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Abstract 

A 4-ft-diam, deployable, all metal, Fresnel-type solar re* 
flector was built for the Air Force in 1961 to demonstrate the 
feasibility of such a device. A similar 4-ft-diam Fresnel re-
flector to be tested in orbit recently has been designed and 
constructed. Elaborate ground environmental testing has been 
conducted to assure capability of the reflector to withstand 
launch and space environments. This technical paper describes 
the program objectives as well as reflector design, method of 
fabrication, test environment, test results, and conclusions« 

Introduction 

It has been only since the opening of the space age that 
there has been any concentrated effort by this country to 
develop solar conversion systems. Solar cells were used on 
Vanguard I and many other satellites that followed. The next 
step to higher power will use the solar-thermal converter. 
General studies have shown that a solar concentrator coupled 
with an absorber, heat engine, and radiator can supply the 
majority of the power for space missions in the next ten 
years. The power range that appears to be most favorable is 
in the 1- to 30-kw range with a mission life ranging from one 
month to two years. 

Presented at the ARS Space Power Systems Conference, Santa 
Monica, Calif., September 25-28, 1962. This work has been 
conducted by the Allison Division of General Motors Corpora-
tion as part of U. S. Air Force Project EROS (Experimental 
Reflector Orbital Shot). 
*EROS Project Manager. 
/Senior Research Engineer. 
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Dresser* published the first comprehensive summary of space 
solar reflectors. He pointed out that for a solar collector 
in space, the following characteristics would be desirable: 
high optical performance, low weight, mechanical strength to 
withstand the launch environment, low storage volume, reliable 
erection mechanism, material resistance to space environment, 
and low cost. These characteristics are not listed in order 
of importance, as this will vary with the application« In a 
practical design, some compromise may be necessary, and the 
relative importance of each characteristic must be evaluated 
carefully. In the case of large deplovable reflectors it is 
believed an optimum design can be approached most nearly with 
a metallized flat-plate Fresnel. 

Fresnel Concept 

The Fresnel consists essentially of a flat plate with a num-
ber of circular, concentric rings as shown in Fig. 1. Each 
ring or serration is cut at a different angle so that all in-
cident parallel light is directed toward a common focal point 
as shown in Fig. 2. The performance of the Fresnel depends 
primarily on the geometry, number of serrations, geometrical 
accuracy, and specular reflectance. In the true Fresnel re-
flector each ring is a section from a paraboloid. In modified 
versions, the serrations may be spherical or conical. 

The spherical serration so closely approximates the parabo-
loid over the short arc of the serration width that there is 
no significant difference in the degree of concentration of 
the paraboloid and the flat-plate Fresnel. This is indicated 
in Fig. 3, which shows intensity in the focal plane as a func-
tion of image radius for a 10-ft-diam paraboloid and Fresnel. 
Both reflectors have 45° rim angles. The Fresnel has only 32 
spherical serrations. For purposes of comparison, it is as-
sumed that both reflectors are geometrically perfect and that 
there is no orientation error. 

The conical serration simplifies the fabrication process 
with a resultant reduction in reflector cost. However, a 
larger number of conical serrations must be used to obtain 
reasonable performance. A practical design may employ 80 to 
100 serrations. 

The reflector discussed in detail in this paper is of the 
conical serration type. Future reflectors will be of the 

* Dresser, D. L., "Elements of solar collector design," 
Inst. Aerospace Sci. Paper 61-24 (1961). 

714 



POWER SYSTEMS FOR SPACE FLIGHT 

spherical serration type because of the improved optical per-
formance and the smaller number of serrations required. 

EROS Program 

In January of 1962, Allison was awarded a contract by the 
Air Force for an Experimental Reflector Orbital Shot. It has 
been code named Project EROS. The objectives of the program 
are 1) to develop instrumentation and space testing techniques 
that can be used in evaluating future large solar reflectors; 
2) to determine the effects of launch and space environments 
on lightweight metallic reflectors; 3) to measure any gross 
degradation that might occur to metallic or plastic reflector 
surfaces when exposed to all or part of the space environment; 
and 4) to determine the problems associated with launching 
future solar thermal power systems into orbit. 

The experiment package is located in the space next to the 
last stage rocket engine. Fairing from the previous stage 
which covers this area during ascent is discarded in orbit. 
At the proper time, the reflector, which is folded during 
launch, is swung out and deployed to a position on top of the 
vehicle. The performance measuring radiometer assembly also 
is swung into position in the focal plane. The satellite will 
be earth oriented. A solar-pointing orientation control turns 
the reflector about the roll axis. Therefore, the reflector 
can be pointed toward the sun once during each orbit. For the 
planned test, the sun can be focused on the radiometer assem-
bly for approximately 30 sec. 

In defining the performance of a solar reflector in space, 
the principal values of interest are 1) total reflected solar 
energy; 2) radial flux distribution; and 3) time degradation 
of the reflector surface. A method of obtaining these values 
with one instrument is to obtain measurements of radial flux 
distribution in the vicinity of the focal plane. With this 
method, absorber design information can be evaluated and total 
reflected energy can be determined by integrating the radial 
distribution function. In addition, the time degradation 
function can be determined by exposure time plots of the total 
reflected energy. 

The EROS radiometer consists of a number of thermal re-
sponse elements designed for interpreting the level of inci-
dent radiant flux density in or near the reflector focal 
plane. The radiometer assembly is shown in Fig. 4. Each re-
sponse element consists of a 1/2-mil-thick foil disk with a 
2-mil-diam thermocouple welded to the center. The time 
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constant to reach 3000°F is 0,2 sec. Since the elements have 
such a fast response, a tape recorder can scan each channel 
once per second and, from the resulting data, the intensity 
distribution can be determined. 

Two sensors are mounted on the experiment structure. One is 
a sun switch that will turn on the tape recorder whenever the 
reflector is oriented within 10° of the sun. The second sen-
sor measures the orientation angle of the reflector with re-
spect to the sun. The reflector orientation angle will be 
correlated with the intensity distributions. 

Six switches are included as part of the experiment instru-
mentation. One switch will indicate when the reflector de-
ployment rod has been actuated. Four switches will indicate 
when the reflector panels lock in position. The other switch 
will be used to check deployment of the radiometer. 

Twenty-five resistance-type temperature gages are located on 
the reflector foil to measure temperatures and temperature 
gradients. The gradients measured are from front to back and 
from center to periphery. These gradients will be tape re-
corded throughout several complete orbits. 

In addition to the main reflector experiment, four separate 
surface degradation experiments are located just below it. 
These units are called reflectance degradation meters. Each 
contains a light source, a reflector sample, and two cadmium 
sulphide detectors, as shown in Fig. 5. Light is reflected by 
the reflector to one detector. Also, the light shines directly 
onto the other detector. The difference between the outputs of 
the two detectors is a measure of the reflectance of the test 
sample. One sample is mylar with an aluminum coating. The 
other three samples are nickel with aluminum and SiO coatings. 
Two of the nickel samples are covered with filters to segregate 
the effects of micrometeorites and ultraviolet radiation. 

The fundamental objective in calibration of the reflectance 
degradation meters was to establish the relationship between 
the output of the detectors for various reflectances and tem-
peratures. This was accomplished by measuring the outputs of 
the detectors at various temperatures with calibrated reflec-
tors installed in the meters. It was found that for a given 
reflector the calibration curve was linear with temperature. 
A typical set of calibration curves is shown in Fig. 6. 
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These experiments will result in greatly increased knowl-
edge concerning the problems involved in the use of solar-
thermal converters in space. 

EROS Reflector 

Several views of the EROS reflector are shown in Figs. 7 
and 8. The reflector is 4-ft in diameter and 38 in. long. 
There are 89 conical serrations with a nominal length of 0.25 
in. The rim angle is 40°, which is near the optimum for 
Fresnel reflectors. The overall weight of the reflector ex-
periment is 23.25 lb. This weight includes, in addition to 
the reflector, supporting structures, clamps and locks, shock 
mounts, instrumentation, and other miscellaneous items. The 
electroformed nickel reflector itself weighs 6.0 lb. Major 
considerations in designing the EROS reflector were resist-
ance to shock and vibration, reliability, and the minimizing 
of thermal gradients. Subsequent tests indicated that vibra-
tion would be more likely to cause damage to reflectors than 
shock. It was found that thermal gradients could be held to a 
very low level with the design chosen. The reflector consists 
of four sections that fold back along the main structural mem-
ber of the experiment. This is a welded aluminum structure. 
In the folded position, the reflector is held in place by three 
clamps, two at the back and one at the front. The radiometer 
arm is locked in place with a ball pin lock. In addition, 
there is a rubber vibration damper at the tip of the 
radiometer. 

The reflector and radiometer arm are unlocked for deploy-
ment by pushing a release rod 3/4 in. The movement of the re-
lease rod allows the spring-loaded clamps in the back to open 
and unlocks the radiometer arm ball pin lock. The release rod 
also pushes the radiometer arm and front clamp away from the 
reflector. The front clamp is attached to the radiometer arm* 

The reflector is deployed by small helical springs in the 
reflector hinges. These springs were designed so that they 
could be preloaded 1-1/4 turns. Thus, the torque does not de-
crease greatly during deployment, and there is sufficient 
torque after deployment to keep the reflector panels against 
their alignment stops. Deployment time is approximately 2 
sec. The radiometer arm also is deployed in a similar manner 
by helical springs. 

During launch, loads are taken out of the experiment pack-
age at four places through shock mounts, two at the front and 
two at the rear« A notable characteristic of the shock mounts 
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is Che high damping of the elastomer. 

Thermal analyses of reflectors of this type have shown that 
thermal gradients will be very small if the reflecting foil 
and the walls of the box-type backup structure have approxi-
mately the same thickness. This has been verified experimen-
tally. The EROS reflector has a foil 0.005-in. thick. The 
backup structure is made of 3/4-in. box with 0.007-in. walls 
and 1/4- by 3/4-in. box struts with 0.007-in. walls. 

One phase of the EROS program consisted of conducting a com-
prehensive ground solar test to define the optical character-
istics of the reflector. The test results will be available 
for comparison with the data from the space solar test and 
will be a useful aid in interpreting the results. Fig. 9 
shows the solar test facility with the reflector mounted in a 
modified searchlight tracker. The orientation sensor on the 
reflector was used to detect the sun and supply a signal to 
the servo system. Solar intensity was measured with a pyrhe-
liometer mounted on the tracker. Several recorders were used 
to record reflector orientation, solar intensity, and the out-
put from instrumentation in the focal plane. A water cooled 
calorimeter, mounted in the focal plane, was used to measure 
reflector efficiency. The flux pattern in the focal plane was 
determined by making measurements with a Gardon radiometer. 
The radiometer was mounted on an automatic traversing mechanism 
so that flux profiles could be recorded rapidly. Reflector ef-
ficiency was also calculated from the radiometer data and com-
pared with the calorimetric results. Fig. 10 shows that very 
good correlation was obtained. As shown, 60% of the energy 
incident on the reflector was reflected into a 2-in. diam 
opening. 

Reflector Fabrication 

The Fresnel reflector was fabricated of nickel using electro-
forming techniques. A sulfamic nickel bath was used because 
the residual stress is low, because there is a wide range of 
easily reproduced physical properties, and because both grain 
structure and ductility are good. 

The reflector foils were electroformed on a polished steel 
pattern. Fig. 11 shows the pattern being inspected after 
machining and prior to polishing. The pattern was made of 302 
stainless steel since 1) it can be machined easily, 2) it can 
be polished to a high degree, 3) it has dimensional stability, 
and 4) plate adherence can be kept to a minimum for easy sepa-
ration of the electroformed foil. A reflector foil being re-
moved from the pattern is shown in Fig. 12. 
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The Fresnel reflector backup structures were electroformed 
on aluminum patterns. These patterns were machined from 
aluminum plate stock so that very good dimensional accuracy and 
surface finish could be obtained« The aluminum pattern was 
plated with nickel, and a few holes were drilled through the 
plate into the aluminum. The aluminum was then etched out. 
This left a one-piece, hollow, nickel box structure. Struc-
tures of this type can be made with very good accuracy and 
nearly any geometry. No welding or joints of any kind are 
required. 

The nickel foils and structures then were bonded together 
by an oven-soldering technique. Both pieces were tinned, 
positioned relative to each other, and oven-soldered in an 
inert atmosphere. This type of bond results in a high-strength 
joint. Shear stresses of over 7500 psi have been measured con-
sistently. Reflector panels bonded in this manner have been 
subjected to acoustic vibration of 138 db for as long as 5 min 
with no sign of failure. 

After bonding, the reflector foils were vacuum plated with a 
layer of silicon monoxide, a layer of aluminum, and another 
layer of silicon monoxide. The first layer of silicon monox-
ide is used to prevent diffusion between the nickel and alumi-
num. The second layer of silicon monoxide is used as a pro-
tective coating for the aluminum. The type of vacuum-plated 
coating used has a reflectance of 90.5% integrated over the 
solar spectrum. 

Environmental Tests and Results 

A very rigorous set of environmental tests was conducted to 
determine if the experiment would indeed withstand the launch 
and perform in the space environment. These tests were acous-
tic (noise), vibration (sine and random), shock, high and low 
temperature, thermal gradient, space vacuum, and linear accel-
eration. To date, all tests have been completed. In general, 
the testing was designed to be three or four times as severe 
as the environment. 

Acoustic 

The reflector is subject to acoustical excitation during 
liftoff and when the space vehicle is passing through the 
upper atmosphere. The total exposure time is approximately 
1-1/4 min; therefore, the specification requirements have been 
established conservatively at 2-1/2 min. The sound level is 
approximately 130 db over the range from 30 to 10,000 cps, as 
shown in Fig. 13. The test setup, which consisted of a bank 
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of air horns and microphones, as shown in Fig. 14. Initial 
investigations early in the program showed this to be a very 
destructive test. Thin foils resonate at innumerable fre-
quencies over the spectrum. It has been determined that it is 
essential to have good bonds to prevent the foils from starting 
to tear. Two reflector assemblies have passed the 2-1/2 min 
test, and two single panels have passed five minutes of test-
ing. There was some concern that the coating of SiO might 
crack or chip during the acoustic test, but this did not 
occur. 

Vibration 

Of all the tests conducted, the vibration test was the most 
severe. It consisted of both random and sine wave excitation 
in all three planes. The random excitation was 0.07 g /cps 
for 5 min in each plane. The sine wave excitation consisted 
of a 20-min scan in each plane at 1/2-in. double amplitude, or 
5 g over the frequency spectrum. 

The test setup for radial vibration is shown in Fig. 15, 
and for tangential and longitudinal vibration in Fig. 16. 
The tests demonstrated a substantial margin between the fra-
gility factor of the mirror and the launch environment. 

The isolation mounts provided considerable damping to the 
system and significant attenuation of higher frequency vibra-
tion components. 

The thin-walled nickel construction design demonstrated much 
higher inherent damping characteristics than is normally en-
countered with conventionally designed structures. It is felt 
that this was a result of the low-mass, high-strength box con-
struction, and the inherent higher damping characteristics of 
nickel. 

Shock 

The shock test requirements specified a 15-g, 15-msec, half-
sine wave shock to be applied in each of the three orthogonal 
planes as defined relative to vehicle mounting (tangential, 
radial, and longitudinal). A total of 18 shocks were applied, 
three in each direction in each axis. The reflector was not 
damaged and performed properly after the shock test. 

High and Low Temperature 

High and low temperature tests were conducted to insure that 
no binding that would prevent deployment would occur due to 

720 



POWER SYSTEMS FOR SPACE FLIGHT 

the different rates of expansion of the various metals used. 
A 160°F high-temperature test was performed first to simulate 
the launch conditions. Fig. 17 shows the reflector in the 
test cubicle after it was deployed. Next, a -30°F cold tem-
perature test was performed to simulate the condition of the 
folded reflector in orbit prior to deployment. The reflector 
deployed fully during both tests. 

Thermal Gradient 

A thermal gradient test was run to verify theoretical calcu-
lations. No specific criteria were to be met. A representa-
tive single panel was mounted in front of a cold plate at one 
end of a large vacuum chamber. Outside, at the opposite end 
of the chamber, a carbon arc solar simulation source was posi-
tioned. The solar energy from the simulator was passed into 
the chamber through a quartz window. Fig. 18 shows the carbon 
arc lamp and the chamber. The cold plate was maintained at a 
temperature of -320°F with liquid nitrogen. Indicators (black-
body thermocouples) mounted near the mirror surface provided a 
measurement of the power density of incident radiation. 

Fig. 19 shows the test panel as it was mounted on the cham-
ber closure assembly. Three layers of aluminum foil were used 
around the panel to shield the cold plate from direct radiation 
from the arc. The blackbody thermocouples are also shown. 
Instrumentation leads were brought out of the chamber through 
hermetically sealed Cannon Electric bulkhead fittings. 

Testing consisted of cooling the cold plate with liquid ni-
trogen to -320°F and operating the carbon arc for as long as 
one electrode would burn, which was approximately 45 min. The 
carbon arc was turned off for 33 min. At the end of these 33 
min, the arc was again turned on. This cycle was repeated 
until a repeating pattern of data was established. Two and 
one-half to three cycles were generally required. The results 
showed that there was good correlation between thermocouples 
and resistance gages mounted side by side on the foils and 
that temperature gradients front to back on the structure were 
less than 2°F. 

Space Vacuum 

The space vacuum test consisted of placing the EROS reflector 
assembly in the Allison vacuum chamber and pumping the chamber 
down to orbital altitude pressure. The rate of pump down ap-
proximated pressure change rates equivalent to launch. The 
experiment was given a functional check and returned to ambi-
ent conditions. All items checked normal. 
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Linear Acceleration 

The linear acceleration test was run at 16g for 10 min along 
the longitudinal axis. The mechanical operation and instru-
mentation were checked prior to and after the test. No change 
was noted. 

Conelus ions 

The following conclusions were made: 1) Project EROS is a 
major step forward toward the utilization of solar power in 
space; 2) an all-metal solar reflector of the Fresnel type ap-
pears to be satisfactory for withstanding the required launch 
and space environment; and 3) in the near future an orbital 
experiment will be conducted to determine the effects of actual 
launch and space environments on solar reflectors and reflector 
surfaces. This should be followed by more sophisticated 
orbital experiments involving much larger reflectors that 
would be sun oriented. 
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Fig. 1 Fresnel reflector 

Fig. 2 Smoke picture of Fresnel 
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Fig. 3 Intens i ty d i s t r ibut ion vs radius 

Fig. 4 Radiometer 
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Fig« 5 Reflectance degradation meter 
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Fig. 6 EROS RDM units calibration curves 
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Fig. 9 Solar test facility with reflector mounted in a 
modified searchlight tracker 
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Fig. 10 EROS reflector efficiency, flight 1 
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Fig. 11 Pattern being inspected 

Fig. 12 Removing foil from pattern 
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Fig. 14 Acoustic test setup 
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Fig. 15 Vibration test, radial 

Fig. 16 Vibration test, longitudinal 
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Fig. 17 Reflector deployed after hot test 

Fig. 18 Thermal gradient test setup 
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Fig. 19 Thermal gradient test panel 
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