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Solar Absorptance Degradation of Optical Solar Reflector

Radiators on the SPACENET Satellites

Charles R. Naegeli*
GTE Spacenet Corporation, McLean, Virginia 22101

The subject of thermophysical property degradation of spacecraft materials has been a concern of thermal en-
gineers for decades. A limited amount of on-orbit flight experience for spacecraft radiator’s solar absorptance
increases has been published. This paper describes the solar absorptance increases calculated for the fused silica
optical solar reflectors on the SPACENET 1 and SPACENET 11 satellites. Companson of these results with pre-
viously publlshed results on other satellites is also made. Variation of results between satellite programs, how-
ever, indicate that other design elements and not the propertles of the optical solar reflector itself contribute to
this degradation. In particular, the processes of photolysis or the photochemical reactions induced by solar
vacuum ultraviolet radiation on spacecraft contaminants is tested and supported by this analysis. This is ac-
comphshed through the separation of long-term temperature trends based on sunlit and nonsunlit periods. The
methods employed in this analysis are primarily statistical manlpulatlons on a large data base. This is reqmred
since the time constant is of the order of years, and discrete thermal reduction techniques are prone to error and
uncertainty due to the thermal dissipation distribution associated with the operatlon of the satellite. The classical
approach to time series analysis using a moving average ‘model that is presented is graphlcally and measurably

accurate to a high degree.

Nomenclature
K = sensitivity of d7/dQ;,. to changes in o
QO.ps - =mean seasonal solar absorbed flux, W/m?
Oic =mean seasonal solar incident flux, W/m?
O =solar incident flux at solstice, W/m?
r = correlation coefficient
t =time (days in sunlight)
L =initial time
o =solar absorptance
& =mean of mission of .«
8T =temperature rise, °C
§T =mean temperature rise, °C
0T,,x =maximum temperature rise, °C
o =standard error, °®
T =time constant
Introduction

PACENET I and II satellites are communications hybrids

carrying a payload of 24 transponders, 12 narrow-band C
solid state power amplifiers (SSPA), and 6 wideband C travel-
ing wave tube assemblies (TWTA), in addition to 6 Ku-band
TWTAs. The satellites were built by GE Astro Space Division,
and their deSIgn heritage is of the early SATCOM satellites.
SPACENET I was launched in May of 1984 followed by SPA-
CENET II in November of 1984, they are three-axis stabilized
and on station in the geosynchronous arc.

The SPACENET satellite is shown in Fig. 1. The predomi-
nant dc dissipation components are the TWTAs, which are
located on the south panel, and the SSPAs, which are located
on the north panel. The major portion of the rf output power
of these components is radiated through antennas located on
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the Earth-pointing side of the satellite, although a significant
amount of thermal loss occurs through passive components
such as waveguides, output multiplexers, and power dividers in
the core of the satellite and on the panel beneath the antennas.
The thermal control system is passive with heater augmenta-
tion. The major heat rejection path is throuigh radiators
located on the north and south panels. The radiators consist of
individual optical solar reflectors (OSR) that are bonded to an
aluminum honeycomb substate. The OSR is a fused silica se-
cond surface mirror manufactured by Corning. Heat sinks are
utilized to spread the dc losses from the TWTAS and SSPAs to
the radiator panels. With minor differences, the thermal
design of both satellites is identical.
It is the degradation of the solar absorptance «, of the OSR
that is responsible for the general warming of the spacecraft
over time. The degradation is influenced by spacecraft con-

“tamination (e.g., outgassing of organic molecules) in the pres-

ence of sunhght Results of this study for SPACENET I and I1
are shown in Fig. 2 as a comparison to previously published
alpha degradation rates exhibited by satellite radiators. [This
is a figure prepared by Gluck! to which data from Defense
Satellite Program (DSP) Flight 10, Satellite Data System
(SDS), and Defense Satellite Communication System (DSCS)
III were added by Hall et al.2. SPACENET I and II south
radiator panels were added by the author.]

Research performed at the Aerospace Corporation, among
others, describes the ground-based testing and theories asso-
ciated with the degradation process.2* This research serves
mainly to test and support the hypothesis that the degradation
occurs only under the catalytic activity of direct sunlight. The
degradation for SPACENET I and II is shown as a continuous
curve (to compare with the other satellite programs), but in
reality, the degradation process stops or slows significantly
during non-sunlit periods. A more accurate accounting of the
degradation process was to plot temperature rise and degrada-
tion rates as a function of time in sunlight. The methods
employed in the determination of the alpha degradation curve
fit is the subject of the remainder of this paper.

Thermal Model

The thermal model originally developed at the time of the
critical design review was regenerated from input data and

. used to correlate the on-orbit results with the model predic-
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Fig. 1 SPACENET satellite.

tions. Results of this study were provided in detail by the
author previously,’ and it is his only intention here of summa-
rizing some of the conclusions drawn from this study as it
relates to the long-term temperature rise and associated
degradation of the OSRs.

The thermal model, for instance, was helpful in determining
the temperature sensitivity of the satellite components to vary-
ing on-orbit electrical dissipations. Knowledge of the bound-
ary conditions that define the thermal model output is im-
perative in establishing a high-confidence level in the accuracy
of the results of a study of this nature and is cited in the litera-
ture as a limiting factor in the determination of the solar ab-
sorptance degradation of the OSR.%’ The determination of
the electrical state was reduced from spacecraft telemetry. It

must be noted that reduction of actual telemetry data under.

the range of possible satellite operational configurations is an
inexact procedure. The approach taken by the author was to
improve the data base of raw telemetry data (i.e., normalize
the data) and then through the examination of a large volume
of data reduce the random thermal error. The reader may find
it useful to review what was for the author the most exhaustive
part of the study; however, ultimately, it is the statistics that
lend the greatest credibility to the results and observations that
are made herein, (i.e., a necessary evil).

" The temperature output of the thermal model for the diur-
nal cases of equinox and solstices, as well as successive weekly
steady-state cases, was also compared to the normalized ther-
mistor data gathered for the empirical study. This exercise
made it possible to draw some general conclusions regarding
the accuracy of the thermal model and to correlate any devia-
tions from predictions to the incident solar flux to the radiator
panels. For example, although many of the components dif-
fered significantly from predictions, the error between predic-

tion and actual was nearly constant throughout the year and;

not what one would have expected if there was a relationship
to solar flux on either the north or south panels. However, ex-
amination of the deviations from the diurnal and yearly cases

did show a strong correlation to incident flux at the aft end of

the spacecraft in the area of the apogee kick motor (AKM).
This indicated an unaccounted for heat source in this region.
Moreover, those components that were most coupled to the
radiator panels (e.g., the TWTAs and SSPAs) showed only
marginal deviation from prediction.

Of the two components identified as being overly influenced
by incident flux to the south panels, only the command
receiver located on the antenna panel is included in this study.
In this case, although the empirical results of the long-term
temperature trend were consistent with the other components,
the thermal model was unreliable in describing the tempera-
ture sensitivity to absorbed solar flux. This precluded the use
of this component in making an absolute determination of
OSR solar absorptance degradation. In general, it can be
stated that the thermal model was inaccurate insofar as ab-
solute temperature comparisons were made, but sufficiently
accurate to make the temperature sensitivity to absorbed flux
calculations necessary to arrive at an absolute o, value.

Figure 3 profiles the command receiver thermal response,
which is used as an exaniple of a sample component included
in the data base. What is plotted here is the normalized mean
daily temperature as a function of day of year. The normal-
ized data base reduces the raw telemetry data to a condition of
constant satellite electrical state and configuration. Successive
years (through 1989) are plotted parametrically in the scatter
diagram. The normalized temperature data for a few geo-
graphically distributed components were used as a basis for all

_ subsequent analysis. -

Empirical Model

The empirical model was created from the normalized data
base of successive Sunday mean telemetry data and consisted
of 290 cases for SPACENET I and 267 cases for SPACENET
I1. Sunday was chosen for the case study because command
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Fig. 2 Degradation of several silverized fused silica second surface
mirrors vs time.
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Fig. 3 Normalized mean daily temperature of the SPACENET I
command receiver.
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Fig. 5 Mission mean temperature profile of command receiver and
calculated temperature residuals.

and transponder activity is minimal on that day and the satel-
lite would have had ample time to recover from any transient
effects associated with maneuvers during the latter part of the
work week. In order to separate the effects of solar absorp-
tance degradation of the north and south OSR panels, this
data base was further divided into two subsets: 1) summer sea-
sonal: solar flux incident to the north panel (26 weeks from
vernal to autumnal equinox); and 2) winter seasonal: solar
flux incident to the south panel (26 weeks from autumnal to
vernal equinox). Each subset was inclusive of the entire record
of the satellites from launch. The eight nodal locations (not
shown) chosen for the study had a strong temperature depen-
dance on the solar input to the radiator panel. Results of the
'statistical analysis for each of the components correlated to a
panel were consistent one with the other; however a weighted
average was used to summarize the cumulative effect on the
satellite. The weights were based on relative coupling to the
OSR radiator panels.

A simple linear regression of the thermal data as a function
of incident flux to the radiator panel was performed. A theo-

retical mission mean temperature profile was obtained to-

which the normalized temperature data for successive years
was compared. This methodology proved to be more accurate
than just calculating the temperature differences from a pre-
ceding year. The regression procedure reduces the residual
thermal error from the normalization process as well as the
granularity of the telemetry data itself. For the purpose of this
study, all temperature differences were reduced from the theo-
retical mission mean profile. Figures 4 and 5 graphically
describe the calculation of the temperature residuals for the
command receiver on SPACENET 1 during the winter sea-
sonal period.

In order to eliminate the problem of having a common set
-of environmental boundary conditions of which to fit a curve

describing the long-term temperature trend, the data base of
temperature residuals was transformed into a moving average
of 26 successive weeks that defined the mean temperature re-
sidual for the moving season. The moving season does not, of
course, correspond to any specific interval of time but rather
the continuous cyclical pattern of the solar vector. Successive
data points drop one residual and add one residual to the aver-
age during the stream of time. Consequently, a large number
of data points were obtained (e.g., 120 each for the summer
and winter seasonal periods for SPACENET I). Figures 6-9,
respectively, show the comparison between the temperature
residuals at a point in time and the moving average for the
command receiver and the weighted average of components
(both winter and summer seasons and both spacecraft are
represented). A constant equivalent to the mean of the moving
average of the residuals over the mission to date 67 is added to
the dependent variable. This transformation shifts the curve
upward so that the y-axis intercept is at day 182 (the initial
value).

The moving average trend is smooth and lends itself to re-
duction by a number of different equational forms. Many of
them, including a linear form, can be shown to have a high
correlation with the data (since it is nearly linear over the time
span). The inverse exponential equation [Eq. (1)] was found to
fit the data with the highest correlation coefficient (=0.957)
and also was bounded at day=182, 67=0 and at day= oo,
6T =6Tmax (the asymptotic value).

The form of this equation is

8T = 8T g™ (1~ e~ 10/7) )
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Fig. 6 SPACENET I command receiver long-term temperature trend
during winter seasonal period.
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trend: SPACENET 1, winter seasonal period.
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Table 1 Coefficients for exponential fitting of moving average trend

Satellite Season Component

8T yaxsC T 8T.°C 1 06,°C (8as/03)| max
S-1 Winter Command receiver 11.0 492.6 5.5 0.997 0.04

S-1 Winter Weighted average 10.9 471.7 5.7 0.992 0.06 0.744

S-I Summer Weighted average 9.8 769.2 3.8 0.985 0.06 0.977

S-II Winter Weighted average 10.8 632.9 3.7 0.957 0.11 0.728
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Fig. 8 Weighted average of components’ long-term temperature
trend: SPACENET 11, winter seasonal period.

The constant ¢, =182 to correspond to the initial value of
this data base. This equation was described in the publication
of the thermal results of the first European telecommunica-
tions spacecraft Orbital Test Satellite (OTS-2) after six years
in orbit.® The form of this equation is described as fitting pre-
viousgexperimental degradation data obtained in laboratory
tests.

A direct solution to the coefficients of Eq. (1) is not ob-

tainable, but may be obtained by transformation of the varia-
ble 8T to the more manageable (57, —67). Without fore-
knowledge of the constant 87,,, a solution could only be
arrived at through an iterative process and only if the initial
and final boundary condition could be met (i.e., 87=0 at
=182, and 8T = 6T, at t= ). Since 6T ,,is assumed in the
form of the variable, the solution to the coefficient is bound to
one and only one value.

Fortunately, a solution was obtained that met all of the con-
straints imposed on it (Figs. 6-9). The coefficients of Eq. (1)
are provided in Table 1 as well as the correlation coefficients »
and standard errors o to the moving average trends. The over-
all accuracy of the curve fitting routine is 0.11°C or less than
the accuracy of an individual thermistor measurement.

Since 87, as calculated, represents the seasonal average rise,
the peak seasonal temperature rise is equal to the ratio of the
maximum solar incident flux (at solstice) to the mean seasonal
solar incident flux times 67"

5Tmax = (Qsol/Qinc)‘aT
=1.58*6T (at winter solstice) 2
=1.51*6T (at summer solstice) '

Comparison of the coefficients of this work with those from
the OTS-2 study is not readily done since the author chose
a moving average as the test variable while Bouchez and-
Howle? examined only solstice and equinox conditions. The
other notable difference between studies is that time in this
study is only during sunlit conditions (e.g., 1/2 year), whereas
it appears that the clock counts continuously from launch in
their study. The time constant 7 is roughly the same value in
both studies after adjusting for the differences between the
time variable. Since the thermal sensitivity to a; would be dif-

Fig. 9 Weighted average of components’ long-term temperature
trend: SPACENET I, summer seasonal period.

ferent between satellites, a comparison of 67,,, would be
meaningless.

Thermal Degradation of the Optical Solar Reflector

The degradation of the solar absorptance o of the OSR is
the predominant contributor to the increase in the satellite
component temperatures over time since all of the other ther-
mal variables were accounted for and none had shown a long-
term correlation with time. A measure of this degradation can
be calculated based solely on empirical data since the solar in-
cident flux to the radiator panels is known with a high cer-
tainty. The measure, however, falls short of defining an initial
value, a mean value, or, for that matter, a value at any point
in time. Nonetheless, the following derivation of «, is offered.
The formulation is exact and is dependent only on the deriva-
tion of 67/6Q;,., which is obtained from a linear regression of
the normalized data (see Fig. 4). Since 6« is calculated based
on the moving average, 8o as computed lags time by 91 days;
o is constant during nonsunlit periods (apparent from inspec-
tion of the normalized curves)

da/atg = 8T/ (. *8T/b0;)
=08T/(8T/0Qjnc*0Qups/ 0ts)

where G)

_ 5Qinc = 6Qal:os/ o
8Qs/ 80t =352 W/m? at winter seasonal
=344 W/m? at summer seasonal

Figures 10 and 1! show the computed values of dc, as a
comparison between north to south radiator panels for SPA-
CENET I, and also between satellites for the south panel.

An estimate of the mission mean &, was necessary to com-
plete the analysis. The thermal model was used for this pur-
pose. Solution to &, was made by fitting the slope of the tem-
perature vs incident flux curve to its sensitivity to solar
absorptance. This was derived by exercising the thermal model
parametrically for . In Eq. (4), & refers to the delta operator
as derived from the empirical data and d to the delta operator
obtained from the thermal model. By fitting the data to a gra-
dient, the errors associated with absolute temperature compar-
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tion: SPACENET I and II south radiators.
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Fig. 11 Empirical measurement of OSR seolar absorptance degrada-
tion: SPACENET I, north and south radiators.

isons are effectively removed. Thus, any deviations from pre-
dictions  associated with flux to- any of the other satellite
external surfaces do not contribute to an error in the estima-
tion of a,. As mentioned earlier, the error between prediction
and actual for the command receiver showed a strong correla-
tion to incident flux to the radiator panel. This component
data was removed from the solution of the absolute deter-
mination of «.

0, =0.25+(87/6Q,. — dT/dQincl o025}/ K )]
where
K= d[dT/innc]/das

For SPACENET I and II, the mean solar absorptance was
0.26. This would correspond to its value at approximately
three years in orbit and would be consistent with an initial
value of about 0.10 at launch. Note that the long-term trend is
projected forward from day 91. The absolute solar absorp-
tance curves that were presented in Fig. 2 are, in addition, ex-
trapolated backward to day 0.

Definitive explanations for the slight variation among these
curves can not be offered and may be statistically insignifi-

cant. However, it seems likely that the higher rate of degrada-
tion of SPACENET 1 is attributed to a larger volume of satel-
lite contamination since increasing cleanliness procedures were
implemented during the series development.

Conclusions

Telemetry data on SPACENET I and SPACENET II were
gathered in order to determine the long-term temperature
trend and associated solar absorptance degradation of the op-
tical solar reflectors. The OSRs, which are silvérized fused
silica second surface mirrors, are the primary satellite radi-
ators. Separation of the data into sunlit and nonsunlit periods
allowed the author to confirm the hypothesis that degradation
occurs under the catalytic activity of direct sunlight on space-
craft contaminants.

An inverse exponential curve fit to the empirical thermal
data showed a high correlation and small standard errors. The
empirical data alone was used to determine the long-term tem-
perature rise and to calculate a measure of the solar absorp-
tance degradation. The thermal model, however, was neces-
sary to calculate the thermal sensitivity of various components
to changes in the solar absorptance and to make an absolute
determination of «,. The slight differences between degrada-
tion rates between SPACENET I and SPACENET II satellites
is thought to be related to the volume of spacecraft contami-
nants. Contamination accretion rates have been indicated to
be the dominant factor associated with the wide variation in
alpha degradation rates among satellites in previously pub-
lished reports.
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