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Calorimetric Measurements of Thermal Control Surfaces
at Geosychronous Orbit

C. C. Anderson* and M. M. Hattarf
Aerojet ElectroSystems Company, Azusa, California

Calorimeter data for up to 18,000 equivalent sun-hours are presented for a.number of satellite thermal control
surfaces. This has been an ongoing study by Aerojet ElectroSystems. Solar absorptance values as a function of
time were collected at geosynchronous orbit on samples of zinc orthotitanate paint, silver-alumina-silica,
silvered Teflon, aluminized Teflon, silica cloth, and clean second-surface mirrors. Over 6000 equivalent sun-
hours of calorimeter data were also collected on precontaminated second-surface mirror samples (also on-orbit).
A useful collection of solar absorptance degradation equations is the result. These equations are of major signifi-
cance in predicting satellite useful life.

Nomenclature
t - time
T = temperature
am - maximum solar absorptance
a0 = initial solar absorptance
as = solar absorptance
£ = emissivity
r = time constant

Introduction

A N important aspect of satellite thermal management is
the careful selection of thermal control surface coatings.

The general warming trends that are seen on satellites can be
minimized by using thermal control surface coatings that have
stable thermal/optical characteristics. For more than seven
years on-orbit, calorimeter data, initially presented in Refs. 1
and 2, have been obtained for samples of thermal control sur-
face treatments from six different operational satellites in
geosynchronous orbit. Presented are solar absorptance (as)
values that were derived as a function of equivalent sun-hours
(ESH) for samples of zinc orthotitanate (ZOT) paint, silver-
aluminia-silica (SAS), silvered Teflon, aluminized Teflon,
silica cloth, and clean second-surface quartz mirrors. Also
presented are calorimeter data for 6000 equivalent sun-hours
of as data on samples of second-surface fused silica mirrors
coated with two different thicknesses of polydimethylphenyl
siloxane (PDPS). The PDPS coating was intended to simulate
contaminants from silicon-based products used on spacecraft
that are expected to outgas in the space environment. These as
data are compared to other relevant data from the literature
and to additional as degradation measurements made on other
surfaces of these satellites. Applications of these comparison
data are also discussed.

Contaminant build-up on a surface and subsequent photo-
lysis and/or polymerization of the contaminant is one mecha-
nism that increases as. Contaminants can be the result of out-
gassing of volatile condensible materials from materials used
on spacecraft. It is critical that materials with low out-gassing
characteristics be used if low as degradation rates are to be
achieved. Contamination can also result from satellite and
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spacecraft handling on the ground. The launch environment
and subsequent booster firings can also cause contamination.
Breakdown of the thermal control surface from exposure to
ultraviolet radiation, protons, and electrons can also cause an
increase in as. Also, deterioration of satellite and spacecraft
materials caused by the cyclic thermal-vacuum environment
could contribute to increased degradation rates.

Calorimeter Design
The same calorimeter design is used on all six flights.1 The

calorimeter is located in the same position on each satellite. A
cross-section of the calorimeter is shown in Fig. 1. The design
intent is to thermally isolate the samples of thermal control
surfaces for ease and reliability of analysis. This is ac-
complished by using thin-walled fiberglass supports that were
vacuum-deposited with aluminum to minimize radiation heat
transfer within the calorimeter. Multi-layer insulation is used
to decouple the samples from the calorimeter housing. In ad-
dition, strips of silvered Teflon are used to close the gaps be-
tween samples to prevent solar energy from reaching the hous-
ing enclosure. A thermal sensor was placed beneath each
sample. An additional thermal sensor was mounted on the in-
side of the housing baseplate to help determine the heat leak of
the samples. The location of the calorimeter was chosen be-
cause of the very small view factor (less than two percent) to
the external surfaces of the spacecraft. This location on the
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Fig. 1 Cutaway view of calorimeter design.
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satellite is also less susceptible to contamination from other
spacecraft components. This design was flown successfully on
all six flights.

Calorimeter Data Analysis Method
A SINDA computer model was developed to analyze the

calorimeter data.2 The model consists of 23 nodes of which
several are boundary nodes, external surfaces of the satellite
that have a view of the calorimeter. The seasonal effects of
solar heat flux and orbit inclination are included in the model.

The algorithm interates a5 values until the maximum temper-
ature of the samples matches the SINDA model maximum
temperatures. A flow chart of this algorithm is found in Ref.
1. The estimated error in the absolute solar absorption is
+ .009, -.006.1

This analysis assumes that the emissivity, £, remains con-
stant. This has been substantiated by earlier reports1'2 and
with data from recent samples flown on Satellite 1.

The analysis of calorimeter data for each satellite was per-
formed at approximately two-month intervals.

Thermal Control Surface Samples
Descriptions

Table 1 describes in detail all thermal control surface
samples and the method of application for each. These
samples were chosen for their low as/% characteristics, weight,
and space-stability. These samples include metalized Teflon,
silica cloth, ZOT paint, and SAS. References 1 and 2 describe
the samples on Satellites E through H. A detailed description
of the samples on Satellite I follows.

The four thermal control surface samples on the recently
flown Satellite I are a second-surface mirror (SAS) and two
second-surface mirrors coated with different thicknesses of
PDPS. The second-surface mirror is a contaminant-free,
silver-backed quartz mirror included in the calorimeter as a
reference. The SAS is a low-absorptance, multilayered inter-
ference coating that is vacuum-deposited on a specular alumi-
num substrate. The substrate for othe SAS is reflector grade
1100 aluminum. A coating of 400 A of inconel is deposited on
the aluminum to provide a diffusion barrier to the silver layer;
800 A of silver is deposited on the inconel; 3300 A of alumi-
num oxide is deposited on the silver; and 850 A of silicone ox-
ide is deposited on the aluminum oxide. The SAS samples
were prepared using the information provided in Refs. 3-5. A
detailed description of the PDPS samples is given in Ref. 10.

Results
Calorimeter data are converted from days-after-launch to

equivalent sun-hours so that these resulting data may be used
in various design applications. Equivalent sun-hours is the
number of hours of one full sun exposure. One year after
launch is equivalent to 2400 sun-hours for these calorimeter
samples, based on their location and view factor to the sun.
Figure 2 updates representative calorimeter data presented in
Ref. 1 for Satellites D, E, F, G, and Ji. Data for Satellites A
and B are given in Ref. 2. No data are available from Satellite
C. The as for the four samples on Satellite I are plotted in Fig.
3. Some thermal control surfaces degrade at a higher rate ini-
tially and with time, a roll off is seen in the absorptance-
versus-time curve. An exponential roll off fit of the form

(1)

is used to fit the date. Table 2 lists the coefficients of this ex-
pression, the emissivity of each thermal control surface sam-
ple, the laboratory measured as arid maximum equivalent sun-
hours.

The increase in as for the two PpPS-coated samples on
Satellite I is due to degradation caused by the PPPS, as well as
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Fig. 2 Updated calorimeter data of representative flight samples.

p = SAS, Sample 21
0.22 ° ~ Clean Mirror, Sample 22

A = 600 Angstroms, Sample 23
0 = 300 Angstroms, Sample 24 A

0.18

0.14

0.10

0.06

0.02

A A A

AA

o o o
D

AO
Kpoooo'

) 0 0 o 0 o o ° o o o ooo o o o ooo o o

0 2000 4000 6000
Equivalent Sun-Hours

Fig. 3 Satellite I calorimeter samples.

degradation caused by all other factors. The following equa-
tion is used to determine the degradation caused by the PDPS
coating:

clean mirror (2)

where Afldean mirror is the contamination from all other factors.
Figure 4 shows the degradation due to the PDPS coating. For
this silicon based polymer, an approximate 0.02 increase in as
occurs for every 100 A of PDPS after 6000 equivalent sun-
hours of exposure.

Thermal Control Surface Samples Discussion
Second-Surface Mirror Samples

Since extensive as data are available for space-stable second-
surface mirrors, second-surface mirrors are selected as the
baseline sources of calorimetric data for inter-satellite refer-
ence and comparison. Figure 5 compares the 05-versus-
equivalent-sun-hour curves for several second-surface mirror
samples. The second-surface mirror sample for Satellite I
(sample 22) shows performance similar to that of the other
second-surface mirror samples. The initial rise in as for the
NAVSTAR fused silica mirror is greater than that of the other
mirror samples.7 The NAVSTAR orbit is different than the
orbits of the other satellites, with a correspondingly different
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Table 1 Calorimeter sample description

Sample no. Thermal control surface sample Satellite Method of application

1 0.002-in. silvered Teflon D
2 0.005-in. aluminized Teflon D
3 Silica cloth (GE Astroquartz 581) D
4 Silica cloth (GE Astroquartz 581) D
5 0.002-in. silvered Teflon E
6 Indium-tin oxide front-coated mirror E
7 0.005-in. embossed silvered Teflon E
8 Second-surface mirror E
9 ZOT paint (8-10 mil thick)3 F

10 ZOT paint (8-10 mil thick)a F
11 Second-surface mirror F
12 ZOT paint (8-10 mil thick)a F
13 Second-surface mirror G
14 ZOT paint (10-12 mil thick)a G
15 Second-surface mirror G
16 ZOT paint (6-7 mil thick)a G
17 Silver-alumina-silica H
18 ZOT paint (10-12 mil thick)a H
19 Second-surface mirror H
20 ZOT paint (10-12 mil thick)3 H
21 Silver-alumina-silica I
22 Second-surface mirror I
23 Second-surface mirror with 600 A POPS I
24 Second-surface mirror with 300 A POPS I

Nickel-powder-filled acrylic adhesive
Nickel-powder-filled acrylic adhesive
Heat-laminated on 0.001 in. aluminized Teflon
Double-faced tape with SR 585 adhesive
Nickel-powder-filled acrylic adhesive
RTV-566 adhesive
Pressure-sensitive P/223 tape
RTV-566 adhesive
On 6061-T6 aluminum
On 6061-T6 aluminum
RTV-566 adhesive
On AZ31B magnesium
RTV-566 adhesive
On 6061-T6 aluminum

RTV-566 adhesive
On 6061-T6 aluminum
Vapor-deposited on anodized 6061 aluminum
On 6061-T6 aluminum
RTV-566 adhesive
On AZ31B magnesium
Vapor-deposited on reflector grade 1100 aluminum
RTV-566 adhesive
Adhesion promoter15

Adehsion promoter13

aZinc orthotitanate pigment in potassium silicate binder YB-71 manufactured by Illinois Institute of Technology Research.
b!0% hexamethyl disilizane in xytene.
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Fig. 4 Degradation due to polydimethylphenyl siloxane.
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Fig. 5 Comparison of mirror samples.
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contamination profile. The indium-tin oxide front-coated mir-
ror samples (G and H) degraded at a different rate than sur-
faces which did not have this conductive coating.

Metalized Teflon

Figure 6 shows the as values for aluminized and silvered
Teflon samples as a function of equivalent sun-hours. The
samples have similar as rise rates, but different initial as
values. Silvered Teflon performs better than aluminized

Teflon, and the 2-mil silvered Teflon performs better than the
embossed 5-mil silvered Teflon. The embossed surface was de-
veloped to provide a flexible surface over a large temperature
cycle, but this embossed surface significantly decreases per-
formance. The ML- 12 and NAVSTAR samples show similar
initial as in which the same trends are apparent.6'7 The
indium-tin oxide front-coated silvered Teflon shows a higher
initial as value but its as rise rate is similar to that of the other
samples and consistent with the performance of the indium
oxide front-coated mirror shown in Fig. 5.
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Table 2 Solar absorptance (as) and emissivity (e) data. as = a0 + (am - a0) (l~e~t/r)

Sample

1
2
3
4
5

6
7

8
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21

22

23
24
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no. Thermal control surface sample

0.002-in. silvered Teflon
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Silica cloth (GE Astroquartz 581)
0.002-in. ailvered Teflon
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Second-surface mirror
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Second-surface mirror
ZOT paint (10-12 mil thick)
Second-surface mirror
ZOT paint (6-7 mil thick)
Silver-aluminapsilica
ZOT paint (10-12 mil thick)
Second-surface mirror
ZOT paint (10-12 mil thick)
Silver-alumina-silica
Second-surface mirror

Second-surface mirror with 600 A PDPS
Second-surface mirror with 300 A PDPS

A 5 Mil Aulminized Teflon, Sample 2
B 5 Mil Embossed Silvered Teflon, Sample 7
C 2 Mil Silvered Teflon, Sample 5
0 2 Mil Silverd Teflon, Sample 1
E 5 Mil Silvered Teflon, Indium-Tin Oxide
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Fig. 6 Comparison of silvered and aluminized Teflon.

Silica Cloth
Shown in Fig. 7 are as values as a function of equivalent

sun-hours for the silica cloth samples. The two calorimeter
silica cloth samples exhibit similar behavior. The ML-12 silica
cloth with tape had similar initial as but degraded at a higher
rate than the calorimeter silica cloth samples.6 The addition of
the aluminized Teflon to the ML-12 silica cloth greatly en-
hanced performance, as compared to the performance of the
ML-12 silica cloth with tape.

Equivalent Sun-Hours

Fig. 7 Comparison of silica cloths.

Zinc Orthotitanate Paint
The ZOT samples are presented in Fig. 8. Samples with less

than an 8-mil thickness of ZOT have a higher initial as, but the
degradation rate does not seem to be a function of ZOT thick-
ness. Although ZOT on an aluminium substrate has the same
initial properties as on a magnesium substrate, the as of the
magnesium samples degrades at a higher rate. The substrate
material appears to play an important role in the as of the
ZOT thermal control surface. A comparison is also made with
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Fig. 8 Comparison of white paints. Fig. 9 Comparison of silver-alumina-silica samples.
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Fig. 10 Solar absorptance measurements for laboratory irradiation
of SAS. Fig. 11 Comparison of PDPS samples.

a ZOT-coated panel on a similar satellite. The ZOT panel is lo-
cated closer to the electronics enclosure than the calorimeter,
making it more susceptible to outgassing from this area. Also
shown are data for S13G/LO on NAVSTAR6 and a yellow
paint on ML-12.6

Silver-alumina-silica
A comparison of the as as a function of equivalent sun-

hours of two SAS samples is plotted in Fig. 9. These two
samples show similar degradation rise rate behavior, but dif-
ferent values of initial as. The SAS on reflector grade 1100
aluminum (sample 21), has a lower initial as than the SAS on
anodized 6061 aluminum (sample 17). The substrate finish and
coating quality determines the initial as for similar thermal
control surface coatings. Laboratory SAS samples show that
the SAS on the reflector grade 1100 aluminium base material
produces lower initial as than SAS on the anodized aluminum,
as also seen on orbit.8 Laboratory irradiation of SAS samples
of different substrates shows similar degradation rates (see
Fig. 10). The SAS as degrades at a very slow rate, just slightly
higher than the rate of a clean mirror.

Precontaminated Mirror
Figure 11 shows the PDPS-coated second-surface mirror

samples compared to a mirrored surface on the cylindrical
flight radiator that houses the calorimeter on Satellite I. This

mirrored radiator surface exhibits degradation rates higher
than that of the clean mirror sample and the degradation rates
are similar to the PDPS samples. The calorimeter location is
less susceptible to contamination than other radiator zones,
particularly the one shown in Fig. 11 (Curve D).11 The
radiator data and the PDPS samples data correlate well after
about 2000 sun-hours. Early data, however, show a sharp rise
in the as of the PDPS-coated samples, whose as started at ap-
proximately the same initial as as that of the clean mirror sam-
ple. The first measurement of as on the radiator was taken at
two months after launch and is significantly higher than the as
on a clean mirror sample.

Since the initial as values of the calorimeter samples and the
radiator surface are different, a contaminant(s) other than
PDPS may have been deposited on the radiator. The radiator
surface could have been damaged or contaminated shortly
before or during launch, resulting in a higher initial as. Labo-
ratory irradiation of second-surface mirror samples con-
taminated with propellant volatile condensible material
(VCM) deposits demonstrated a degradation curve similar to
that of the degraded radiator surface on Satellite I9 (see Fig.
12). Unlike the PDPS-contaminated samples, the initial as on
the VCM-contaminated samples is higher than the as on the
clean mirror sample and is consistent with radiator surface
data. This would support the assumption that the materials
deposited on the calorimeter on Satellite I are other than
PDPS.
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Fig. 12 Second-surface mirror samples contaminated with propel-
lant VCM deposits

Design Application and Results Verification
Passive radiators are commonly used for temperature con-

trol on satellites and spacecraft. The heat generated by the
satellite and the heat absorbed from the sun, albedo, earth-
shine must be rejected. Control of this heat rejection is ac-
complished by choosing the appropriate thermal control sur-
face for the radiator. Usually a low as is desired to minimize
the influence of the solar heat flux on radiator performance. A
high emissivity value is usually required to keep the size and
weight of the radiator at a minimum. The next consideration is
the performance of the thermal control surface, over time in
the space environment. In order to design a radiator to meet
operational life requirements, which means maintaining given
temperature ranges, a good knowledge of thermal control sur-
face degradation rates is necessary. A consistent set of long-
life data on a number of thermal control surfaces has been
presented in this paper.

The as degradation equations that were developed from the
calorimeter data analysis are currently used to accurately and
repeatedly predict the thermal behavior of satellite and space-
craft thermal control surfaces. In the following example, the
ZOT on aluminum (8-10 mils) as degradation equation and the
second-surface mirror as degradation equation, from the
calorimeter data analysis, are used in the thermal math model
of another satellite of the same series. Figure 13 shows the ex-
cellent correlation between the diurnal temperatures for a
radiator coated with ZOT, predicted by the model, and actual
flight data for both 361 equivalent sun-hours and 2130 equiva-
lent sun-hours. The data also match very well (see Fig. 14) for
a second-surface mirror radiator surface on a cylindrical por-
tion of the satellite.

It is obvious from the data presented above that the
calorimeter data collected on these flights are design tools of
major significance. In early design stages, these data can be
used to choose appropriate thermal control surfaces and to
make subsequent predictions of the long-life performance of
satellite and spacecraft thermal control surfaces. However,
thermal control surfaces that are contaminated will have
higher degradation rates. A correction factor must be applied,
then, in cases where contamination is expected. The data pre-
sented in this report on contaminated thermal control surfaces
is the first step to quantify this correction factor. Further
studies in this area are needed.

Conclusion
The calorimeter data presented provide both qualitative and

quantitative insight into the behavior of thermal control sur-

Flight Data, 2130 Equivalent Sun-Hours
Thermal Math Model, 2130
Equivalent Sun-Hours

Flight Data, 361 Equivalent
Sun-Hours

Thermal Math Model, 361
Equivalent Sun-Hours

0 30 60 90120150180210240270300330360
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Fig. 13 ZOT on aluminum as equations applied.
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Fig. 14 Second-surface mirror as equations applied.

faces in the space environment. An efficient calorimeter that
thermally isolates clean thermal control surface samples from
the satellite can enhance the likelihood of the development of
accurate and reliable thermal control surface performance
data. The relative performance of the evaluated thermal con-
trol surfaces and insight into degradation and contamination
mechanisms of such surfaces may be discerned from these
results. The solar absorptivity degradation equations deter-
mined from these data have been used successfully to predict
satellite orbital temperatures. Consequently, these results pro-
vide a data base that can be used to design reliable, long-life
thermal control systems for satellites.
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