently a useful parameter,.

It relates the capillary pumping power of the wick (which is a function

of the effective diameter of the pores) versus the frictional flow area

afforded by the wick structure. A number of wick designs have been

developed that theoretically have large pumping capability while maintaining

a low flow resistance. For example, such designs can employ composite
wick structures such as those shown on Figure 1-22.

`f
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Figure 1-22.	 Heat Pipe Wick Desi gris

Besides the standard heat pipe, the variable conductance heat pipe (VDHP)

is widely used. This kind of pipe maintains a nearly constant internal

temperature level when fluctuations of the heat load into the pipe occur.

To accomplish this, a non-condensing gas is added to the working fluid.

The principle of non-condensible gas control is the formation of a gas

plug at the condenser end of the pipe which acts as a diffusion barrier

to the flowing vapor. The gas plug tends to shut-off that portion of the

condenser which it fills, leading to an axial temperature gradient along

the heat pipe as shown on Figure 1-23. By varying the length of this gas

plug, one varies the active condenser area and, hence, the heat rejection

properties of the system.

A feature which ma-es non-condensible gas control particularly attractive

is that the basic heat pipe (Figure 1-23) accomplishes this variation in the

condenser area passively. By introducing a fixed mass of gas into the

system shown, it occupies a certain portion of the condenser section,
depending on the operating temperature of the pipe's active regico and the

environmental conditions. If the operating temperature increases, the

vapor pressure of the working fluid increases. This compresses the non-

condensible gas into a smaller volume, thus providing a greater active

condenser area. On the other hand, if the operating temperature falls,

the vapor pressure of the working fluid falls and the fixed mass of gas

expands to a greater volume, thus blocking a larger portion of the condenser.

The net effect is to provide a passively controlled variable condenser

area which increases or decreases with the heat pipe temperature. As a

-3T-



ENSIBLE

woe

a
w Ts

Space Division
Rockwell International

CONDENSER

r

1

Tvq

Figure 1-23. Definition of an Analytical Model for a Gas Loaded heat Pipe

-32-



Oilk Space Division
Rockwell international

consequence, this reduces the temperature response of the active zone to

variations in the heat input rate on environmental (sink) conditions.

To achieve high control sensitivity, the active condenser length La

(Figure 1-23) should be a very strong function of the operating temperature.

This in turn requires that the active condenser length be a strang function

of the system total pressure. Since motion of the vapor-gas interface

reflects compression of the gas inventory, it follows that to minimize the

sensitivity of the active condenser length to the total pressure it is

desirable to minimize the relative compression of gas necessary to move

the interface. A convenient method for accomplishing this is to provide
a large gas storage volume outsiue the range of vapor-gas interface travel;
i.e., a gas reservoir. The application of the gas reservoir on a gas
controlled heat pipe is shown schematically with temperature distribution
on Figure 1-24. The reservoir can be either a) wicked ("cold reservoir")

or b) non-wicked ("hot reservoir").

The presence of a wick in a closed system guarantees that saturation
conditions exist provided, of course, that the temperature is not above

the critical point of the fluid. The saturated vapor in the reservoir is

in equilibrium at the reservoir temperature. At maximum condition, the

vapor in the reservoir reduces the volume available for gas storage.

However, at the minimum condition, the saturated vapor reduces the amount

of gas required to fill the reservoir and therefore reduces the storage

requirements.

The non-wicked reservoir is thermally coupled to either the heat pipe

evaporator or the heat source. The reservoir is non-wicked to avoid

saturation conditions at temperatures equal to or greater than the heat

pipe vapor temperature. Saturation conditions would, of course, prevent

gas storage in the reservoir. Because there is no interconnection between

the heat pipe wick and the reservoir, any fluid from the heat pipe that is

accumulated in the reservoir, due to spillage and diffusion, must diffuse

back out.during start up. This can result in relatively long start up

times (e.g., several hours) for this type of system.
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Figures 1-25 thru 1-27 present performance data calculated for standard

heat pipes having length of 1.10M with an evaporation and condenser length

of 0.II4. These figures give indicattons of how different wick designs can

influence (increase/decrease) heat pipe heat transport. Figure 1-28 and

1-29 present performance curves for variable conductance heat pipes with

wicked (cold reservoirs). They can be used for servicing the reservoir

where the range of sink temperatures is specified.

For most wick designs the temperature drops through the walls and wicks

are dominating and the temperature drop along the vapor is small. In

Figures 1-25 thru 1-29 the range for which the temperature drop along the

vapor is less than 1% of the total temperature drop is indicated by a solid

line; the remaining range is indicated by a dotted line.
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2.0 BOUNDARY CONDITION DEFINITION

Thermal Environment

TI:e priincipal boundary conditions for the thermal analysis include

Component temperature limits, solar heating loads and design

configurations.

Both external and internal thermal sources determine the SEPS

environment. Solar heating represents the major source of external

heating with secondary heating from planetary bodies (i.e., earth).

The SEPS missions can be grouped into four classes: outbound, inbound,

combined outbound/inbound and earth orbital. Although variations occur

between missions fin a given class, the major differences occur between

classes. During the different development stages of the SEPS program

several of the previously planned missions, as tabulated in NAS 8-30592

Statement of Wort: (Table 3) have been omitted or changed and new missions

have been added. At present the following missions are planned: 1)

Comet (Encke) rendezvous 2) Astroid (Metis) rendezvous 3) out of the

Ecliptic 4) Mercury Orbiter 5) Saturn Orbiter and 6) Jupiter Orbiter.

The reference mission characteristics are shown on Figures 2-1 thru

2-6 indicating power profiles and solar distances as a function of

flight time. Figure 2-7 demonstrates the variation of the solar constant

as a function of the distance from the sun.

The temperature limits of the different SEPS components are shown

i!n Table 2-1.

In analyzing the different missions it was concluded that the

Mercury Orbiter mission will impose the highest environmental (solar)

load on the SEPS at the end of the mission when it will reach 0.38 AU

distance from the sun..

From the planned missions both the Saturn Orbiter and the Jupiter

Orbiter will go to 5.0 AU solar distance. By analyzing the Mercury

Orbiter and the Saturn or Jupiter Orbiter missions maximum and minimum

temperatures will be obtained to select the proper radiator areas to

meet all requirements. For additional temperatures and radiator size

for a 926 KM altitude low earth orbit mission will also be evaluated.
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OF POOR QUALITY

Table 2-1 Temperature Limits of SEPS Components

hem erature Limits (°K)

Operational Survival

Maximum Minimum Maximum MinimumSystem and Component

Attitude Control

Saar sensors 323 263 348 238:	
Gyro assembly 3'58 273 39,8 218
Sun sensors 328 273 337 238
ACS electronics 33`8 66 358 255
RCS thrusters (valve) 323 278 323 268
RCS thrusters (nozzle) 1373 278 1373 2.68
RCS tank, lines, etc. 323 278 323 268

Approach guidance
Y

Sensor 308 298 348 218
Gimbals 353 253 3'53 253

Command and data

Computer 353 218 398 218
Data processor 328 25.3 348 243
Recorder 313 263 328 253

Communications

Telemetry modulator 328 253 3,48 243
Command detector 32'8 253 348 243
S-band receiver 328 253 348 243
S=band transmitter 328 253 348 243
S=band power amplifier 328 253 348 243
X-bane transmitter 328 25.3 348 243
X-band amplifier 328 253 348 243
CU 328 253 348 243

Power

Array 413 118 413 118
Regulators 338 273 348 258
Battery 298 273 313 263

Thrust

Mercury tank 338 255 373 243
Thrusters 533 253 533 253
Power conditioners 323 258 373 223
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Configuration Studies

The SEPS configuration design is strongly tnfluenced by several
factors such as thermal control considerations, packaging factors (i.e.

solar array dimensions), thruster plume clearance, payload geometry, etc.

The two major elements requiring thermal control in the SEPS are

the Power Processors (PP's) and Equfpment Compartment (EC). For the

first phase of the study program the PP thermal control concept was

based on the PP design developed originally by Hughes Research Laboratories

(HRL), as will be described in detail later, and several SEPS concept

design options have been evaluated using louvers as thermal control

device.	 Several of these SEPS design concepts are shown in Figure 2-8.

In September 1974 the Advanced System Technology (ATS) Thrust Sub-

system Design Review was held at NASA Lewis Research Center (LeRC).

There LeRC indicated that the PP thermal control concept using both heat

pipes and louvers provides packaging, performance, weight, reliability

and cost advantages over the exi-sting baseline (HRL) concept using louvers

only. The key difference, in addition to the heat pipes, was the packag-

Ug of the PP electronics. While the original HRL concept spaced the

electronic components over a large radiator area to distribute the heat,

the proposed concept concentrated the electronics into a smaller package:

and utilized heat pipes to transport the heat to a separate radiator.

This smallier electronics package design was selected by the AST Committee

as the new PP baseline. However, the specific design of the thermal

control system was left open for further studies. Representative confi,g-

urations for the HRL and new PP concepts (using heat pipes) are shown

on Figure 2-9 and 2-10 respectively.

Power Processor Thermal Control

The baseline SEPS with a 21-kW propulsion power uses up to seven

3-kW PP's simultaneously. Although the PP's are highly efficient (about

90 percent), the heat generated by the seven units total over 2000 watts.

Effiici:ent rejection of this heat is one of the key problems. The

other problem is to maintain efficiently the non-operating PP's and spare

PP's above the minimum allowable temperature.

,v
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3.0 THERMAL ANALYSIS

Power Processor Thermal Control Concept Alternatives

The identification of alternative concepts was predicted on a number of

key baseline factors:

1. The baseline SEPS configuration provides two opposite

surfaces (1800 apart) on the SEPS body which are not

illuminated by the sun during PP operation.

2. The PP thermal control system is to be basically common

for all SEPS missions, planetary and geosynchronous.

3. A total of seven PP's can be operating simultaneously.

4. One PP can be operating with eight PP's not operatioq.

(for example, during a major portion of the Encke

Rendezvous mission).

5. The thermal radiator may be integrated with the SEPS

structure if practical.

6. Adequate volume is available within the SEPS body to

locate the PP electronics internally.

Based on these considerations two tradeoff issues were identified:

1. Thermal control which is an integral part of each 3-kW

power processor versus a single common thermal control

for all power processors.

2. PP electronics mounted directly to-radiator versus PP

electronics located internally and connected to the

radiator via heat pipes or other heat transfer means.

In the first tradeoff, the integral approach has a weight disadvantage
i

because a separate thermal control system must be provided for each power

processor, including the two spares. It is also more difficult to provide

thermal control redundancy for each PP without major weight penalty. The

common thermal control concept is not affected by the number of spare PP's

and, therefore, it is a more flexible design.

In the second tradeoff, the direct mounting to the radiator has the

disadvantage of requiring louvers or significant heat power for each power
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processor which is not operating. For example, the Encke Rendezvous mission

will require louvers or heaters on at least eight power processors.

In summary, five different PP thermal control design concepts have

been evaluated. These concepts are briefly described below and are

shown on Figure 3-1.

Concept 1 is a Hughes design which was the original baseline. Each

power processor is equipped with its own thermal control system consisting

of a large thermal radiator covered with louvers. The PP electronics are

mounted directly to the inside surface of-the radiator. The louvers prevent

"freezing" of the power processor when it is not in operation. The

combined PP electronics and thermal control packages are installed on the

two sides of the SEPS body which are not illuminated by the sun. There-

fore, the only major external heat source for Concept 1, as well as for

Concepts 2 and 3, is the SEPS solar array.

Concept 2 is basically the LeRC concept in which each PP (including

spares) is equipped with its own thermal control system consisting of a

variable-conductance heat pipe (VCHP) radiator plus louvers over the PP

electronic package. The PP's are installed on the two sides of the SEPS

body which are not illuminated by the sun.

Concept 3 also utilizes only the two non-illuminated sides. However,

in this concept the louvers are eliminated by locating the PP electronic

packages within the insulated SEPS body. Instead of a separate thermal

control system for each PP, common thermal control system consisting of

VCHP radiators on the two sides is used to accommodate up to 7 PP's

operating simultaneously. Therefore, the radiator requirements are not

affected by the number of spare PP's carried by the SEPS.

Concepts 4 and 5 utilize all four sides of the SEPS body as common

radiators, VCHP radiators are used on the two non-illuminated sides.

For the two sides which experience solar illumination. Concept 4 relies

on VCHP radiator with very low solar u optical coating (i.e., LMSC Optical

t

r.
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Solar Reflector) to minimize solar heat input, whereas Concept 5 utilizes

diode heat pipe radiators to preclude reverse heat flow into the PP

electronics.

Analysi_s_Ground Rules and Requirements

Tradeoff analyses of the five concepts were based on a number of key

factors, including PP dimensions, temperature limits, heat dissipation,

and solar array temperature and view factors. Solar distances rangin g from

0.38 AU for the Mercury Orbiter mission to 5 AU for the Jupiter Probe

mission were considered.

The dimensions of the power processor are 56.4 x 124 x 20 cm for the

original baseline. (Hughes) and 45 x 71 x 15 cm for the new baseline (LeRC).

The temperature limits of the PP electronics are:

1. Operating 258°K min, 33.3°K max.

2. Non-operating 223°K min, 373°K max.

The current estimate of PP efficiency is 87 to

power load of 3-kW input. The thermal analysis was

efficiency resulting in a 300-W heat dissipation fr

processor, An additional power dissipation of 12.5

for harness heat load. This totaled 312.5 W per PP

for a 21-kW SEPS at full thrust.

92 percent under a full

based on a 90 percent

,)m each o perating power

W per PP was assumed

or 2187 W (7 x 312.5)

For the PP radiators located on the two non-illuminated sides of the

SEPS body, the main external heat source is the solar arrays. The varia-

tion of the PP louver or radiator to solar array configuration factor as a

function of PP to solar array distance and tilt angle is given on Figure 3-2.

The effect of the solar array was included in the analysis by assuming that

it is approximately 2.50 m from the louver plane, and that the configuration

factor, FL-SA, is 0.12. The temperature of the solar array as a function

of solar distance is given in Figure 3-3. The PP heat rejection require-

ments and the heater power requirements were determined as a function

of the solar array temperature. The solar array teingerature ran ge used

was between 153°K and 423°K in establishing these requirements.

}	 Y
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Concept 1 - Hughes Louver

In this concept the electronic modules are mounted on one side of

a radiator panel, allowing the other side to radiate directly to space

through bimetallic thermostatically controlled louvers. The PP's are

mounted side by side on the two surfaces not illuminated by the sun.

The other surfaces are covered with multilayer insulation. The basic

configuration of the Hughes PP is shown on Figure 3-4. The area of the

PP is 0.7M? . The baseline power dissipation of each module at full

power condition also is indicated on Figure 3-4. It was assumed in the

analysis that the multilayer insulation has an effective emittance (ceff)

of 0.03 and a s = 0.05 - 0.12. For missions other than the Mercury
Orbiter (0.38 AU) where low as/c ortside-surface is required (as /c = .05 - .1),
the outside surface properties can be as /c = . 1 - 0.15 corresponding to
back aluminized FEP teflon.

The thermal analysis was performed by using a multinode model of

each PP, where each module was represented by a node, combined into a

cluster of eight, and solved by Rockwell's digital thermal analyzer

program. The thermal network and detail calculations are shown in the

Appendix A-1 page 1-13. Initially the analysis was perfofmed using a

PP area of 0.7M2 . Average and hot spot temperatures were determined

for the PP's considering 1.0 AU and .38 AU solar distances. The louver

characteristics used in the analysis are shown on Figure 3-5. The

results on Figure 3-6 indicate that the temperatures for 0.35 AU and 1.0 AU

are almost identical due to t;7e different solar array position in respect
to the louvers at .38 AU and 1.0 AU. 	 The results also

indicate that hot spot temperatures on the PP are well over the 333°'K

max. temperature limits, while PP average temperatures are only 2°K above

that value.

Additional analyses results indicate that a radiating surface area

of 1.06M2/PP is required to keep temperatures on the panel below 333°K

as shown on Figure 3-7. This indicated that the 0.711 2 Hughes configur-

ation must be anlarged to satisfy the requirements assumed in the

Rockwell analysis.

f:
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Concept 2 - LeRC Two-Side VCHP - Louver

The thermal control design concept developed by LeRC is illustrated

in Figure 3--8. The electronic components are located on "Z" sections

held by two shear plates in contrast to the Hughes concept where a single

panel served as the electronics mounting plate. The new PP packaging

design results in a smaller electronics package and a louver area of 0.327 M2.

Variable conductance heat pipes transport the heat from the PP's to the

radiators. In this design, each PP has its own radiator. The heat pipe

design details are given in Table 3-1. The same heat Pipe design was used

on the Communicativus Technology Satellite (CTS) for the transmitter

experiment package thermal control. The radiator panel thickness was

assumed to be .10 cm together with radiator emissivity of E = .88 and solar

absorptance of a„

;a analysis of this system for the maximum powe, ;_-idition with

louvers fully open, E eff = 0.7, shows the louver heat rejection to be

122.5 W/PP as°-iminq 328K for the louver baseplate temperature. Assuming

a fin efficiency of 86 (n = .86) percent for the radiator sizing

resulted in the heat pipe spacing of 0.23 M (0.115 M fin length). The

radiator area was then determined to be 0.609 M 2/PP assuming 328'K average

radiator temperature. In the thermal design and analysis it was assumed

that a narrow light weight sun shield ti,'l l be deployed around the louvers

and radiators and therefore no solar flux is expected on them. Consequently

the effective radiator area is a function of the solar array temperature

c,rly as shown on Figure 3--9. The variable-conductance heat pipes regulate

the effective radiator area depending upon the existing solar array temper-

ature. The calculations performed to derive the indicated results are in

the Appendix A-2. The system heater power requirements are shown on

Figure 3-10 as a function of the solar array temperature to maintain the

PP's at 223°K non-operating survival temperature.

Conce t 3 - Two-Side VCHP

This PP thermal control desi gn concept also utilizes the unilluminated

sides of the SEPS body to radiate to deep space. However, in this concept

the louvers are eliminated by locating the PP electronic packages within the

^'	 -61-
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Table 3-1, LeRC Heat Pipe Design Details

Concept 2

Item	 Characteristics

Tubes

	

	 304 Stainless Steel, 1.27 cm O.D. x 0.071 cm wall,
internally threaded with 100 TPI, 0.0127 cm deep,
40° included angle grooves.

Reservoirs 304 Stainless Steel, spun hemispherical cap with
4.445 cm O.D. cylindrical center section. Resei
to condenser volume ratio varies from 1.5 to 2.0.

Wicks Reservoir:	 304 stainless steel metal felt,
0.051	 cm thick, spot welded to interior walls.

Tube:	 304 stainless steel metal 	 felt, 0.127 cm
thick, interference fit across diameter of tube.

Arteries:	 150 mesh 316 stainless steel 	 screen
formed and welded to 0.16 cm I.D. tubes and spot
welded to diametral wick.

Priming Foils:	 0.00127 cm thick 304 stainless
steel foil with 0.025 cm holes, formed and welded
to 0.16 cm I.D. tubes and spot welded to ends of
arteries and diametral wick.

Saddles 6061	 aluminum alloy extrusion soldered to tubes.

Working Fluid Methanol, spectrophotometric grade.

Control Gas 90% nitrogen, 10% helium, research grade.
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Table 3-2 Rockwell Heat Pipe Design Details

Item	 Characteristics - Concept 3-5

Tubes	 6063 -176 aluminum, 1.27cm O.D. x 0.089cm wail

thickness (minimum); 0.419cm inside radius.

Heat pipes are one-piece extrusion.

End Caps	 6061-T6 aluminum welded to ends. Fill tube

is 0.635cm O.D. x 0.016cm I.D.

Grooves	 20 grooves, 0.1:27cm diam. truncated to a 0.025cm

wide opening. Grooves are integrally extruded

with the tube and welded at ends to prevent

intragroove communication.

Saddles	 Two flanges, 4.4cm wide x 0.010cm thick,

integrally extruded with the tube and groove.

Base is flat to 0.001 in./in. and <125u in. finish.

Reservoirs	 1.9cm long x 3.8cm O.D. cylinder with hemispherical

ends; 0.016cm wall 6061-T6 aluminum. Reservoir

to condenser volume ratio >1.0.

Working Fluid	 N-butane, research grade (99.9% pure).

Control Gas	 Helium, research grade.

insulated SEPS body, thus isolating them from environmental changes.

Instead of a separate thermal control system for each PP, a common thermal

control system consisting of VCHP radiators on the two sides are used to

accommodate up to 7 PP's operating simultaneously. Therefore, the radiator

requirements are not affected by the number of spare PP's carried by the

SEP3.

During the analysis several design configurations have been evaluated

by considering different radiator temperatures, efficiencies, and thick-

nesses. For the radiator surface coating S-13G or similar white paint

having surface properties of as W 0.2 and e = 0.88 was assumed. The nine
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PP's are located inside the insulated SEPS body on a common shelf. A

total of 26 VCHP`s connect the PP's to the radiators. This design con-

figuration is shown on Figure 2-10. The PP electronics package and

physical dimensions are identical to the design developed by LeRC (0.46m

x 0.71m.). Figure 3-11 presents the effective radiator area as a function

of radiator temperature and efficiency for the maximum case with total

power dissipation of 2187.5W (312.5W/PP). From this figure, at 0.38 AU

where the solar array temperature would equal 423°K with a radiator

temperature of T  = 328°K and a radiator efficiency of n R = 0.785, the

effective radiator area is determined to be approximately 0.96M2/PP.

The total radiator area for 7 PP is therefore 7 x 0.96 = 6.72M 2 . Because

of structural and dynamic considerations., the final design point was

selected to have a radiator efficiency of n R = 0.8 (80%) with a t = 0.1cm

radiator thickness. This resulted in a total radiator area of 6.65M2

(0.95M2/PP). The preliminary design calculations are shown in Appendix

A-3 page 1-20. Detailed computer analysis verified the (preliminary

calculations.

The PP shear plate temperature derived by digital computer techniques,

as a function of the solar array temperature are shown in Figure 3-12.

This figu re indicated that with a PP heat load of 2187.5W (312.5W/PP)

the PP e actronics package shear plate will be at 328°K, and the radiator

temperature will be about 2°K lower than the design goal of 328°K. The

average electronics shear plate temperature of 328°K will allow a 20°K

temperature rise to the 348°K electronics ,junction temperature required

by reliability.

The heat pipe design details are shown in Table 3-2. The VCHP geometry

is presented in Figure 3-13.

Several methods of attaching the heat pipes to the radiator skin were

investigated. Some of the configurations are shown in Figure 3-14.
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Figure 3-13. VCHP Geometry - Concept 3
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Brazing or welding, Figures 3-14a and 3-14b was felt thermally

to be the best approach, but was undesirable from a fabrication

standpoint. The temperatures associated with welding or brazing would

require re-heat treatment of the pipes and skin and a reprocessing of

the heat pipes after the operation. Quenching the assembly after heat

treat would also distort the system considerably. Other methods included

seam welding heat pipes with flanges, and riveting or bolting the heat

pipes with flanges or flanges made out of extrusion with a thermally

conductive grease or adhesive in between. The system finally selected,

shown on Figure 3-14f, has an interface heat transfer coefficient

of 875 W/M
2,,

K or better as the design goal. Figure 3-15

shows the effect of the heat transfer coefficient on the interface con-

ductance between the radiator and VCHP saddle. Figure 3-16 demonstrates

the effect of the heat transfer coefficient on the PP shear plate

temperature.	 A wicked, cold reservoir heat pipe was selected for the

system because it is the simplest, most reliable gas controlled variable

conductance	 system.	 It is also the least costly to fabri ,:ate and

integrate into spacecraft design. 	 The broad control range (258°K to

333°K) permits the reservoir to experience large variations in tempera-

ture and still provide adequate control with modest storage capacity.

Butane was selected as the working fluid because it has sufficient

transport capability in the operating temperature range and has a very

low freezing point (135 0 K).	 The low freezing point is required to avoid

diffusion freeze-out that could occur at the low temperature sink

condition.	 If the effective sink temperature is below the melting point

of the working fluid, there is a continuous diffusion of vapor into the

sub-freezing zone where the vapor freezes and is lost to the system.

This will	 result in a deficiency of liquid in the active portion heat pipe

and can ultimately lead to burn-out and loss of control. 	 By properly

-3 coupling the radiator and reservoir to the spacecraft interior, the

S _';'
temperature of the inactive portion of the heat pipe-can be kept above

1

the freezing point of butane at the minimum load and sink condition.
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The gas reservoir requirements are shown in Figures 3-17 and 3-18

as a function of source temperature control band for various maximum

reservoir temperatures. The operating temperature at the maximum

condition was taken as 333°K and the minimum effective sink temperature

at 140°K. The reservoir would be thermally coupled in such a way that

at minimum condition it would be above the freezing point of butane.

When the PP's are not operating, their temperature must be main-

tained above 223°K which is the non-operating survival temperature limit.

VCHP's were selected for the PP thermal control system (TCS) because

they have the ability to shut off the radiators during the cold outbound

missions when the PP's are operating at a minimum power level and very

little internal heat is being dissipated. This desirable feature reduces

the heater power required to'maintain the PP's at or above the survival

temperature of 223°K. Since the radiators are shut off from the system

(cold mode), the only heat loak from the thermal control system is that

conducted through the heat pipe walls and saddles. The necessary heater

power to maintain the temperature limit condition is shown on Figure 3-19

as a function of the solar array temperature. For example, for a solar

array temperature of TSA = 173 K at 3.3 AU, the total required heater

power is approximately 63.5 W which corresponds to 7.06 W/PP.

Concept 4 - Four Side VCHP 6 tical Coat

Preliminary structural and dynamics requirements indicated that a

thicker or square cross-section SEPS body was preferred over the narrow

rectangular cross-section design. The thicker SEPS body would make four

sides available for radiating surfaces as compared to the two sides used

for the narrow cross-section design. Of the two added sides, one or

the other may be illuminated by the sun during all or part of the mission.

This Ncsu? is in a maximum-incident heat flux of 9618 W/m 2 at 0.38 AU

for the mercury orbiter mission. To minimize the amount of solar

radiation absorbed, a second surface mirror coating was selected which

-72-

j

i



oilo 
Space Division
Rockwell International

kTOR - SOLAR ARRAY

FACTOR FR-SA--12

6 329	 T X23°K
2	 ^^

328
LU

327

326

T x373°K
325

a 324
q=323°

3230
	 200	 400	 600	 800	 1000

INTERFACE HEAT TRANSFER COEFFICIENT_W/M2 °K

Figure 3-16. PP SHEAR PLATE; TEMPERATURE - CONCEPT 3

-73..



^CD
°m

co

15

14

13

u12

Z
X11
O
Q10x
L 9

° 3
T Lu

Z 7w
o
Z
O

O

ul
Enw

BUTANE - PASSIVE SYSTEM



^:^'^v^,•^-µY. ^J '.w	 i ,i^ti s^A+4:.^rs. b..
faN^-(m^.,v̂ , 

a^,r^Fr'-^-r'II'^^,-i^^.r.^.v 	 :^,::^ :.;^„^,

i.

1V
Ln
I



NOTE: 1 U MAIN 1 A1W rr's Al	 Zcs N
NON-OPERATING SURVIVAL TEMPERATURE
TOTAL RADIATOR AREA: 6.65 M2
NUMBER OF HEAT PIPES TO ONE RADIATOR = 13

60

55

cc
du

0

50
w
r
a
w
x

w 45
H

r

40

36

163	 173	 223	 273	 323

SOLAR ARRAY TEMPERATURE °K

Figure 3 . 19. System Heater Power Requirements Concept 3

has optical properties of a very low absorptivity to emissivity ratio
« S/E = 0.06. A typical coating is the Lockheed Optical Solar

Reflector (OSR) which has the above optical properties and also has
shown very little degradation over a test period of 10,000 equivalent
sun hours. The two surfaces that are not illuminated by the sun would

have a coating with an a./ E = 0.2.

. Dissipated heat from the operating PP's mounted within the SEPS is
transported to the radiators by means of :,HP's. The heat pipes are
designed to handle the heat dissipated by seven PP's operating simultane-
ously at full power. Parametric studies were made by varying the .external

dimeAsions of the SEPS body to determine the minimum radiator area that
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could handle the maximum anticipated heat load. These study results

(delineated in Appendix 4) were made available for integration into a

structural/solar array optimization analysis to define the SEPS

baseline configure:*ion. Figure 3-20 shows the radiator area as a

function of PP heat dissipation, and a solar heat load at 0.38 Ali, and
aspect ratio (L/W). The aspect ratio (L/W) is the ratio of SEPS body

thickness (L) to body width (W). The solar array temperature was assumed

to be 423°K. The view factor of 0.12 between the solar array and adjacent

radiator corresponds to a solar array/radiator distance of 2.5 M. The

radiator temperature was maintained at 328 0 K to allow for a temperature

gradient of 20°K betwe^,n the PP junction and the PP shear plate.

Temperature gradients in the system result from interface resistances

between the heat pipe evaporator and heat pipe-radiator interfaces.

The fin efficiency of 88.5 percent which was used in the analysis

corresponds to a radiator thickness of 0.1 cm and fin length of 15.3 cm.

Data indicate that with increasing aspect ratio (L/W) of the SEPS body,

the required radiator area also increases. For the baseline heat

dissipation of 312.5 W/PP, the radiator area required per operating PP

is 0.85M
2
 and 1.08 M9 for aspect ratios of 0 and 1.0 respectively.

A zero aspect ratio, which theoretically corresponds to the zero

thickness SEPS body, requires 0.2 M2 less radiator area/PP than the square

body design. Therefore; this concept does not optimize for a thick body

design.

For out--bound missions, when the variable conductance heat pipes

are in the cold operational mode, the radiators are shut off. Thus,

the only heat leak from the thermal control system is through the heat

pipe walls. Figure 3-21 shows the heater power required as a function

of solar array temperature, to maintain the power processors at a

non-operating survival temperature of 223°K. The calculations for the

heater power requirements are presented in Appendix 4.
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Concept 5 - Four Side VCHP Diode HP

Concept 5 also utilizes four slides of the SOPS body as radiators.

Rather than using optical coatings as in Concept 4, diode heat pipes are

used for the two sides which may experience sun illumination. The diode

heat pipe (DHP) is designed to restrict heat flow to one direction only

and would preclude reverse flow from the two sun-illuminated radiators

into the PP electronics. in the normal mode, heat is absorbed at the

PP's and radiated at the condenser. In the reverse mode, when the

radiator is illuminated by the sun, the working fluid transfers heat to

the PP's. However, this is temporary because the fluid is trapped at

the evaporator end of the pipe, thereby stopping the reverse heat flow.

A parametric thermal study was made of Concept 5, and the calcula-

tions are presented in Appendix 5. For this analysis, the optical

properties of all four radiators were assumed to be as = 0.2, s = 0.88.

The results of the study, presented in Figure 3-22 indicate that for the

baseline heat dissipation of 312.5 W/PP, the required radiator area

decreased from 0.855 to 0.798 M2 per PP as the aspect ratio increases

from 0 to 1.0. This is just the reverse of the Concept 4 Four Side

VCHP Optical Coat results, which showed the radiator area to increase

with increasing aspect ratio. The radiators were sized to maintain the

PP shear plate at 328°K, 20°K below the PP allowable junction tempera-

ture of 3480K.

The diode heat pipes have the same cold mode shutoff characteristics

as the VCHP systems during the outbound mission when the PP's are

non-operational. The heater power requirements for the diode system are

presented in Figure 3-23 and indicate less heater power required for

this system as compared to Concept 4. The heater power calculations are

presented in Appendix 5.

To verify the calculated results for the radiator area requirements,

an analytical thermal model was constructed to simulate the VCHP/DHP
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thermal control system. The model shown in Appendix 5, consists of

one VCHP, one DHP and the associated fin area corresponding to a

radiator area with an aspect ratio L./W - 1.0 as defined in the parametric

study. The operational characteristics of VCHP and DHP were included

in the model, i.e., the conductance of the radiator fin varied as the

location of the control gas/vapor interface changed, and the diode

radiator section would shut off when the heat flow reversed from PP to

radiator to PP from radiator. The resulting shear plate temperature for

a 0.38 AU mission, using the thermal model, was 327°K and was within 1 °K

of the calculated temperature of 328°K. For the cold case, simulating an

outbound mission, the model results were again in good agreement with the

calculated data and indicated that with a heater power input of 117.9

watts the PP section temperature will be maintained at 232°K. This is

above the survival temperature of 223°K.
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EOUIPMENT COMPARTMENT THERMAL ANALYSTS

For designing the Equipment Compartment (EC) thermal control system

two basic concepts were evaluated: (1) Louver system, (2) UCHP -

radiator system. The EC is located at the upper section of the SEPS

body above the PP's.

The basic difference between the PP and EC thermal control system

is that the latter's louver baseplate or radiator temperature is limited

to 298°K. This relatively low radiator temperature is required by

the temperature limits of the SEPS components located in the EC (Table 2-1).

In evaluating the EC thermal control system using louvers, the same

louver characteristics were used as for the PP's (Concept 1 - Figure 3-5).

The louver sizes, positioned 90 degrees to the sun, are indicated on

Figure 3-24 for several assumed power levels. The effect of the solar

array on the louver is incorporated in the curves. The other EC surfaces	 1

are covered with multilayer insulation. The surface properties of the

MLI vary depending upon the nature of the mission (inbound, outbound, etc.).

For outbound missions FEP back—aluminized tefl on (a s /s = .1) , for

inbound missions silverized Kapton or OSR is applicable (a s/c = .06).

t
Another type of thermal control system for the equipment compartment

i ,^ conceptually identical to the one selected for the power processors.

1 Two variable-conductance heat pipe controlled radiators positioned 90

degrees to the sure provide thermal control for the equipment compart-

ment. The other surfaces are covered with multilayer insulation having

surface properties as described previously. The total maximum heat load in	 t

the equipment  com artment is expected to be between 410 and 450 W. Thep	 p	 l

thermal performance is shown on Figure 3-25 for expected range of heat

loads as a function of radiator efficiency. Th p effect of the solar

^. +
array having a maximum temperature of 423°K also is -included in' 	 1
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the curves. To prevent direct solar load on the radiators, a lightweight

sun shield will be positioned around the radiator periphery.

Seven VCHP's corresponding to a radiator efficiency of 0.8 (80%)

will transport the heat from the different components of the equipment

compartment to each radiator panel. The radiator panel surface properties

are identical to the ones used for the PP's (as = .2; e = .88). The

VCHP design is identical to that described and shown for the PP's.

(Table 3-2, Figure 3--13).

Due to substantial curtailments in the SEPS program ordered by NASA

in late 1974, the development of a detailed thermal model for the EC was

not possible. No specification control drawings were available for the

different units and therefore their positioning within the EC was not

possible, thus preventing any detailed configuration studies.

I No heater is	 g cessary for the EC because the equipments located in

f< it are operating during each mission. 	 However, feasibility calculations

r " performed for the EC indicate, that during periods where the PP's are

not operating and their temperature drops close to or below their

survival temperature limit of 223°K, heat from the EC could be used to

keep the PP's warn. 	 As Figure 3-19 indicates about 87.0 W heater power

is necessary to keep the PP's at their non-operating survival temperature

of 223°K.	 The EC minimum operational temperature limit is 298°K.

Assuming 430 W of power dissipated in the EC,the necessary heater power
a

would be 90.5 W to keep the EC temperatures at 298°K. 	 Since 430 W
t Y

is dissipated, the excess power would be 430 - 90.5 = 339.5 W. 	 This
L

power or any fraction of it could then be used to keep the PP's at their
^
I

non-operating survival temperature limit of 223°K or at their minimum
}

operating temperature of 258°K. 	 To transport the heat from the EC to

the PP's diode heat pipes could be applied. 	 Such a,configuration is
y
.:^

f

shown on Figure 3-26.

3	 !

5

 J
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Solar Array

The solar array is one of the major components determining the

environmental conditions for the Equipment Compartment (EC) and the Power

Processors (PP's).	 The technology evaluation and preliminary design for

a 25 KW Solar Array System for SEPS was completed by the Space Systems

Division of Lockheed Missiles and Space Company (LMSC). 	 The results are

summarized in LMSC-D384250 document entitled "Solar Array Technology

Evaluation" dated September 1, 1974.

From the beginning of the SEPS Thermal Analysis Study Contract

constant coordination was maintained between Rockwell International and

LMSC regarding solar array development. 	 Because in their studies LMSC

developed a thermal model for the solar array, to avoid duplication,

Rockwell International did not develop a solar array thermal model but

asked and received the thermal data needed from LMSC to perform this

study.	 However, the geometrical relationship (configuration or view

factor) between the solar array and the EC and PP's was determined by

Rockwell	 (Figure 3-2	 }.	 For this study the absolute maximum solar array
s

temperature was taken as 423°K as indicated in LMSC-0384250 Report.
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Design Impact of 0.1 AU Operation

A cursory investigation was made to determine the design impact of

a 0.1 AU mission on the SEPS thermal design. At this distance the solar

intensity is equivalent to 100 suns with an incident heat flux of

approximately 139.0 KW/M2.

One of the basic assumptions in evaluating the different thermal

control concepts, was that a light weight sun shield will be deployed

around the louver or radiator periphery and these surfaces will be 90

degrees to the sun. The other surfaces will be covered by multilayer in-

sulation. It is therefore the primary concern to protect the MLI from

burning up by providing some kind of heat shield or shields with appropriate

(low as/e) thermal coating.

In this high energy ultraviolet environment, inorganic coating systems,

such as silicone oxides, aluminum oxides, i.e., glass and ceramics, can

lose oxygen molecules causing a darkness in the material due to the

production of color centers. Loss of less than one percent of the oxygen

can produce this condition in some glasses. If in air, the oxygen is

quickly recovered and color centers are not noticed, however, in a space

environment the color centers persist and cause significant opacity in

coatings. Some glass manufacturers have developed glass that resists

development of color centers under UV conditions equivalent to several

suns, however, no data or literature exists that describes the reaction of

these glasses exposed to the intensity of '100 suns.

The same problem exists with ceramics which are used directly as

coatings or as pigment in white coatings. Titanium dioxide which is a

common pigment used in white paint is very unstable in a space environ-

ment and high UV exposure. Currently zinc oxide pigments are used for

space applications for white paint thermal applications (Sl3G/L0 used

on P72-2 and Z-93 on the Apollo) and are acceptably stable under low

UV in space. However, there is no assurance they would survive under
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high intensity UV exposure. Ceramics and glass should not be completely

eliminated as possible thermal coatings, for they may be acceptable if data

were available.

Possible. alternatives to the glass and ceramic coatings would be a

specially designed system similar to ablative systems or multilayer

reflective shieldings.

At present no test data are available for surface properties of

coatings which could be applicable in a 100 sun intensity environment.

Results from the thermal control coatings experiment obtained from OSO III

flight indicate that several coatings which could be considered for SEPS,

such as Z-93, OSR and barrier layer anodic, were stable and did not show

appreciable degradation over 7500 ESN (Equivalent Sun Hours).

The possibility of .1 AU SEPS flight depends upon the development of

adequate thermal coating withstanding the high sun intensity environment.

Until that time such a flight seems very remote.

For example, a surface having spectral properties of as = 0.2, E = 0.88

(e.i., S13G paint) at 0.1 AU solar distance the equilibrium temperature

would be 866°K. For the same condition Z-93 (as = 0.17, E = 0.9) paint and

OSR (as = 0.05, e = 0.76) would have equilibrium temperatures of 833°K

and 639°K respectively.
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4.0 THERMAL CONTROL SYSTEM EVALUATION

Evaluation and Selection of Thermal Control Concepts

A preliminary comparison and evaluation was made of the concepts

investigated for the PP's and EC. Evaluation criteria included weight,

reliability, simplicity (relative to Lost), heater power requirements and

flexibility (mainly with respect to the number of spare PP's).

The weight comparison is given in Table 4-1. As shown, the concepts

using heat pipes weigh significantly less than those using louvers alone

and the louver-VCHP combination (PP Concept 2). An overall comparison

considering the other evaluation factors are given in Table 4-2.
i

Simplicity was considered more with respect to impact on development

and unit costs than in relation to reliability. PP Concept i (all

louvers) and PP Concept 3 (All VCHP) were considered the simplest designs

primarily because they involve only one type of thermal control system.

The same is true for the EC.

Heater power requirements are the lowest for PP Concept 3 because the

heat leak to the radiators is only through the heat pipe walls (13/radiator).

Concepts l and 2 heater power requirements are larger because each PP

is directly exposed to deep space. Relatively larger heater power is

required for PP Concepts 4 and 5 because of the 4 instead of the 2 radia-

tors (Concept 3).	 Heater power requirements can be practically eliminated

by coupling the EC to the PP's by diode heat pipes as described while

discussing the EC thermal control system.

Flexibility was considered mainly with respect to requirement for a

larger number of spare PP's for reliability. As discussed earlier,

Concepts 3, 4 and 5 are independent of the number of spare PP's and,

therefore, have an advantage over Concepts l and 2.,
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	TABLE 4-1 WEIGHT AND RADIATOR AREA COMPARISON

OF THERMAL CONTROL CONCEPTS

Total
	Fin	 Radiator	 Louver	 Area	 Radiator	 Louver	 Total

Efficiency	 Area	 Area	 (m2)	 Weight	 Weight	 Weight
Concept	 W	 (m2)	 (m2)	 (9 PP's)	 (k9)*	 (k9)	 (kg)

PP Concept 1	 -----	 10.44	 10.44	 10.44	 37.12	 55.03	 92.15

PP Concept 2	 86	 4.95	 2.93	 7.88	 42.38	 15.31	 57.69

PP Concept 3	 80	 6.65	 ----	 6.65	 26.54	 ----	 26.54

PP Concept 4**	 88.5	 7.56	 ----	 7.56	 44.44	 ----	 44.44

PP Concept 5**	 88.5	 5.59	 ----	 5.59	 32.46	 ----	 32.46

EC Louver	 ----	 2.39	 2.39	 2.39	 8.49	 12.6	 21.09

EC VCHR-Radiator 	 80	 2.41	 ----	 2.41	 11.0	 ----	 11.0

D 'con a:

* Including heat pipe, associated hardware, and OSR coating where applicable

** Data corresponds to square cross-section SEPS Body (WIL = 1.0)0:^

00
su

w

I

,.	
kL
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* For 223°K non-operating survival temperature; solar array temperature 173°K

TABLE 4-2. COMPARISON OF THERMAL CONTROL CONCEPTS

CRITERIA

CONCEPT
WEIGHT

KG RELIABILITY SIMPLICITY
HEATER POWER

WATTS FLEXIBILITY

PP Concept 1 92 Very Good Good 152.1 Poor

PP Concept 2 58 Good Fair 104,9 Poor

PP Concept 3 27 Good Good 87.3 Good

PP Concept 4 44 Poor Fair 131.2 Goad

PP Concept 5 32 Good Fair 117.9 Good

EC Louver 21 Very Good Good -- -- -- Gcod

EC VCHP-Rad 17 Good Good ----- Good
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Based on this evaluation, Concept 3 (two side VCHP) was determined

i
to have the most advantages without any major weakness. A second choice,

especially if a very thick SEPS body is required for structural dynamics,

is Concept 5 (Four-Side VCHP - Diode HP).

All five PP concepts also were evaluated in the SEPS configuration

design and integration analysis. Although structural d ynamics preferred

a square cross-section SEPS body, an intermediate thickness was selected to

accommodate the Advanced System Technology (AST) solar array design.

Consequently, Concept 3 (Two-Side VCHP)also was the recommended choice.

For the EC the VCHP-radiator controlled thermal control concept is

recommended. It is preferred over the louver controlled system, because

employing a VCHP-radiator system for the PP's the application of the

same kind of system would lower development and manufacturing costs for both

the PP and EC thermal control systems.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

The results of the analyses clearly indicate the recommended

thermal control concept (two side VCHP-Concept 3) will satisfy SI=PS

thermal operational requirements. However, the capability of the

thermal control system to maintain the required PP and EC temperatures

must be demonstrated prior to any mission flight. Therefore it is

recommended to undertake a development and test program to build a

VCHP with n- butane as the working fluid. The requirements of the

VCHP development and test program should be fully satisfied before

applying the VCHP to the system testing (i.e., to test it with the

radiator). The technology program for the n-butane filled VCHP's

could be applied to other thermal control systems using heat pipes.

In addition to the VCHP development program a system test should

also be performed. This test is necessary to demonstrate the VCHP-

radiator system heat rejection capability. A section of the radiator

has to be manufactured and the VCHP attached to it. The test can then

be performed under vacuum conditions simulating the environment the

system will be exposed to. Within the system test program the inter-

face conductance of the VCHP to the radiator and/or to the PP or EC

mounting surface has to be demonstrated also.

Based on the discussion presented under "Design impact of 0.1AU

Operation" the development and testing of thermal control coatings is

also highly recommended. The implementation of this program will not

only enhance the successful operation of the S£PS thermal control

system at 0.1 AU solar distance, but will improve the state of the art

of thermal control elements used in general.
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