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ABSTRACT

AFFDL-TR-71~125

A thermal experimental model of a passive radiative cooler for use
on an earth orbiting spacecraft was fabricated, assembled, and
tested in a thermal vacuum environment, The design of the cooler
was based on the results of a previous thermal analysis and design
study, performed by Philco-Ford for the Air Force Flight Dynam-
ics Laboratory, Wright-Patterson Air Force Base,

The cooler was assumed to be used on a spacecraft in a 200 nauti-
cal mile altitude earth orbit in the plane of the ecliptic. The objec-
tive of the program was to verify the thermal performance of the
cooler, Thermal analysis predicted an orbital temperature of

146° R for the radiator of the cooler., The tests produced higher
than predicted temperatures for the radiator. Depending on the
test conditions, a temperature of 246°R to 200°R was achieved for

the radiator. The primary reasons for the higher than predicted
temperatures were identified as higher than predicted thermal
conductances between the simulated spacecraft and the coocler
shield and radiator surfaces.

This document is subject to special export controls and each trans-
mittal to foreign governments or foreign nationals may be made
only with prior approval of AFFDL (FEE), Wright-Patterson Air
Force Base, Ohio 45433,
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A STANDARD 3—BY -5 CARD—-SIZE FILE, IF DESIRED. WHERE THE
ABSTRACT COVERS MORE THAN ONE SIDE OF THE CARD, THE
ENTIRE RECTANGLE MAY BE CUT OUT AND FOLDED AT THE
DOTTED CENTER LINE. {IF THE ABSTRACT 1S CLASSIFIED,
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SECTION I

INTRODUCTION

The development and test of eryogenic temperature coolers is a key area of tech-
nology in the utilization of infrared detector systems for spacecraft applications,

All bodies emit energy as a function of their absolute temperature; this radiation
can be detected by infrared detectors with appropriate optics and electronics.
However, the signal-to-noise ratio and sensitivity of the detector is improved as

the detector temperature is decreased. Therefore, it is necessary to attain temper~—
atures down to and below that of liquid nitrogen (140°R) to ensure proper per-
formance.

Due to their inherent simplicity and reliability, passive radiative coolers are
taking an increasingly important role in providing cryogenic temperatures for
infrared detectors. Expendable and closed cycle refrigerators have weight,
power, and reliability limitations for long lifetime missions,

In an earlier study performed by Philco-Ford for Wright-Patterson Air Force
Base under contract number F33615 ~ 68-C~ 175 (reference 1), a feasibility and
development design study was performed on passive radiative detector coolers
for spacecraft applications. The intent of the study was to arrive at realistic
design concepts and tradeoff parameters, The spacecraft, carrying the detector
system, orbits the earth and is exposed to solar and planetary heat fluxes, The
radiative cooler rejects thermal energy to space and provides detector cooling
by thermal radiation. Based on the results of the feasibility study, the achieve-
ment of a radiator temperature of 140°R or lower is dependent on the orbital
parameters (including orbital altitude and orientation of the spacecraft with
respect to the earth and sun), shielding of the detector radiator from planetary
and solar heat fluxes, thermal isolation of the radiator from the spacecraft, and
detector bias power dissipation,

In the feasibility study (Reference 1), an experimental model of a radiative cooler
was designed and thermal analyses were performed for a spacecraft in a 200
nautical mile altitude circular earth orbit in the plane of the ecliptic, The cooler
consisted of a primary shield assembly, a secondary shield assembly, a staged
radiator assembly, multilayer insulation assemblies, and support structure; six
design drawings were generated for the experimental model. Based on the detailed
thermal analyses, an orbital temperature of 146°R was predicted for the radiator.

The purpose of the present study was to experimentally verify the thermal per-
formance of the radiative cooler model designed for the 200 nautical mile altitude
orbit. The cooler was fabricated in accordance with the design drawings and pro-
cedures outlined in Reference 1. Tooling was designed and fabricated for use in
fabrication of the cooler, A flat plate, capable of simulating earth albedo and
emission heat fluxes, was also fabricated. The cooler assembly and heat flux
simulator were tested for thermal performance in the 36°R (20°K) Arnold Engineer-
ing Development Center (AEDC) 7V thermal vacuum chamber.

1
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A total of four tests were performed. Test conditions varied for these tests were
earth simulator temperature and spacecraft skin temperature. The tests produced
higher temperatures for the radiator than were predicted. The first stage of the
radiator reached a maximum equilibrium temperature of 246°R with the simulator
at a temperature of 520°R and the spacecraft skin at a temperature of 560°R; the
predicted radiator temperature for this test condition was 156°R. The radiator
reached a minimum equilibrium temperature of 200°R with the simulator at a
temperature of 140°R and the spacecraft skin at a temperature of 460°R; the pre-
dicted radiator temperature for this test condition was 120°R. Based on a corre-
lation of the test and analytical data, the primary reasons for the higher test
temperatures were identified as (1) higher than predicted thermal conductances
between the spacecraft structure and the secondary shield assembly and (2) higher
than predicted thermal conductances between stages of the radiator and between
the radiator base and the spacecraft structure.
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SECTION II

PROGRAM DESCRIPTION
OBJECTIVES AND REQUIREMENTS

The primary objective of the subject program is to verify and evaluate the
thermal design of the development configuration of a model radiative cooler
by a thermal vacuum test. The cooler consists of a staged radiator as-
sembly, a primary shield assembly, a secondary shield assembly, multi-
layer insulation assemblies, and support structure (including a portion of
a simulated spacecraft). Basic requirements are as follows: (1) thermal
tests will be performed in a thermal-vacuum chamber with 36°R (20°K)
heat sink walls; (2) planetary fluxes will be simulated by a flat plate earth
simulator; and (3) external heat inputs will be based on the development
design configuration in a 200 nautical mile earth-oriented circular orbit
in the plane of the ecliptic,

Specific requirements for the program are as follows:

Preparation of Radiating Surfaces. The radiator and shield were pre-
pared in accordance with the requirements given in Reference 1, Of
particular concern for the shields were (1) specularity and (2) surface
waviness,

Thermal Insulation. The basic insulation between the shield assemblies
and simulated spacecraft skin was crinkled aluminized mylar, 1,12-in
thick,

Simulated Spacecraft. The simulated spacecraft skin was provided with
heaters to allow variation of skin temperature from 460°R to 610°R.
Earth Heat Flux Simulator, Radiant earth albedo and emission heat
fluxes incident on the configuration were simulated by a flat plate con-
figuration provided with surface heaters. A 4-ft by 4-ft square plate
simulates the view factor between earth and the configuration for the

200 nautical mile altitude orbit.

Detector Cell Simulation, The detector power dissipation was simulated
by a precision carhon resistor, capable of dissipating bias power from

5 to 50 milliwatts.

Instrumentation, The cooler and earth heat flux simulator were properly
instrumented to allow the accurate temperature determination and to aliow
a comparison of analytical and experimental results, The earth heat flux
simulator was checked and calibrated by a radiometric instrument to
ensure proper heat flux simulation.

Test Chamber. The test chamber had the capability of maintaining its
cold wall temperature at 36°R under full heat load and of maintaining a
vacuum of 10~% mm Hg or higher. Total power input to the cooler and
earth simulator was limited to 2750 watts maximum. The cooler and
earth simulator fitted into a chamber 66 inches in diameter and 110 inches
long,




2,2

AFFDL-TR-T71-125

Test Program. Tests were run to evaluate the effect of the following
parameters on cooler performance: (1) detector bias power dissipation
(5 to 50 milliwatts), (2) spacecraft temperature 460°R to 610°R, and

(3) simulated earth albedo and emission energy incident on configuration
(representative of 200 nautical mile altitude orbit).

DESCRIPTION OF COOLER AND EARTH SIMULATOR

For the operation of the subject passive radiative cooler, it was essential
to have the following: (1) minimization of external heat loads (from the
earth and sun); (2) maximization of the view factor of the detector radiator
to deep space; and (3) thermal insulation of the cooler from the remainder
of the spacecraft. The overall cooler configuration is shown in Figures

1 and 2; the means by which the cooler operation was attained is discussed
below.

The cooler configuration is located on the spacecraft such that the heat
load to the configuration from the earth and the sun is minimized. For an
earth-oriented, cube-shaped spacecraft in a 200 nautical mile altitude in
the plane of the ecliptic (Figure 3), either surfaces 5 or 6 receives the
minimum incident heat flux, Neither of these surfaces receives direct
insolation. Therefore the cooler configuration opening may be placed on
either of these surfaces,

The relationship of the cooler with respect to the spacecraft (surface 5 or
6) and the earth is shown in Figure 4 . Both the primary and secondary
shields are parabolic in shape, with low emittance, low solar absorptance
(aluminum) specular surfaces; specular aluminum surfaces are used to
close the sides of the parabolas.

Ray tracing of incident earth energy, energy emitted by the primary
shield, energy emitted by the secondary shield, and energy emitted by
the radiator is shown in Figure 5; for purposes of clarity, the end shields
are not shown, Earth albedo and emission energy is incident on the
primary parabola and primary ends; for the specular shield surfaces,

the energy that is not absorbed by the shield is reflected above the focus
back to space.

The primary purpose of the secondary shield is to present a lower
temperature environment for the radiator than would be presented if

the radiator viewed the primary parabola shield, No direct earth albedo
and emission energy is incident on the secondary parabola and ends,
Additionally, any energy emitted by the primary shield, or earth energy
reflected diffusely off the primary shield, which is incident on the
secondary shield is reflected back above the secondary parabola focus

to the primary shield and/or space.

In addition fo the attenuation of external heat loads on the radiator and
shields, heat loads from the spacecraft are also attenuated. Both the
primary and secondary end shields are insulated from the spacecraft

by use of crinkled aluminized mylar insulation (aluminized on one side

4
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Figure 1 Radiative Cooler Configuration

Figure 2 Radiative Cooler
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only), 1.12-in thick (80 layers per inch). Additionally, low thermal
conductance fiberglass pieces are used to insulate the shield assemblies
from the structure assembly. The primary and secondary shield as-
semblies are not conductively coupled to each other., Two-mil and
five-mil copper-consgtantan thermocouple wire is used to measure
shield temperatures.

The radiator is thermally insulated from the spacecraft with a staged
radiator assembly, Three low emittance (aluminum) stages provide
radiative decoupling of the first stage from the spacecraft. Each stage
is supported structurally to the next stage via low thermal conductance
polyurethane supports. The outhoard surface of the radiator is painted
white to provide a high emittance surface. Two-mil copper constantan
thermocouples are used to measure radiator assembly temperatures.

The primary shields, secondary shields, staged radiator assembly, and
insulation assemblies are attached to the fiberglass structure. The
fiberglass structure in turn is attached to the simulated spacecraft.

The outboard surfaces of the simulated spacecraft are covered with
aluminized mylar insulation, in order to reduce heat loads to the
chamber, Heaters cover the spacecraft skin, in order to simulate
nominal spacecraft temperatures (460 to 610°R).

For the test conditions, earth emission and albedo heating was simulated
using a flat 4-ft by 4~ft earth simulator situated in front of the cooler
configuration, as shown in Figure 6. The simulator surface facing the
cooler opening was painted black, Heaters were bonded to the opposite
simulator surface so that the simulator temperature could be attained
for the appropriate radiant energy incident on the configuration opening.
The heater side of the simulator was covered with aluminized H~film
and mylar, so as to reduce heat loads on the chamber,

PROGRAM PLAN

A flow diagram of the radiative cooler test program is shown in Figure 7.

The program consisted of the following tasks:
- Design and fabricate tooling for radiative cooler,

- Fabricate radiative cooler

- Checkout radiative cooler in Philco-Ford 6-ft by 6-ft thermal vacuum
chamber

- Design earth simulator

- Fabricate earth simulator

- Calibrate and checkout earth simulator in Philco-Ford 6-ft by 6~ft
thermal vacuum chamber

- Test radiative cooler and earth simulator in AEDC 7V thermal vacuum
chamber

~ Correlate test and analytical data

A detailed description of the program is given in Sections III to VI,
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SECTION I

COOLER FABRICATION, ASSEMBLY, AND CHECKOUT

The construction of the radiative cooler consisted basically of the following:

e Design and fabrication of the cooler tooling

e Fabrication and instrumentation of the cooler parts

e Assembly of the cooler

Additionally, the optical acceptability was checked out throughout the cooler
fabrication, and a thermal vacuum checkout test was performed in the Philco-
Ford six-ft by six-ft thermal vacuum chamber prior to shipment to AEDC,

Overall views of the completed cooler are shown in Figures 1 and 2. The indivi-
dual assembly parts of the cooler and sequence of assembly of the cooler are
shown in Figure 8. As described previously in Section IT, the cooler consisted
basically of the following: a staged radiator assembly, a primary shield
(including a parabolic shield and two end shields), a secondary shield (including
a paraholic shield and two end shields), 2 primary shield insulation assembly, a
secondary shield insulation assembly, a fiberglass structure to hold the radiator
assembly, the two shield assemblies, and the two shield insulation assemblies.

In Paragraphs 3.1 to 3.3, the design and fabrication of the tooling, the detailed
design and fabrication, and the instrumentation and assembly of the radiative
cooler are described. Additionally, the checkout program for the radiative
cooler is described in Paragraph 3. 4; described is the checkout criteria and
methods for the shield optical surfaces and other thermal control surfaces

and the checkout of the cooler in the Philco~Ford six~ft by six~ft thermal
vacuum chamber.

The model radiative cooler dimensions, including spacecraft skin, are 36.4 inches
wide by 37.4 inches high by 19 inches deep. The dimensions of the cooler
opening at the radiative shields are 18 inches wide by 16. 06 inches high.

3.1 COOLER TOOLING

Three generic types of tooling were required for the fabrication of the
cooler parts: tooling for the primary and secondary shield parabolas,
tooling for the secondary shield ends, and tooling for the structural
fiberglass parts.

11/12
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Primary and Secondary Shield Parabolas

Two types of tooling were considered for the parabola shield tools:
aluminum tools and glass rock tools. As described in Reference 1

and Paragraph 3.4, a most critical aspect of the thermal design of

the radiative cooler is the achievement of shield surfaces which meet
prescribed specularity and reflectance requirements. Based on rough-
ness and optical measurements performed on sample shield surfaces
made on both aluminum and glass rock tools, using the surface fabrica-
tion methods described in Paragraph 3.2, either aluminum or glass
rock tools could be used for parabola shield fabrication. Therefore,
due to schedule limitations, cost limitations, acceptability in obtaining
the shield surface requirements, and ease of fabricating the tools, the
glass rock tool fabrication method was chosen,

Two glass rock tools were fabricated: the primary parabola shield tool
and the secondary parabola shield tool, Each of the tools utilized a fused
silica brick base with a slurry coating of silica in water suspension. The
fused silica bricks were used as a foundation for the mold., Once the
bricks were assembled, the approximate contours of the primary and
secondary parabolas were achieved by rough cutting and filing the base
of the mold, The silica mold was then mounted in a sweep fixture, which
consisted of a knife edged template machined in accordance with primary
and secondary shield drawings (Philco-Ford drawings 21-A18714 and
21-A18715). The template was rigidly mounted on two roller bearings
riding on a one-inch solid stainless steel bar (Figure 9.),

Figure 9 Sweep Fixture for Primary Shield Glass Rock Tool

15
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A silica slurry was applied to the mold and successive passes with the
template were made until the desired contour and surface finish were
achieved.

The sides of the mold were swept in a like manner, In order to achieve
parallelism between the two sides, they were both slurried simultaneously.
The primary and secondary shield tool molds were allowed to dry for 72
hours at ambient temperature and then post-cured to an ultimate temper-
ature of 785°R for 48 hours, Following the post-cure, the molds were
returned to the sweep fixture and the surface was inspected for dimension-
al unity with respect to the knife edged template., The optically critical
surfaces on the mold were then sealed with an epoxy resin and hand
polished, The two molds were covered and sealed in a nylon film bag to
prevent contamination of the surfaces during storage,

Primary and Secondary Shield Ends

Since the ends for the shield surfaces were flat, flat glass plates were
used to lay up the shield ends,

Structural Fiberglass Piece Parts

Aluminum mandrels and tools were used in the fabrication of structural
epoxy fiberglass piece parts. The mandrels and tools were fabricated
in accordance with Philco-Ford drawings 21-A18714, 21-A18-715,
32-A18717, and 99-A18-718,

COOILER FABRICATION

The following assemblies were fabricated for assembly into the radiative
cooler: radiator assembly, primary shield assembly, secondary shield
assembly, primary shield insulation assembly, secondary shield insu-
lation assembly, fiberglass support structure, and simulated spacecraft
skin, The assemblies and parts were fabricated in accordance with
Philco-Ford drawings 99-A18718 (radiative cooler assembly), 99-A18717
(radiator assembly), 21-A18715 (primary shield assembly), 21-S18714
(secondary shield assembly), 32-A18712 (structure assembly), and
DN-A18722 (simulated spacecraft), Of primary concern in the fabrication
of the cooler was (1) shield surface preparation (i.e., thermal emittance,
reflectance, specularity, and waviness, as outlined in Reference 1 and
Paragraph 3. 4), (2) thermal isclation of the shields from the spacecraft,
and (3) thermal isclation of the radiator from the spacecraft,

Staged Radiator Assembly

The staged radiator assembly consists of three aluminum radiator stages
separated by polyurethane spacers and a radiator base assembly. The
fabrication cf the radiator assembly was based on Philco-Ford drawing
99-A18718, The assembly is shown in Figure 10.

16
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3.2,2

Figure 10 Staged Radiator Assembly

Each radiator stage was fabricated from 20-mil thick aluminum, The
size of the stages varied from 3.6 inches by 15.7 inches for the first
stage to 4, 7 inches by 17.9 inches for the third stage. The surfaces of
the stages facing each other were covered by aluminized mylar tape to
minimize radiative heat transfer, The surface of the first stage was
painted with white Thermatrol paint, which has a room temperature
emittance of 0,92,

Following fabrication of the radiator stages, base, and piece parts and
the application of thermal control surfaces, the parts were instrumented
and assembled. A 50 milliwatt carbon resistor was attached to the first
stage, in order to duplicate the thermal dissipation of an infrared de-
tector. A total of nine thermocouples were attached to the radiator
assembly; two-mil copper constantan thermocouples were used on all
stages, Three thermocouples were attached to the first stage and two
thermocouples were attached to the remaining stages., The stages were
attached structurally by the bonding of low thermal conductivity, 2 Ib/ft3
density polyurethane spacers to the surfaces, as per drawing 99-A18718.

Primary and Secondary Shields

Based on the requirements of Reference 1 and drawings 21-A18714 and
21-A18715, the primary and secondary shields each consist of a parabola
shield and two end shields. The shields consist of a polyamide honeycomb

17
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substrate with glass cloth laminate facesheets; a high reflectance,
specular aluminum surface was required as the shield surface (front
surface) facing the cooler opening. Heaters were required on the shield
back surface to prevent contamination of the aluminum surfaces during
testing (especially during thermal vacuum chamber cooldown and warmup).

The most critical aspect of the fabrication of the shields was the selection
of the method of achieving the thermal emittance, specularity, roughness,
and waviness criteria (Paragraph 3.4) for the aluminum or aluminized
shield surface. A number of aluminum or aluminized shield surfaces
were considered for use, In addition, silver (a thermally acceptable
surface) was considered., Those considered included the following:
(1) Aluminized H~film bonded to the honeycomb structure

(aluminum side out)
(2) Aluminized mylar bonded to the honeycomb structure

(aluminum side out)
(3) Aluminum vacuum deposited on stainless steel
(4) Aluminum vacuum deposited on electroformed nickel
(5) Silver vacuum deposited on stainless steel with an overcoat of Si O,
Items (3) to () were eliminated for this program primarily due to
schedule and cost limitations. Therefore the fabrication was narrowed
to aluminized mylar and aluminized H-film,

As discussed in Paragraph 3.4, both the mylar and H-film were accept-
able in regard to their thermal emittance, specularity, and surface
roughness, For both surfaces, the room temperature emittance (as
measured with a Lion Model 25 emissometer and Gier Dunkle heated
cavity) was 0,04, the specularity (as measured on a Perkin-Elmer

model 350 spectrophotometer and a Perkin~-Elmer model 13U spectro-
photometer) between wavelengths of 2 and 15¢ was 97% or higher, and

the surface roughness, as measured on a Cleveland roughness indicator,
was between 2 and 4 microinches. However, based on visual examination
and optical comparator measurements, the H-film surface did not meet
the waviness criteria, Upon further investigation, it was determined
that the waviness was inherent in all of the H-film sheets during manu-
facture. Therefore aluminized mylar was chosen for the shield surfaces.

Following the selection of the aluminized mylar, it was determined that
the quality of the mylar sheets varied from roll to roll and between
sections of each roll. Many of the aluminized mylar rolls or sections

of rolls were eliminated on the basis of two common characteristics,
The first and most common characferistic for rejection was the presence
of a clouded film, which probably was a result of contamination of the
surface at the time of vapor deposition. The second most common un-
acceptable property of many of the films was an irregular or wavy
distortion, which was probably caused by either non-uniform rolling

of the mylar film or a non-uniform deposition of aluminum, This latter
characteristic appeared more prevalent with the films having a thickness
greater than 1 mil. Therefore 1-mil thick aluminized mylar was selected
as the most acceptable film for use on the shields,
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A method for obtaining rigidity of the reflective film without loss of
optical flatness and reflectivity was developed for this program. The
aluminized mylar was mounted on a highly polished glass surface with
the reflective side in contact with the glass, under high pressure ad~
hesively bond on a semi-rigid backing, A semi-rigid epoxy resin system
was used as the backing material. It was essential that the adhesive be
semi-rigid in order that the reflective surface, when secondarily bonded
to the honeycomb substrate, would be dimensionally compatible with the
parabolic contour, When highly reflective surface was fabricated, it was
measured for optimum reflectance on the Lion emissometer and then
immediately sealed in an airtight polyethylene bag for protection from
contamination,

The honeycomb substrates, upon which the optical surfaces were later
mounted, were fabricated by the following procedure, An epoxy im-
pregnated glass cloth laminate was formed over the silica mold tool for
the parabolas or glass tools for the end shields and cured under vacuum
pressure for four hours at 810°R, These face skins were then post-cured
at 860°R to ensure the removal of any residual consensable volatiles,
The polyamide honeycomb was slit with a knife blade in a quilted pattern
to a depth of 0.25 inch to allow for outgassing from within the honeycomb
sandwich, The parabolic honeycomb shapes were then mounted on the
primary and secondary molds and heat-formed to the parabolic contour
under vacuum pressure for one hour at 785°R, in order to increase the
dimensional stability of the final honeycomb sandwich assembly, The
epoxy laminate face skins were then prepared for adhesive bonding to
the honeycomb, The bonding was carried out on the mold under vacuum
with an unsupported epoxy film adhesive, having a 0, 007-in thickness
and a curing temperature of 710°R. The side panel substrates were
also fabricated in a like manner.

The aluminized mylar film with its semi-rigid backing was then
secondarily bonded to the primary and secondary parabola panels and
the primary and secondary end shields. During the bonding process of
the parabolic surfaces, the aluminized surface was protected from
scratches by use of a 1-mil thick polished stainless steel sheet over the
parabolic mold. The aluminized surface was then placed on the stainless
steel and a thin coat of epoxy adhesive was applied to its back surface.
The honeycomb substrate was then placed over the surface and the entire
assembly was vacuum bagged. This bonding was performed at room
temperature in order to minimize dimensional distortion. The side
shield aluminized surfaces were bonded to the honeycomb substrate,
using a flat glass surface in place of the parabolic mold,

Following bonding of the aluminized mylar substrates to the honeycomb
gubstrates, the side shields were structurally bonded to the parabolic
shields under vacuum pressure and while aligned on the respective
secondary and primary molds, Three thermocouples were bonded to
the back of the parabolic shields and two thermocouples were bonded to
the back of each of the end shields (Table 1); 2-mil thermocouples were
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used on the secondary shield assembly and 5-mil thermocouples were
used on the primary shield. Conformal heaters were then bonded to the
back surfaces of the shields {Table 2).

The primary shield assembly, following fabrication but prior to the
addition of structural parts, and the secondary shield assembly are
shown in Figures 11 and 12 respectively. The primary shield assembly
is 18 inches wide at the cover opening by 15. 1 inches high by 10, 7 inches
deep. The secondary shield is 18 inches wide by 14.5 inches high by

4, 8 inches deep. The acceptability of the shield surface was determined
following fabrication using a ruby laser, as described in Paragraph 3. 4.

Multilayer Insulation Assemblies

Two multilayer insulation assemblies were fabricated for the radiative
cooler shields: the primary shield insulation assembly and the secondary
shield insulation assembly. The insulation assemblies, cut to conform

to the shape of the shield parabolas and ends, were fabricated using 100
layers of crinkled aluminized mylar, aluminized on one side. Each layer
of the assembly, except for the inner and outer layers, was 0,25 mil
thick, The inner and outer layers were 2 mils thick, The insulation
assemblies were fabricated on molds of the two shield assemblies., At
the edge of the multilayer insulation, glass heat felt insulation contained
within an epoxy edge clip was used to secure the assembly together and
to minimize thermal edge effects for the assembly, The edge clips were
bonded to the insulation. Cutouts were provided in the assemblies to
allow attachment of the structural assembly to the shields, The inner
and outer surfaces of both insulation assemblies were instrumented with
copper constantan thermocouples (Table 1).

Structure

The fabrication of the structural support frame was based on the design
presented in Philco-Ford drawing 32-A18712, The support frame was
fabricated with epoxy impregnated, low thermal conductance glass cloth
formed on aluminum fooling and two aluminum honeycomb support skins,
Structural piece parts and tools are shown in Figure 13. The assembled
structure, with the insulated shield assemblies and shields included, is
shown in Figure 14, The shields were supported by the structure using
low thermal conductance fiberglass supports which penetrated through
the insulation assemblies. The radiator assembly was also supported by
the structural frame. The structure was instrumented with seven copper
constantan thermocouples,

Simulated Spacecraft

The simulated spacecraft was fabricated in accordance with Philco-Ford
drawing DN-A18722, The simulated spacecraft consisted of (1) an
aluminum skin used to support the radiative cooler structure and to
cover three sides of the cooler and (2) a fiberglass cover. Two
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Figure 11 Primary Shield Assembly

Figure 12 Secondary Shield Assembly
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Figure 14 Radiative Cooler Structure
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conformal type heaters were attached to the aluminum skin of the simu-
lated spacecraft (Table 2). The purpose of the heaters was to maintain
the skin temperature between 460°R and 560°R during thermal vacuum
testing. The skin was then covered with ten layers of aluminized mylar
insulation in order to minimize thermal loads on the chamber during
test. Radiation balance calorimeters were attached to the front surface
of the skin facing the earth simulator. Ten thermocouples were attached
to the aluminum skin,
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3.3 ASSEMBLY

Prior to final assembly of the primary shield assembly, secondary shield
assembly, insulation assembly, radiator assembly, structure, and simu-
lated spacecraft, all thermocouples and heaters were checked for opera-
tion. The assembly sequence of the cooler is shown in Figure 8. The
first step of the assembly was to bond the insulation assemblies to the
respective shield assemblies. Fiberglass mounting pads were then bonded
to the back surface of the shields. The secondary shield was aligned in
the structural frame and bonded in position. The staged radiator was then
bolted to the honeycomb structural skin. The next step in the assembly
was the alignment, mating, and bonding of the primary shield assembly to
the structural frame (Figure 15). Prior to final bonding, the alignment was
again checked with the ruby laser beam.,

For the final step of the assembly process, the structural frame was
mounted into the simulated spacecraft.

'

Figure 15
Radiative Cooler Following Assembly of Shields, Radiator Assembly, and Structure

24



3.4

3.4.1

ATFFDL-TR-71-125
CHECKOUT

The checkout of the radiative cooler prior to, during, and following
fabrication was primarily concerned with the following tests and measure~
ments;

- Determination of the optical and thermal acceptability of various fabri-
cation methods, materials, and procedures considered for the shields,

- Determination of the optical and thermal acceptability of the shield
surfaces during fabrication and following assembly.

- Checkout of the cooler in the Philco-Ford 6-ft by 6-ft thermal
vacuum chamber.

Details of the checkouts outlined above are described in the following
paragraphs.

Shield Fabrication Methods and Procedures

Based on the feasibility study results presented in Reference 1, the pri-
mary requirements for the shield surfaces are the following:

(1) Room temperature thermal emittance of 0. 04 or lower

(2)  Specularity of shield surfaces of 95% or higher for ineident earth
energy.

(3) Shield surface waviness as defined in Figures 16 and 17.

Based on these requirements, the following criteria were used as
acceptability tests on condidate shield fabrication methods and procedures:

(1) Total hemispherical room temperature measurements, using both
a Lion Model 25B Emissometer and a Gier-Dunkle heated cavity.

(2)  Spectral specularity measurements of surfaces between 2 and 15 ,
using a Perkin-Elmer model 350 spectrophotometer and a Perkin-
Elmer model 13U spectrophotometer.

(3) Roughness measurements of the surfaces, using a Cleveland Model
BK 6103 roughness indicator. The roughness of a specular surface
is related to the reflectance by

P -16 'rr?‘ UZCOSBG
A - e }\2 (Reference 2)
AQ
where PA / PAo x 100 is the percentage specularity
o = RMS roughness (microns)
g = angle of energy incidence
A = energy wavelength (microns)

Based on this relationship, the criteria was established that the sur-
face has a 4 microinch (no. 4 finish) or less.

{4) Optical comparator reading to determine surface waviness.

(8)  Visual inspection
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Figure 16 Waviness Geometry- Primary Shield Parabola

26



AFFDL~-TR-71-125

UOISUSMIE] A2[jEA O} ¥Yead UO UOTJEIA(] 20URISTOL TeIPRY PIATYS BIOqRIBd JO 100534
LT sandrg

{$3HONT)
NOLLYIAIQ ¥ JINVYHITOL TvIavy

0Z00 5100 oLeo 5000

oo0'0

_ { _ J

Y108vdvd
O73/HS AHVYIWIYd 04 53AHAD  ILON

‘vig ool =INGZ 101 1304

Vid 0050 = INOZ 101 V304

'¥I0 062°0 = AINOZ 7101 1¥I0d

oa

—1 005°0

—1000°1

—7 008°1

NOISNIWIO AFTIVA DL HVId

27



AFFDL-TR-71-125

As described in Paragraph 3.2, a number of shield surfaces were con-
sidered for use. Based on the tests and measurements made on the sur-
faces, 1-mil thick aluminized mylar was chosen for use as the shield
material.

3.4.2 Cooler Fabrication and Assembly

During fabrication of the cooler shield surfaces, the acceptability of the
shield was determined using the same criteria, outlined in Paragraph
3.4.1. Following the fabrication of each shield surface, thermal emitt-
ance, specularity, and roughness measurements were made on shield
samples fabricated with the actual shield surfaces. Therefore no descruc-
tive testing was performed on the actual shield surfaces.

Following fabrication, the acceptability of the secondary shield assembly
and primary shield assembly were determined by use of an Optics
Technology ruby laser beam, 0.25 inch in diameter. The focal plane of
the respective shield assemblies were aligned parallel to a horizontally
movable optical bench. The ruby laser, vertically movable, was aligned
so that its beam was parallel to the focal plane (Figures 18 and 19). A
string was then placed across the focus of the respective shields. The
shields were then mapped horizontally at 0.5-in intervals in the vertical
direction. Based on these measurements, all the reflected energy from
the beam was reflected back beyond the focus for the secondary shield
assembly. Including two defects in the primary parabola shield, it was
estimated that more than 98 percent of the reflected energy from the beam
was reflected back beyond the focus and that all the reflected energy was
reflected back within 0.5 inch of the focus line. Therefore the shield
assemblies were accepted for final assembly.

Following assembly of the cooler assemblies, the alignment of the primary
shield with respect to the secondary shield assembly and the radiator
assembly were determined using the laser. The focal plane of the primary
shield was aligned parallel to the laser beam. The primary shield was
again mapped in a similar manner to that described for the primary shield
assembly alone. Identical results were obtained as for the primary shield
assembly alone; no beam energy was detected on the radiator assembly,

3.4.3 Thermal Vacuum Chamber

Prior to shipment of the radiative cooler to AEDC, the thermal

integrity of the cooler was determined in the Philco-Ford 6-it by 6-ft

liguid nitrogen cooled thermal vacuum chamber (Figure 20). The chamber
is diffusion oil pumped, with working pressures less than 10-5mm Hg.

For the checkout test, the cooler opening plane faced away fromthe

diffusion pump port and toward the liquid nitrogen cooled chamber wall,

The pump port was baffled to prevent contamination of the cooler shield
surfaces. Additionally, optical mirrors were placed throughout the chamber
to monitor any possible contamination.
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Figure 19 Laser Beam Checkout of Secondary Shield Assembly
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QLT LR, 15

|

Figure 20
Philco-Ford 6-Ft by 6-Ft Thermal Vacuum Chamber
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The checkout test was performed with the following conditions: (1)
Chamber wall temperature of 140°R; (2) Chamber pressure less than
10-6mm Hg; (3) Spacecraft skin temperature maintained at 460°R; (4)
Infrared detector heater dissipation ¢f 10 milliwatts. The earth simula-
tor was not included during the checkout test for the radiative ceoler.

The checkout test was performed for a total of sixteen hours. After this
period, the first siage of the radiator assembly had reached a tempera-
ture of 230°R but had not reached equilibrium, The test was then
terminated. Following the test no contamination of the optical mirrors
or the shields was noted.
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SECTION 1V

EARTH SIMULATOR DESIGN FABRICATION, ASSEMBLY, AND CHECKOUT

4.1

4.2

DESIGN

The earth simulator design is shown in Figure 21, The simulator con~
sists of a flat aluminum sheet, four feet by four feet by 0.060 inch thick,
3M black velvet paint was used on the top simulator surface in order to
achieve a high emittance, diffuse coating. Five silicone glass sheet
heaters, capable of dissipating a total of 5000 watts energy, are bonded
to the opposite side of the simulator. The purpose of the heaters is to
achieve appropriate temperatures for the simulation of radiant earth
albedo and emission energy. Copper constantan thermocouples are at-
tached to the simulator plate and heaters. A 20-layer insulation blanket,
consisting of layers of aluminized mylar and aluminized H-film, is
attached with high temperature Velero tape to the simulator, as shown in
Figure 21. The purpose of the insulation is to minimize heat loads on the
chamber.

The primary advantage of this design is its simplicity. Radiant earth
albedo and emission energy is simulated by raising the temperature of
the simulator. The primary disadvantage of the design is that both earth
albedo and earth emission energy is simulated by the infrared energy
emitted by the simulator, Only the earth emission spectrum (energy
peaks at approximately 10u) is simulated by the simulator at a tempera-
ture of 460°R to 660°R. The earth albedo spectrum (energy peaks at
approximately 0.5u) is not simulated. Therefore the energy from the
simulator must be adjusted for spectrally selective surfaces, primarily
the aluminized cooler shields, to compensate for different absorptances
to earth albedo and earth emission, For example, the absorptance of
the aluminized shields to earth emission is 0. 04 and to earth albedo is
0.12. The simulator heat flux is increased to account for the combined
heat flux of both earth albedo and earth emission energy.

CALIBRATION AND CHECKOUT

Calibration and checkout of the earth simulator was performed in the
Philco-Ford 6-ft by 6-ft thermal vacuum chamber, with liquid nitrogen
cooled walls, The purpose of this test was to determine the thermal
vacuum integrity of the simulator and to map the emitted simulator
energy in the plane of the cooler opening.

An Eppley thermopile was used to determine the energy incident on the

cooler opening at nine locations of the opening, as shown in Figure 22,
The thermopile was remotely controlled from outside the chamber, The
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incident energy was determined at the nine locations for simulator
temperatures between 470°R and 780°R. The incident heat flux varied
between 12 Btu/hr—ftz at a simulator temperature of 470°R and 115
Btu/hr-ft2 at a simulator temperature of 780°R (Figure 23). The heat
flux map across the cooler opening plane (normalized to an incident flux
of 100 Btu/hr-ft2 at location B1) is shown in Figure 24,

During checkout of the heaters in a vacuum, silicone contamination of

the chamber was noted when the heater temperature exceeded 880°R.
Therefore as a precautionary measure, the heaters were baked in air at
a temperature of 910°R for five days and subsequently baked in a vacuum
at a temperature of 810°R for one day., Additionally, the maximum
temperature of the heaters during simulator testing was limited to 760°R.

] 1 L [ . { L i |

480

500 540 80 620 6680 700 740 7680 a0
TEMPERATURE (°R)

Figure 23 Effect of Earth Simulator Temperature on
Heat Flux Incident on Cooler Opening
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SECTION V
TEST PROGRAM

A total of four tests were performed to evaluate the thermal performance of the
radiative cooler. The tests were performed with the spacecraft skin at tempera-
tures of 460°F and 560°R and the earth simulator at femperatures of 140°R

(0 Btu/hr-fi2 energy incident on the cooler opening), 520°R (18.5 Btu/hr-ft2
energy incident), and 565°R (28 Btu/hr-ft2 energy incident). An earth simulator
temperature of 620°R, representative of energy fluxes for a 200-nautical mile
altitude orbit, was not achieved due to unbonding of the earth simulator heaters
from the earth simutor. However, the earth simulator temperatures achieved
were sufficiently high to evaluate the thermal performance of the cooler.
Additionally, effects of infrared detector bias power dissipation were not
evaluated due to the failure of the 40~-mW detector heater.

5.1 TEST CHAMBER

The subject thermal vacuum tests were performed in the AEDC 7V
thermal vacuum chamber. The light-tight chamber, 66 inches in diam-
eter and 110 inches long, has black V-groove helium cooled (36°R) walls
throughout. A sketch of the chamber is shown in Figure 25, The walls

of the chamber are instrumented with thermocouples and platinum sensors
for temperature monitoring.

The location of the radiative cooler and earth simulator in the chamber
is shown in Figure 26. The earth simulator plane was located horizon-
tally in the chamber. The cooler was located above the simulator with
the angle between the cooler opening plane and the simulator plane equal
to 109°. In this manner emitted energy from the simulator was incident
only on the cooler primary parabola shield and primary end shields (in
addition to the spacecraft skin surfaces). Therefore, the cooler opening
viewed the top and sides of the chamber walls, the chamber '"West end"
door, and the simulator plane itself. The cooler and simulator were
attached to the chamber using adjustable low conductance stainless steel
wire. The cooler and simulator were aligned with respect to each other
and to the chamber dimensionally and visually (i.e., verification that the
simulator viewed only the primary shield).

5.2 INSTRUMENTATION AND HEATERS

5,2.1 Radiative Cocler

Three categories of instrumentation were used on the radiative cooler
package: thermocouples, heaters, and radiation balance calorimeters.
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The purpose of the thermocouples was to monitor the progress of the
thermal tests and to determine the thermal performance of the cooler.,

A total of 52 thermocouples were used on the cooler package., A list of
the thermocouples, their locations, and their sizes is given in Table 1.
Copper~constantan thermocouples, either 2-mil diameter or 5-mil
diameter, were used throughout., Thermocouple location was based on
the analytical thermal model of the cooler. Two-mil thermocouples were
used where heat leaks were critical to the thermal performance of the
cooler, such as on the staged radiator and the secondary shield surfaces.
The thermocouple junctions were spot welded to small copper tabs, The
tabs in turn were RTV bonded to the proper cooler surface, When at-
tached to a2 low emittance surface, the thermocouple junction and tab
were covered with low emittance aluminized tape.

Three types of heaters were used on the radiator cooler package: shield
surface decontamination heaters, infrared detector simulation heater,
and spacecraft skin heaters. A list of the heaters used on the cooler,
their location, and power rating is shown in Table 2,

A total of six separately controlled decontamination heaters were at-
tached to the honeycomb back side of the six parabolic end shields. The
purpose of the heaters was to prevent contamination of the shields from
sources within the chamber, including the cooler and simulator, during
cool down and warm up of the chamber. The decontamination heaters
were added to the cooler based on experience with the contamination of
other coolers, both during test and flight, Power to the heaters was ad-
justed as necessary during chamber cool down or warm up so that the
temperature of the shields was maintained between 520°R and 560°R, so
as to prevent decontaminants from staying on the shield surfaces. Once
the chamber temperatures were stabilized, these heaters were shut off,
The heaters were fabricated from Armstrong sheet heaters and were cut
from the sheet to fit the shape of the parabolas and ends. Electrical
conduction strips and leads were added as necessary to the heaters. The
heater lead size was minimized so as to minimize thermal leaks to the
shields, After the heaters were covered with polyimide tape to prevent
electrical shorting, they were bonded to the back side of each of the
shields,

The purpose of the infrared detector heater was to simulate the bias
power dissipated by an infrared detector. The heater, a 50 mW carbon
resistor, was attached to the first stage (radiator stage) of the radiator.
The heater lead size was minimized so as to minimize heat leaks to the
radiator. The leads were thermally shorted to each radiator so as to
further minimize the heat leaks. Redundant heaters were not used,
also so as to minimize heat leaks. As described in Paragraph 5.3, the
heater or its leads opened in the cooler during testing and could not be
repaired without disassembling the cooler.

Two spacecraft skin heaters were attached by bonding to the aluminum
skin of the simulated spacecraft. The purpose of the heaters was to
simulate nominal spacecraft temperatures of between 460°R and 610°R.
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TABLE 1

THERMOCOUPLE LOCATIONS

LOCATION

Primary Shield, Center, Top

Primary Shield, Center, Bottom

Primary Shield, Side, Bottom

Primary Shield End 1, Top

Primary Shield End 1, Bottom

Primary Shisld End 2, Top

Primary Shield End 2, Bottom

Secondary Shield, Center, Bottom

Secondary Shield, Center, Top

Secondary Shield, Side, Bottom

Secondary Shield End 1, Top

Secondary Shield End 1, Bottom

Secondary Shield End 2, Top

Secondary Shield End 2, Bottom

Radiator First Stage, Center

Radiator First Stage, Center

Radiator First Stage, Center

Radiator Second Stage, Center

Radiator Second Stage, Side

Radiator Third Stage, Center

Radiator Third Stage, Side

Radiator Base, Center

Radiator Base, Side

Primary Shield Insulation, Shield Side

Primary Shield Insulation, Spacecraft Side
Primary Shield End 1 Insulation, Shield Side (Opposite TC4)
Primary Shield End 1 Insulation, Spacecraft Side
Primary Shield End 2 Tnsulation, Shield Side (Opposite TICE)
Primary Shield End 2 Insulation, Spacecraft Side
Secondary Shield Insulation, Shield Side (Opposite TC8)
Secondary Shield Insulation, Spacecraft Side
Secondary Shield End 1 Insulation, Shield Side (Opposite TC11)
Secondary Shield End 1 Insulation, Spacecraft Side
Secondary Shield End 2 Insulation, Shield Side (Opposite TC13)
Secondary Shield End 2 Insulation, Spacecraft Side
Spacecraft Back, Top

Spacecraft Back, Bottom

Spacecraft Left S8ide, Top

Spacecraft Left Side, Bottom

Deleted

Deleted

Spacecraft Bottom

Spacecraft Right Side, Botiom

Spacecraft Right Side, Top

Spacecraft Top

Spacecraft Top Wing

Spacecraft Bottom Wing

Structure Top Base, Center

Structure Top Base, Side

Structure Bottom Base, Side

Structure Bottom Base, Center

Fiberglass Structure, Side

Fiberglags Structure, Center

Fibergldass Structure, Side
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5.3
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The heaters used were flexible thermo-sheets. Spacecraft heater H81
consisted of four heaters wired in parallel and attached to the four sides
of the spacecraft skin. Heater H83 was attached to the back surface of
the spacecraft gkin.

Two radiation balance calorimeters were attached fto the sides of the space-
craft skin facing the earth simulator, as shown in Figure 26. The purpose
of the calorimeters was to monitor heat fluxes incident on the cooler
opening. The calorimeters were calibrated during calibration of the earth
simulator, as described in Paragraph 4.2. Each calorimeter consists
basically of a disc which is coated black on one side, to absorb the heat
fluxes from the heat source, and is thermally isolated by low emittance
radiation discs facing the opposite disc side. The temperature of the
calibrated calorimeter increases as the incident heat flux increases.

YSI thermistors are used to monitor the disc temperatures.

Earth Simulator

Both thermocouples and heaters were used on the earth simulator. The
purpose of the thermocouples was to monitor the temperature of the
simulator radiating surface and to monitor the heater temperatures. A
total of 15 five-mill diameter copper constantan thermocouples were

used on the simulator, ten on the radiating surface and five on the heaters.
The thermocouples were bonded with RTV directly to the back side of the
radiating surface and heaters. A list of the thermocouples and their loca-
tions is shown in Table 3.

The purpose of the earth simulator heaters was to control the temperature
of the simulator radiating surface. Two separately controlled heaters,
H86-89 and H85, were used, Heater H86-89 actually consisted of four
separate heaters, wired in parallel. The heaters used were silicone fiber-
glass heaters, dimensionally sized so as to cover the entire back surface
of the simulator and provide uniform heating of the simulator. A list of
the heaters, their location, and their power size is given in Table 4,

Each of the heaters was bonded over nearly its entire surface to the back
side of the simulator, so as to minimize temperature gradients between
the simulator and heater.

TEST PLAN

The radiative cooler test plan was designed to evaluate the cooler thermal
performance, specifically in the following areas: (1) thermal radiative
performance of the shield surfaces; (2) thermal isolation of the shields
and radiator from the spacecraft; and (3) effect of infrared detector bias
power dissipation on radiator temperatures (Reference 3). Due to the
failure of the infrared detector heater and limitations in the test schedule
and costs, the number of tests was limited to four and the effect of de-
tector bias power dissipation on radiator temperatures was not evaluated.
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TABLE 3

THERMOCOUPLE LOCATIONS ON EARTH SIMULATOR

THERMOCQUPLE
NUMBER LOCATION

55 Earth Simulator, Section 1 (Nearest Cooler)
56 Earth Simulator, Section 1 (Nearest Cooler)
57 Earth Simulator, Section 2
58 Earth Simulator, Section 2
59 Earth Simulator, Section 3
60 Earth Simulator, Section 3
61 Earth Simulator, Section 4
62 Earth Simulator, Section 4
63 Earth Simulator, Section 5
64 Earth Simulator, Section 5
65 Earth Simulator, Heater H86-89, Section 1 (Nearest Cooler)
66 Earth Simulator, Heater H86-89, Section 2
67 Earth Simulator, Heater H86-89, Section 3
68 Earth Simulator, Heater H86-89, Section 4
69 Earth Simulator, Heater H85, Section b
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The basic conditions for the four tests are outlined as follows:

Test 1: Spacecraft temperature = 460°R;
Earth simulator temperature = 140°R
(Incident energy flux on cooler opening = 0 Btu/hr- ft )

Test 2:  Spacecraft temperature = 460°R;
Earth simulator temperature = 520°R
(Incident energy flux on cooler opening = 18.5 Btu/hr—-ft )

Test 3: Spacecraft temperature = 460°R
Earth simulator temperature = 565°R
(Incident energy flux on cooler opening = 28 Btu/hr-ﬂ: )

Test 4: Spacecraft temperature = 500°R;
Earth simulator temperature = 520°R
(Incident energy flux on cooler opening = 18.5 Btu/hr-ft )

Tests 1, 2, and 3 were used to evaluate the thermal radiative perform-
ance of the shield surfaces; tests 3 and 4 were used to evaluate the
thermal isolation of the shields and radiator from the spacecraft. The
test conditions are summarized in Table 5. Details of the tests are
given in the following paragraphs; test results and an evaluation of cooler
thermal performance are presented in Section VI.

5,3.1 Test 1

Test 1 was performed with the following test conditions: spacecraft skin
temperature (thermocouples 36 to 45) at an average value of 460°R;
earth simulator temperature (thermocouples 55 to 64) at an average
value of 140°R; and chamber wall temperature facing cooler opening at
an average value of 43°R (24°K). No energy was dissipated in the
infrared detector heater during this or subsequent tests, due to a failure
in the heater circuit within the cooler.

During cooldown of the chamber, the temperatures of the primary and
secondary shields (thermocouples 1 to 14) were maintained between 520
and 555°R by use of heaters H90 to H95. Additionally, the temperature
of the earth simulator (thermocouples 55 to 64) was maintained between
520 and 565°R. However, the temperature of the chamber walls facing
the cooler opening did not reach 36 °R (20°K) and there was uncertainty
as to the validity of the wall temperatures. After 12 hours of chamber
pumpdown and cooldown, the shield heaters (heaters 90 to 95) were
turned off and, as a checkout of the chamber cooling capacity and earth
simulator heaters, the earth simulator temperature was allowed to
achieve an equilibrium value of 620°R (the temperature of heaters H85
and H86-89 reached an equilibrium value of 660°R). An apparent rise
in the chamber wall temperature was noted.

The earth simulator heaters were shut off and the simulator allowed to

increase to a temperature of 140°R; a corresponding decrease in the
apparent chamber wall temperature was noted. The cooler was allowed
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TABLE 4

EARTH SIMULATOR HEATERS

AFFDL-TR-71-125

THERMOCOUPLE POWER
HEATER LOCATION PURPOSE MONITOR RATING
Ha5 Earth Simulator | Control Simulator 63, 64, 69 120 Volts,
Section 5 Temperature 570 Watts
H86-89 Earth Simulator | Control Simulator 55 to 62, 120 Volts,
Sections 1,2,8,4 | Temperature 65 to 68 4400 Watts
TABLE 5
SUMMARY OF TEST CONDITIONS
CHAMBER WALL EARTH SIMULATOR SPACECRAFT SKIN
TEST TEMPERATURE TEMPERATURE TEMPERATURE
NO. (°R) (°R) (°R)
1 43 140 460
2 61 520 460
3 67 b65 460
4 63 520 560

47




AFFDL-TR-71-125

to reach an equilibrium temperature, with the spacecraft skin tempera-
ture at 460°R. During cooldown nine of the earth simulator temperature
thermocouples became erratic. Following test 1, it was decided to warm
up and open the chamber for the following reasons: (1) to determine the
reason for the apparent chamber wall temperature increase when the
earth simulator temperature was increased (the maximum energy dissipated
within the chamber was 1300 watts, whereas the theoretical heat load
capacity of the chamber walls in the vicinity of the simulator was 2700
watts); (2) to determine the location of the infrared detector heater cir-
cuit opening (the heater circuit opened within the chamber during cool -
down of the chamber); and (3) to determine the reason for the erratic
readings for nine of the earth simulator temperature thermocouples.

After the chamber was opened, it was noted that at least one chamber
temperature sensor on the "West end" door was loose. Reattachments
were made and additional redundant sensors were added, especially

in the area of the chamber that was viewed by the cooler opening. The
circuit opening for the infrared detector heater was somewhere within
the cooler package itself, Due to the difficulty in disassembling the
package in order to locate the opening, no repairs were made to the cir-
cuit. Finally, it was discovered that the erratic simulator temperature
readings were due to the unbonding of the simulator heaters from the
simulator plane, Therefore, repairs were made to the simulator
thermocouples and the heaters were thermally placed in contact with the
plane by sandwiching them between the plane and aluminum sheets.

5.3.2 Test 2

Following the repairs made to the chamber temperature sensors and
earth simulator, test 2 was started. Test 2 was performed with the
following equilibrium test conditions: spacecraft skin temperature

at an average value of 460°R; earth simulator temperature at an
average value of 520°R; chamber wall temperature facing cooler opening
at an average value of 61°R (34°K).

The same procedure was used for control of the shield temperature and
earth simulator temperatures during chamber cooldown, The tempera-
ture of the earth simulator was limited by two factors: (1) the tempera-
ture of the chamber facing the earth simulator increased with an increase
in simulator temperature (for example, the temperature of the wall
increased from 43°R to 67°R with an increase in the temperature of the
simulator from 140°R to 565°R); (2} a large temperature difference
developed between the earth simulator plate and simulator heaters, due
to the unbonding of the heaters (for example, with the simulator plate

at a temperature of 519°R, the temperature of the heaters was T09°R).
In order to prevent outgassing, the maximum heater temperature was
limited to 780°R. Therefore, the simulator temperature of 620°R
which duplicated the heat fluxes for a 200-nmi altitude orbit were not
quite duplicated (Figure 23). Thermal equilibrium for the cooler was
reached 24 hours after the cooler shield heaters (heaters H90 to H95)
were turned off.
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Test 3

The thermal conditions for test 3 were the same as for test 2 except

that the simulator temperature was increased to 565°R, which caused

the chamber wall temperature to increase to 37°K. The temperature

of the spacecraft skin was maintained at 460°R. At a simulafor tempera-
ture of 565°R, the average incident heat flux on the cooler is 28 Btu/Hr-
ft2, Thermal equilibrium for test 3 was reached nine hours after the
start of the test.

Test 4

The thermal conditions for test 4 were the same as for test 2 except
that the spacecraft skin temperature was increased to 560°R. The
temperature of the simulator was returned to 520°R, with the chamber
wall temperature at 35°K, Thermal equilibrium was reached ten hours
after the start of the test,
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SECTION VI

TEST RESULTS

The primary objective of the thermal vacuum test program was to verify the
thermal design of the model radiative cooler. The goal was to achieve liquid
nitrogen temperatures for the first stage of the cooler, on which an infrared
detector would be placed. The test results produced higher first stage
radiator temperatures than predicted. Depending on the test conditions, the
first stage of the cooler reached an equilibrium temperature of 246°R to
200°R. The predicted temperatures for the test conditions were 156°R to
120°R. The test conditions are summarized in Table 5. Based on a cor-
relation of the test and analytical data, the primary reasons for the higher
test temperatures were identified as: (1) higher than predicted conductances
between the spacecraft structure and the secondary shields, and (2) higher
than predicted conductances between stages of the radiator and between the
staged radiator base and the spacecraft structure, These differences between
the analytical model and test model resulted in higher then predicted secondary
shield temperatures and, ultimately, higher than predicted first stage
temperatures.

A third reason for the higher than predicted first stage temperatures could be
the non-specularity of the shield surfaces, which could cause simulated earth
energy to impinge directly on the first stage. For example, as discussed
below, the first stage temperature increased from 200°R to 235°R as the
energy from the 2earth simulator incident on the cooler opening increased
from 0 Btu/hr- to 18.5 Btu/hr-ftz; however, the staged radiator tempera-
ture increased only from 235°R to 236°R as the incident energy increased
from 18.5 Btu/hr-‘r‘t2 to 28 Btu/hr-ft2. Therefore the effect of the non-
specularity of the surfaces and its effect on first stage temperatures is more
difficult to determine and evaluate, Optical and laser tests prior to testing
indicated the acceptability of the shield surfaces. Examination following
testing indicated that the surfaces were not visually contaminated.

The cooler and earth simulator temperatures for the four tests are given in
Tables 6 through 9 for thermal equilibrium conditions. Also presented in the
tables are the analytical model temperature predictions for the corresponding
test conditions; the analytical thermal model described in Reference 1 was
used for these predictions. The first stage radiator temperatures for the four
tests are summarized in Table 10.

The results indicate that the first stage radiator temperatures were 80to 106R°
higher than predicted, depending on the test conditions., By increasing the inei-
dent energy flux on the cooler opening from ¢ Btu/hr-ft~ to 18,5 Btu/hr-ft” and
from 0 Btu/hr-ft to 28 Btu/hr-ft* (spacecraft at 460°R), the first stage tem-
perature was increased by 35R° and 36R°, respectively; predictions indicated
these temperature increases to be 9R°® and 15R°, respectively.
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The test results indicate a large change in first stage radiator temperature
resulted from increasing the incident heat flux from 0 to 18.5 Btu/hr-ft2
but a relatively small additional change resulted from increasing the heat
flux from 18.5 to 28 Btu/hr-ft2,

By increasing the temperature of the spacecraft from 460°R to 560°R (incident
energy flux on the cooler was 18.5 Btu/hr-ft“), the test temperature of the
first stage increased 10R°. Predictions indicated a temperature rise of 45R°,

The predicted first stage temperatures Indicated larger variations due to
changes in incident flux and spacecraft temperature than resulted during test.
However, the predicted absolute temperatures and radiating ability were lower
than the test absolute temperatures and radiating ability. Therefore any
small perturbation in the thermal environment would have a greater effect on
the lower (predicted) temperatures.

An examination of the test and predicted temperatures presented in Tables 6
through 9 indicates that the closest correspondance between the two
temperatures were associated with the primary shield, In fact the test
temperatures for the primary shield were generally lower than the predicted
temperatures. The largest difference between predicted and test temperatures
were associated with the secondary shield, secondary shield insulation, radia-
tor stages, and radiator base, For example, for test 2 conditions, the
predicted temperature for the secondary shield was 274°R; the test tempera-
ture varied between 386 to 341°R. The predicted temperature for the shield
insulation (shield side) was 297°R; the test temperature was 274°R. The
predicted radiator base temperature was 292°R; the test temperatures were
348 and 344°R.

Based on the results of the analyses presented in Reference 1, there could
be multiple number of reasons for the discrepancy between the predicted
and test temperatures, including the following:

(1) Lower than predicted conductance through the secondary shield
and primary shield insulation blankets

(2) Heat leaks through the fiberglass structure supporting the
shields

(3) Heat leaks through the supports attaching the radiator stages
together

(4) Diffuse reflections from the primary shield onto the secondary
shield and radiator assembly,

{5) Contamination of the shield surfaces during testing, causing
increased shield absorptances and diffuse reflection components

(6) Uncertainties in the temperature of the chamber

(7) Imaccuracy of the thermal analytical model

Due to the multiple modes of heat transfer associated with the radiative
cooler, it is different to pinpoint the reason or reasons for the differences
between the predicted and test temperatures. However, an examination of

the test results and a correlation with the analyses indicates the items 1
through 3 above are primary candidates for the differences between the test
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TABLE 10

AFFDL-TR-71-125

SUMMARY OF FIRST STAGE TEST AND ANALYTICAL TEMPERATURES

TEST

TEST CONDITIONS

FIRST STAGE

TEMPERATURES (°R)

TEST

PREDICTED

1

Spacecraft Temperature = 460°R
140°R

Earth Simulator Temperature
{incident energy flux on cooler
opening = 0 Btu/hr-ft2)

Spacecraft Temperature = 460°R

Earth Simulator Temperature = 520°R
(incident energy flux on cooler
opening = 13,5 Btu/hr-ft2)

Spacecraft Temperature = 460°R

Earth Simulator Temperature = 565°R
(incident energy flux on cooler
opening = 28 Btu/hr-ft2)

Spacecraft Temperature = 560°R

Earth Simulator Temperature = 520°R
(incident energy flux on cooler
opening = 18.5 Btu/hr-ft2)

200

235

236

246

120

129

135

156
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and analysis results, although diffusely reflected energy off the shields and
onto the radiator stage would cause a temperature rise in the radiator, as
shown in Figure 48 of Reference 1. A discussion of the correlation between
test and analytical results follows.

Based on the results of the analyses presented in Reference 1, the tempera-
ture of the primary shield, which is higher than the temperature of the
secondary shield, is dependent on absorbed fluxes from the earth simulator
and, to a lesser extent, thermal isolation from the complete system. How-
ever, the temperature of the secondary shield is heavily dependent on thermal
isolation from the spacecraft, the temperature of the secondary shields, and
the ability of the shields to reflect specularly,

The laser tests and optical tests performed at Philco-Ford (Paragraph 3. 4)
indicated that the parabola shields performed optically as required. A visual
examination of the shields indicated no contamination of the surfaces,
although no optical or laser tests were performed on the surfaces following
testing,

From the results of test 1, with no energy flux incident on the cooler opening,
the first stage temperature was 80R° higher than predicted. However, a
better correlation between predicted and test temperatures was achieved hy
degrading the performance of the secondary shield insulation, by increasing
the conductance between the secondary shield and structure via the fiberglass
supports, and by increasing the conductance between the radiator stages.
The results of the correlation are given in Table 11. For this correlation,
the radiator base temperature used in the predictions was fixed at the test
temperature. Additionally, the conductance between stages of the radiator
was increased by a factor of five, and the conductance in the secondary
shield insulation was increased by a factor of four.

The temperature of the first stage of the radiator increased from 200°R to
236°R as the Incident heat flux on the cooler opening was increased from 0
to 28 Btu/hr-ft2, The correlation of the test and analysis temperatures for
these conditlons is more difficult to determine. As indicated above, the pre-
fest and post-test condition of the shields appeared to be acceptable.

The predicted temperatures assumed isothermal nodes for the shield parabolas
and each of the shield ends. However, the test results indicated that the
ghields were not isothermal, as indicated in Tables 6 to 9. For example,

in test 3 (Table 8) the temperature of the primary parabola shield at the

shield top (furthest from the radiator) was 361°R (thermocouple 1), whereas
the temperature at the bottom of the shield (nearest the radiator) was 392°R

at the center and 361°R at the side. Similar temperature distributions occurred
for the other shields. The differences in temperatures can be attributed to

the following: low lateral thermal conductance in the shield surfaces (aluminized
mylar); uneven incident heat flux at the cooler opening (Figure 24); and
localized thermal heat leaks to and from the spacecraft along the shield sur-
faces,

70



3L/TL

——— Y] apls “e+seg dor sanymmaasg - 6%
--- 06Y aajus) ‘aswg doy sanjoniig -- gy
-—- 86§ 3uIM ‘woldog 3IFRaAdEcERdg - in
el 80% FarM ‘doyl 3yBx09dedg - 9%
- bty d0] 3jeaJeoedg - 1]
.- 9% dog, “apig 1927y 37RIowveds -- 74
.- 0oy woj3eq ‘apTs 3qB1y 1jeaocecedg -— (2]
--- Z9% wmoajod 3FEI0acedg - [
= 297 T Wo336F *9pF§ 1391 3jeioeoedg o 6E
-— 19% dor ‘aprs 3Fy97 1yeavadedg - g€
-——- olY wollog “yomy ywasasedsg - i€
——— _Giy dol “3oeyg 3yeadROBdg P ~ 9¢
gy --- 3pTs IJeiowoedg ‘uoriBInEuI z pug PIaTys AIepuodag ol [13
et 61% 9pTS PIafis ‘vorlBINSUY z pug PToTYs Lrepudaag La e
otk 187 apls 3Feadecedg ‘moyivinsul 1 pud PIITU§ Arpuodag o1 €€
08g 06€ BPIS PTATUS uotIETnsUI T puy PIaIYs Lawpucdeg €1 7t
0w ZEY 9pIs 13vaoa0rdg ‘uopieynsn] pieyys Lispuodag 1)1 )13
T3E 04t BUTS PIPIqg 'UofIninsdy PIoaTys GESEET] A ot
11 Ly 2p1g jvadedrwds ‘mojIwinsuy 7 pug PIITUS Aewiiag o1 62
8L€ ZLE SPIS PISTUS ‘uOTIRINGTI 7 pug pIsiys Asemiig 91 87
agw &1% 8pTs 1yrIcsvwdg ‘Coliwinsur 1 puy PIalqs Lrewyag o1 it
[1:15 69¢ 9pFs PIarys ‘wolIwInsul I pog pTajys Arswmrig L1 9z
oty a5y BPIG 3J0aD9 85 'BOJIUINERI BLSTYS AJBWIig ot [¥3
iLE 90t 3pT5 PIITUS ‘BOTIBINSUL PIatys LIeuag <1 5T
1€ Z€E apIs ‘esey I0IETPRYU €2 £z
TEE 0EE Iaqua) ‘aswg 103BTpRY (4 144
£0€ 18T 3pIs “sBeag PATUL A0IBTPEN 44 1z
€0f 892 Iajaa) ‘odeig PAIUL I0IFFPRY T 0z
£z iy 9pFs ‘e8E1g puodag A0IBTPER 12 61
9£zZ 3 74 Iajua) ‘ale3g puodss a0I1TTPERY 12 81
681 00T 9pys ‘9¥eig 1saTy IowIpey 0z i1
[3:24 00Z wine) ‘alvilg 1811g ac3wypEy 0z 91
681 162 I9qGa0 99935 18174 A0APIpEH 0z 31
69¢ 1133 woljeq "7 pug PIITYS AXapuooag % Y1
49¢ 8%E doy ‘7 pug platus Axepuodag v £1
69¢€ 99¢ wolzog ‘T pog pIaTys AIwpundeg £ z1
69€ 1133 dop ‘[ pud prajys Liepuadag £ It
153 62t wojjod ‘opIs ‘PIITYS AISpUOIIZ 8 3
8¢cg 8yt doy ‘aa3uagy ‘pIaTug AIBpuUOdAg 8 6
85¢ £Z¢€ wollog ‘3ajus) ‘pieTys Awpuoday 8 ]
£8€ [A43 woj30g ‘z pug PIITYS ATeWiig 9 L
£8€ T1€ doy *z pug preTus AIBWTIL ) 9
£8E (3 mo3jog ' pud pI2Ius Aswwmrag ] 3
£8/E ose doy ‘1 pog pIeTHS Arewrig 4 L4
€LE  $49 Wo3130¢ *epEs ‘pIITuS AFEWlig 6 €
(¥4 153 w3304 *I9JUa) *pratyg AIRWlig 6 z
€L€ 97¢ doy, ‘29quan ‘prefyg Aremyag 6 1
(a,) ) YATAAN  ZQ0N ErTinTy
FENEIVIRIHIL FUAIVHIAWIL ROTIVOOT T1dN0ONMEIHI IVDLLATYNY FIAN0RNIAEL
TALDTATA 1541 ONIAROdSENH0D Isal

SBT-TL=HI~TUAIY

T ATEV.L

T LSHI - SLHISHYE LSHL ANV TVILLATYNY 0 NOLL VIZHHOD




¥L/EL

-=- 02 ¢ BATINDE "CRH J0lwoR ‘IOJRIMNIS [YIaey - 69
=== T0¢ H UOTIFIG *QHH I9IF9H I0IRTOWIS qIIRg -- 89
- 0T £ UOFID9S '/§H 2aIweH IOIETOMIS yIIEF - 9
.- === 7 ud§lIfag .mm Xajeag ‘I01PInWLg Ylawx - g9
=== - T UOT3995 'GGH 39385l XOJP[NMTS Y3A9% - 1)
- —_—— ¢ UWoEIeg ‘aoRTAUTS YRy == kel
o= ool g UOTIIeg *1018irmyg Yireg -- €9
=== m-- 4 W0TI03g ‘I0IPINMES Yjreg -- 79
il i 4 UoT3I095 ‘I03eTnag 13IBH =- 19
- m-- £ U0T3I3eg “I0IE[mmrg yirel -- 09
- - £ Boj3ees ‘Jolelomig Ylaeg -- 65
e 0sT T UOT1035 ‘IojE[NS YIaRy -- gS
- o Z UOTIIAG TIOIWINMIS YIIRT - L
u=- Z61 (A5To0] JgoiBaN) [ UOTIOPg °IOIEITMIS Hiieyg - 9¢
pevny . (I3T00) IF8IBaN) [ ROLIIFE *JOIRIMNIS YIAET -- [13
.- 6Th 2p1S ‘@ainyanaig sEeEaeqlg - e
--- fAN Iwquey ‘aanlonIls ssR]IIaqrg - £c
s 9zvw 2pTs “@an3ionllg sseTdiaqrg -- k4
- wey I3]0 “9FR{ WOII0d FINIONAE - 16
== ey apls “9seq mWolj0g 2InIINALG . 05
Y i) YATHON  TooN WITHN
ﬁﬁmﬂ%ﬁhw%“ww HEH_HwMHmmEHF NOLIVOOT TIIN0OGHEIRT TYOELXTVNY HTAO0DIIHL
INIAHOdSATA0D ISAL

SEI~TL-HL~1AAIV

(TANNLLNOD)
T ATHVL




AFFDL-TR-71-125

SECTION VII

CONCLUSIONS

Based on the results of an earlier study performed by Philco-Ford for
Wright-Patterson Air Force Base, an infrared detector radiative cooler de-
signed for use in a 200 nautical mile altitude orbit was fabricated, assembled,
and fested in a 36°R thermal vacuum environment. Thermal isolation of the
infrared detector radiator was achieved by use of a staged radiator assembly.
Rejoction of incident earth energy was achieved by use of two high reflectance,
specular staged shields. TFabrication techniques were developed for the cooler.
A unique method of achieving shield surfaces, which met the thermal and
optical requirements for the cooler, was used. The method consisted essenti-
ally of the bonding of a high reflectance specular, aluminized-mylar shield
surface to parabolic and flat honeycomh substrates.

A method was developed for the simulation of earth energy incident on the
cooler opening. The earth energy simulation was achieved by use of a flat
4-ft by 4-ift plate, painted black, and placed in the relative position of the
earth in front of the cooler opening. The temperature of the plate was
regulated to duplicate earth albedo and emission energies by use of heaters
attached to the opposite side of the plate.

A total of four tests were performed in the AEDC 7V, 36°R thermal vacuum
chamber, The tests produced higher than predicted temperatures for the
radiator, The first stage of the radiator reached a maximum equilibrium
temperature of 236°R with the simulator at a temperature of 5656°R and the
spacecraft skin at a temperature of 560°R; the predicted radiator temperature
for thls condition was 156°R. The radiator reached a minimum equilibrium
temperature of 200°R with the simulator at a temperature of 140°R and the
spacecraft skin at a temperature of 460°R; the predicted radiator temperature
for this test condition was 120°R, Based on a correlation of the test and
analytical data, the primary reasons for the higher test temperatures were
identified as (1) higher than predicted thermal conductances beiween the
spacecraft structure and the secondary shield assembly, and (2) higher

than predicted thermal conductances between stages of the radiator base and
the gpacecraft structure,
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