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Abstract 

This paper presents details of flat plate solar thermoelec-
tric generator research results and discusses the concept 
operation from a systems standpoint. The converter concept 
discussed is that which was investigated by General Atomic 
Division under Air Force Contract 33(6l6)-7Ó76. Systems 
factors and potential are based on completed research and the 
author's estimate of concept potential if the concept is 
developed to the point where operational feasibility is estab-
lished, 

Introduction 

This paper presents what are considered the most pertinent 
details of the flat plate solar thermoelectric generator from 
both the converter concept and operational systems standpoint. 
The discussion is divided into sections on the basic converter 
concept, research results, and systems factors and potential. 
The consideration is made that the concept is directed toward 
space application as a flight vehicle power supply. Systems 
factors and potential are based on completed research and the 
author's estimate of concept potential if the concept is 
developed to the point where operational feasibility is estab-
lished. 

The requirement stimulating flat plate research is the need 
for a highly reliable, lightweight, long life, low cost, radi-
ation resistant static solar device which has a wide orienta-
tion tolerance. It is anticipated that the flat plate solar 
thermoelectric concept will meet all these requirements, if 
fully developed, for the power range from 5 * to 10,000 w. 

Presented at the ARS Space Power Systems Conference, Santa 
Monica, Calif., September 25-28, I962. 

♦Project Engineer, Static Qaergy Conversion Section, Flight 
Accessories Laboratory, Aeronautical Systems Division. 
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Technical Discussion 

Basic Converter Concept 

There are many types of flat plate solar thermoelectric 
converter concepts; however, this discussion is concerned 
only with the concept as investigated by General Atomic 
(Division of General Dynamics) under Air Force Contract 33 
(6l6)-7676. 

The aforementioned concept utilizes the four basic con-
verter components of collector, thermoelements, honeycomb 
converter support structure, and radiator. Referring to 
Fig. 1, the collector is aluminum foil coated with alternate 
layers of metallic aluminum and silicon monoxide for solar 
radiation absorption. The radiator is also aluminum foil but 
is coated with a flat-black lacquer for maximum radiation 
emittance. The radiator is attached to but electrically 
insulated from the aluminum honeycomb structure. The thermo-
elements are bonded to the collector and radiator through 
holes drilled in the honeycomb. Thus, the honeycomb supports 
the radiator which supports the thermoelements which support 
the collector foil strips. This results in a relatively 
flexible device with the potential of good mechanical and 
thermal stress characteristics. 

Referring to Fig. 2, the P- and N-type thermoelements are 
in alternating rows and are electrically connected by proper 
slicing of the collector and radiator sheets. Referring 
again to Fig. 1, the areas between thermoelements in a given 
row on the collector are in themselves partially slotted to 
give additional thermal stress relief. Also, small emboss-
ments on the collector leading to the thermoelements give 
added collector foil rigidity. 

Some present characteristics of the concept are interest-
ing. The thermoelements used are P-type zinc antimonide and 
N-type lead telluride with nickel-disc caps on each element 
end to provide a surface for bonding the elements to the 
radiator and collector surfaces. Normal temperatures experi-
enced approximate 300°C on the collector side and 100°C on 
the radiator side. A feature of the thermoelements in them-
selves is that they are very small -- typical dimensions being 
1 mm by 1 mm in cross section and 2.5 ш in length. 

Research Results 

A thorough treatment of the program conducted under Con-
tract AF 33(6l6)-7676 by General Atomic is given in report 
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number Aeronautical Systems Division TDR 62-214 entitled "Flat 
Plate Solar Thermoelectric Conversion Panels." The report is 
available through both the Armed Services Technical Information 
Agency and the Office of Technical Services, This discussion 
summarizes the major problems and solutions or possible solu-
tions as related to the experimental results and general 
research findings. 

One of the major converter problems was that the silver-
solder bonds between the thermoelements and collector and radi-
ator as well as the junction between the zinc antimonide and 
its nickel cap all tended to separate under thermal cycling 
conditions. Both spot-welding and gold-cement bonding of the 
thermoelements to the collector were found to be better than 
silver soldering — although the processing in all cases was 
fairly critical. Silver plating the radiator foil before sil-
ver soldering the thermoelements and paying closer attention 
to the soldering techniques fairly well solved that bonding 
problem. The zinc antimonide-nickel cap difficulty was resolved 
in the main by use of a better basic themoelectric material. 

Another major problem was that thermocouple resistances 
were as much as twice those anticipated. Although this dis-
crepancy was not traced to a single factor, a general specu-
lation based on ordinary engineering relationships and normal 
occurrences can be reasonably formulated. This is that the 
excessive resistance was caused by such factors as incomplete 
or inconsistent bonds, inhomogeneities and general inconsis-
tencies in the thermoelements, normal problems due to personnel 
becoming familiar with the experimental fabrication techniques, 
and apparent resistance increases due to the mismatching 
caused by thermoelement property variations. Although the 
problem still has not been fully resolved, it has recently 
been proven that gold bonds on both the collector and radiator 
sides provide not only better thermal cycling capabilities but 
also consistently lower resistances than with collector spot-
weld bonds and radiator-solder bonds. 

Other problems existed with trying to reduce thermal and 
mechanical stresses, obtaining better collector selective 
coatings for more energy absorption, reducing overall weight, 
and obtaining better thermoelements not only with respect to 
consistency but also with higher performance characteristics. 
These problems have not been completely resolved, but solu-
tions are possible ss evidenced by the collector foil slots 
and embossments for stress relief which did not completely 
eliminate stress problems but which did greatly improve the 
situation. 
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In all respects but power output, the experimental results 
were encouraging. Table 1 gives the results of a performance 
test on a 4 in. x 4 in. converter panel (18 couples, 3& thermo-
elements). Note that the observed values are only approxi-
mately 6o% of those expected from measured properties and only 
45% of those based on intrinsic properties. This is due not 
only to the excessive resistance and other factors previously 
noted, but also to measurement technique inconsistencies. The 
solar simulator used for performance tests was a search light 
modified to incorporate a vacuum system with liquid-nitrogen 
cooled walls• The unit had to be hand focused and oriented. 
undoubtedly, hot spots thus caused plus normal variations in 
the solar spectrum and operational use caused experimental 
discrepancies. An example of the parameter measurement dis-
crepancies is shown in Table 2 where a 17% increase in solar 
intensity caused only an 8% increase in power density output. 

Other experimental results were more encouraging. Life 
tests of 800 hr on PbTe and ZnSb thermoelements showed no 
deterioration due to sublimation at a hot junction temperature 
of 300°C with the cold junction at 120°C. Similar life tests 
up to 10,000 hr under another program also have indicated that 
sublimation is not a problem at temperatures up to 375°G^ 

Thermal cycling tests were conducted in air and in vacuum. 
A 4-elenient panel was cycled 69O times in vacuum with no sig-
nificant degradation occurring. Thermal cycling in air of 17 
parallel-connected couples in a 12-in. strip resulted in 
several elements breaking and the panel warping. A large 
factor contributing to this deterioration was undoubtedly that 
air between the collector and honeycomb-radiator structure 
conducted excessive heat to the upper structure face. This 
caused the structure to warp and resulted in the thermoelement 
fractures. Tests on 2-element modules under another program 
have indicated that thousands of thermal cycles can be obtained 
without significant thermocouple deterioration. An interest-
ing sidelight to this is that when an element or couple is 
operated continuously for thousands of hours and then thermal-
ly cycled, it tends to fail rather easily.2 

In summation, the program conducted under Contract .AF 33 
(6l6)-7ć>76 nas developed the basic techniques required to 
fabricate a lightweight flat-plate solar thermoelectric energy 
converter and has determined some of the characteristics and 
problems of such a conversion concept. The performance charac-
teristics of test panels were not as good as calculations had 
indicated were possible; however, it is anticipated that sig-
nificantly improved panels can now be produced by taking 
advantage of the understanding of materials, improved 
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fabrication techniques, and technical skills developed during 
the course of this and other similar programs. 

Systems Factors and Potential 

The flat plate converter is presently not feasible for 
incorporation into a generator system for a flight vehicle 
supply. This is due to three main factors; namely, low 
efficiency and consequently low power/unit area; lack of a 
suitable size working experimental model of a typical system 
concept which includes the system support and deployment 
structure (as opposed to the converter honeycomb support 
structure), attendant control equipment, and long-term system 
concept test data; and, unavailability of specific cost infor-
mation to prove the contention of flat plate low cost with 
respect to conventional power devices such as solar cells. 
However, sufficient progress has been made to indicate very 
good potential for a system concept. 

When discussing a flat plate thermoelectric system, it is 
inevitable that it be compared to solar cells because of the 
likeness in configuration (excluding cells placed on the side 
of a vehicle) and missions. Solar cell systems are expensive 
and encounter severe radiation damage in earth orbit. However, 
they are reliable and have good power output characteristics. 
The discussion thus leads to future space mission requirements 
including maximum power requirements and orbital environment. 
The limitation of earth orbit missions shall now be placed on 
the discussion; other missions will be mentioned briefly later. 

In order for the flat plate to become as fully useful as 
solar cells have been and will continue to be, the present 
belief is that it must be capable of at least 5 w/ft2. Other-
wise, the required area is prohibitive due to packaging and 
orbital drag factors. The 5 w/ft2 corresponds to an efficiency 
of approximately h$>. Although even this is very low, there 
are advantages of the flat plate at such an efficiency which 
still make the concept desirable in place of or to supplement 
solar cells or other power devices and override the area-drag 
factor. These advantages are the high power/weight ratio and 
operation in radiation environment. Table 3 presents antici-
pated characteristics of the flat plate as a system concept. 
It must be remembered that concept and component reliability 
and long life are presently being investigated and have shown 
promising results. And even at an efficiency of approximately 
1%% the 4 in. x 4 in. panel previously discussed (reference 
Table 2) did result in 10 w/lb exclusive of systems support 
structure. 
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It has been stated that a flat plate system should cost 
less than a comparable solar cell system by a factor of 8 to 
10.-> Present costs of a solar cell system are typically about 
$400 per watt whereas small experimental flat plate thermo-
electric models presently cost approximately $4000 per watt. 
Mass production would, of course, dramatically reduce this 
figure as would anticipated improved fabrication techniques 
and use of higher performance thermoelectric materials. How-
ever, a futuristic cost comparison relative to solar cells 
cannot be realistically made at this time. It can only be said 
that the cost should be less based on present limited knowledge. 

The last factor necessary to establish systems concept 
feasibility is a laboratory model of sufficient size to prove 
the feasibility. Such a working model must have all necessary 
support structures and power-voltage output electronic con-
trols. Tests must be conducted on the unfolding mechanism and 
system vibration, shock, and acceleration. Complete simulated 
earth orbits are probably impractical for large areas (i.e., 
10-20 ft2), but relatively large (1 ft2) representative panels 
could be simulated through 50O-IOOO earth orbits after being 
evaluated under simulated launch conditions. If small panels 
can be orbited successfully, the larger laboratory system 
model should not have to be orbited for acceptance of the 
concept — unless, of course, there is great concern for the 
operation of unfolding the system in space and/or the operation 
of a large system with respect to the actual effects that sup-
port structure and miscellaneous support equipment have on the 
system characteristics and reliability in space. 

The systems considerations so far have been directed toward 
earth orbit application. In truth, the flat plate concept may 
have its best use as a relatively small power supply for 
interplanetary travel (especially toward the sun) -- either to 
supplement the power supplies anticipated from MHD, thermi-
onics, high-temperature thermoelectric, or dynamic systems or 
to be a reliable auxiliary power supply. 

Considering earth orbits, there will be many future appli-
cations for small power systems from 5 w to 10 kw where low 
cost, high w/lb, and good radiation resistance are required 
such that batteries by themselves, solar cells, and other 
conversion devices are lacking in one or more of the afore-
mentioned prerequisites. Of course, the same is true of 
missions other than earth orbit. 

With respect to system potential capability, the maximum 
power output will probably be limited to approximately 3 kw 
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in earth orbit because of the area considerations. At 1$ 
efficiency, the required area for 3 kw is approximately 600 
ft2. In reality, systems between 5 a^d 30OO w seem reasonable 
for earth orbit while the 30OO to 10,000 w systems seem more 
logical for lunar or interplanetary travel. 

Conclusions 

Investigation of the flat plate solar thermoelectric gen-
erator was stimulated because of its possibilities as a low 
cost, lightweight, reliable solar power system for space 
flight vehicle power supplies. Such a system would augment 
solar cells in missions which require lifetimes of up to five 
years in high-radiation orbits and could possibly be competi-
tive in many nonradiation missions. Also, the flat plate 
performance would improve with missions such as Venus explora-
tions. 

Research results to date have indicated that the converter 
concept has considerable promise; however, system feasibility 
cannot be established until efficiency is increased, a systems 
concept experimental model is fabricated and extensively 
evaluated, and the system costs are more definitely established. 
Typical performance requirements for feasibility are at least 
5 w/ft2, 15 w/lb with systems structure, and capability of 
50OO earth orbits with no more than 10% degradation. 
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Table 1 Performance t e s t r e s u l t s , , 4 - in . x 4-in» panel 

C o l l e c t o r Temperature, °C 
Radia tor Temperature, °C 
Co l l ec to r E f f i c i ency , % 
Converter Ef f i c i ency , % 
w / f t 2 

w/lb 

Calcu la ted 
I n t r i n s i c 
P r o p e r t i e s 

282 
82 
63.5 

2.3 
2.95 

23 

Measured 
Component 
P r o p e r t i e s 

302 
76 
60.5 

1.8 
2.3 

19 

Panel 
Test 
Resu l t s 
252 

21 
• • • 
1.0 
1.3 

IO.5 

Table 2 Performance measurement discrepancies, 
4-in. x 4-in. panel 

Inc iden t 
Energy 
w/meter2 

1200 
1400 

C o l l e c t o r 
_Тешр_1_°С__ 

253 
252 

Radia to r 

60 
21 

Seebeck 
Voltage 

Per 
Couple,mv 

58 .5 
6З.5 

Res i s t ance 
Per Couple, 

mohffi 

102 
I30 

Power 
Dens i ty , 

w / f t 2 

I . 2 3 
I . 3 3 

Table 3 Anticipated flat plate thermoelectric system 
concept characteristics 

C o l l e c t o r Temperature 
Rad ia to r Temperature 
Gen era t o r Ef f i c i en cy 
w/lb with S t r u c t u r e 
R e l i a b i l i t y 

Life t ime 

Radia t ion Res i s t ance 

1Яба 
300-325 °c 
75-l25°c 
4-6% 

15.20 

5000 e a r t h o r b i t s 

very good 

I967 
300-35o°c 
75-i25°c 
5-8* 

20-30 

15,000-25,000 
e a r t h o r b i t s 

very good 
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Fig. 1 Section of flat plate converter 

Fig. 2 Typical converter panel 
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