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ARSTRACT

A golar flat olate thermoelectric converter consist
plate with an optically selective coating, small siz
radiator plate and a support structure. This report deseribes the re-
search and development work performed during the 15 month period of this

program.

o

The collector and radiator plates were folded into self-supporting
structures which, combined with aluminum rubular members, comprised the
panel support configuration. This design resulted in a very low converter
weight, only 53 grams per square foot. ‘

" A number cf prototype panels, both 4" x #" and 12" x 12" ir area
were fabricated and tested. The panels passed specified environmental
test without physical or electrical changes. These tests included sinu-
soidal vibration, 14-3000 cps., to 15 g's for 45 minutes én each axisj
raniom vibration, white noise with an amplitude of 0.05 g~ for 5 minutes
in each axis; acceleration, 12 g's in each axis for 10 minutes; and three
shocks of 40 g's for 6 milliseconds in each axis. The panels were also
subjected t> 500 thermal cycles of 1 1/2 hour per cycle. Other panels
were subjected to over 6000 thermal cycles without resistance charnge.
This number of thermal cycles is sguivalent to oae year's operation.

Evaluation of the optically selective coating disclosed that the
coating efficiency actually ohtained in the pilot production rune was
only 80% of the literature vaiuve. The processing of tae bismuth telluride
thermoeiectric material into the shape and size required for the solar
panels caused a decrease in performance relative to large size thermo-
elements. This decrease, combined with basic material properties inferior
to literature values, resulted in a thermnelectric efficiency cnly 50% of
that initially expected.

The overall panel performance in the Earth orbit operational tenp-
erature regime resuited in approximately 11 watts per pound of panel.
If thermoelectric properties of microelementis used in panels equalled

_ those of larger sizas, almost 18 watts per pound could be attained. Ad-

" 7 ditional engineering effort to obtain properties given in the literature

for thermoelectric materials and optical coatings could result in panels
providing almost 30 watts per poumd.

PUBLICATION REVIEW

Publiication of this technical documentary repori doos not ccnstitute
Air Force approval of the report's fiadings or conclusionz. It is pub-
lished only for the exchange and stimulation of ideas.
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1. INTRODUCTION

This report represents the results of a one year research and de-
velopment effort on a solar flat plate thermoelectric space power source.
The major design criteria and objectives can be listed as follows:

(a) 300 mile orbit

(b) One ye.r life (three years with thermal storage)

(c) 5-8 watts per square foot

(d) 15-20 watts/pound

(e) 506 of the valves of (c) and {d} with thermal storage

The device consists of flat collector and radiator plates with
thermoelements sandwiched between them. The collector plate must be
coated with a spectrally selective optical coating having a high abscrp-
tivity in the visual portion of the solar spectrum and a low emissivity
in the infra-red portion.

Earlier work in this area, utilizing lead telluride/zinc antimonide
thermeelements resulted in a flight test that demonstrated the basic
feasibility of the system (1, 2). Thermal analysis (3) indicated the
possibility of achieving higher overall efficiency at lower operating
temperatires because the properties of thermr:lectric materials, general-
ly, decrease as temperature increases and because radiation losses- from
the collector increase rapidly as fremperature is increased. Based upon
this analysis, bismuth teilluride tlL.ermoelements at a hot junction temper-
ature of 230°C were selected for this program.

The potential advantages promised by the solar flat plate thermo-
electric generator are high reliability, light weight and low cost. The
high reliability is promised by (a) insensitivity to Van Allen radiation,
(b) low operating temperatures, (c) test results under thermal cycling
and booster environmental testing and (d) redundancy obtained by series/
parallel thermoelement circuitry. The light weight is due to the mini-
mum weight components and efficient structural design used. Ease of
fabrication and minimal material weight account for the expectation cf

ow cost.

A number of technical problems required investigation during this
program and are discussed in detail in the sections that foriow. The
fahrication and testing of prototype panels submitted tc the Research and
Technology Div%sion is alsc discussed.

Manuscript released by Robert E. Rush, Author, September 14, 1964, for
publication as an RTD Technical Docurentary Report.




2. SYSTEM DESCRIPTION

gha solar flat plate thermoelectric generator is shown, in its simp-
lest form, in the sketch beiow.
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The collector plate, made of aluminum foil, is coated with a multi-
layer silicon monoxide/aluminum coating. This coating has a high absorp-
- tivity in the visual poriion of the spectruw allcwing efficient collec-
tion of the incident encrjy. The coating provides a low infra-red emiss-
ivity so that the heatr lost from the collector by radiation is limited.
- The aluminum foil rad:zocor is provided with a high emissivity coating for
efficient heat rejectiun.

Thermoelectric clements are located between these two plates, the
hot juncticn formed a: the collcctor pluce and the cold junction at the
radiator p.ate. The elements are connected in a series/parallel arrange-
ment for increased reliability. Except for that fraction of the heat
which is radiated directly between the plates, all of the input energy,
less the heat reflected or radiated by the collector, is available for
conversion by these thermoelements. Thermal and electrical loss consider-
ations dictate that the distance between thermoelements be small. Weight
cpnsiderations dictate in turn that the elements be of a small size.
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3. THERMAL & THERMOELECTRIC DESIGN

The sketch below illustrates the heat balance for a solar flat plate
fsrx) The first ste; in system design is to find that set of collector
anu radiator terperatures ( and Tz) which maximize the power output of
the device.
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The following rclationsinipys are readily apparent¥

g - G, =3g (a = collector absorpiivity)

aq=ql+q2+w=q +qa+w+ql

3
Since w is small it can be neglected.

ag = q; +* G, = G, * G3 + q

A
]
o]
N
|
e
3

*This discussion is based on a converter of unit area normal to the Sun.
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yat 4
3 Ea/‘\Tl‘Tz)

w

tefan Boltzman constant

2

El = Emissivity of collector
Ez = Emissivity of radia.or
E3 = Emissivity between plates

With these relaticnships it is possible, given a, E,, E and E_, to
select a collector temperature ¥, and to Getermine unigue values o%
and q,-

From (4) the folliowing relationship can be obtained:

/E = T--Tz M-l
I
. - 7 rem
N = .t "2' (-Ll + T:)

)
7 T/- = Thermoelectric Converter t.iiciency

Z = Thermoelectric Figuwre of Merit (including contact
resistances and temperature dependeiice)

w = :? T/E . q,

For ec2i set of values of 2., T5, Z, avd - there exists, therefore,
a unique valuc of /e end w. *The“goa; oi thls system design procedure
is to maxdimize the va.ue oi w. T2 methcé used is to select successive
values of T. and solve ior w, finding a maximum. The values of a, E,, E2,
and Z réqulred for the solution are deifined in Section 4 of this re-

pgrt

The sccond step in system design is to determine the size and spacing
of the taerawc2iements to be used in the device.




From (&) the following relationships can be obtained:

Q=949
' 0, =K AS7 ) (T-T))
=N IT

Ve 7 - (Vo)
w = Ve {J)

where: q, = heat traunsferred through the thermoelements by conduction

qp = heat transserred through the thermoelemants by Peitier pump-

ing
K = thermal conductivity of the thermoelements
A = total thermoelement cross section_area

N

= thermoe.ement length

N = nunber oi tacssocouples

o« = Seebeck coeifiicient of the thermocouples

I = current, amperes

Vo = open circuit voltage

Vc = closed circuit voltage
Given ¢ _, X, T,, T,, N, ¢ , Z, and w, it is possible to determine A /7 .
In Section &.2%it Wiil te snown that a suitably sized thermoelement®is
.080" x .080™ x .1GG" long.

Since / and A_// are now botli defined it is obvious that A_ is

now known. The nwwer of thermoel.cments, Ne, per square foot, is,®there-
fore, A /(.08" x .G8"). Once Ne is known the spacing between elements is

also knswn.

e
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4. COMPONENT & PROCESS DEVELOPMENT
4.1 Optical Coatiﬁg

One of the most critical areas in this! development effort is the
spectrally selective collector coatings. Early in the program, a number
 of possible industrial sources for such coatings were contacted for e-

valuation samples. The only sc xce from which samples were actually ob-
tained was Kinney Vacuum Compaiy, Camden, New Jersey. These samples were
submitted to the Air Force and measurements* were made, using a solar
simulator, of absorptivity and reflectivity.as.a function of temperature.
The results are given in Figure 4-1. This data is of obvious value in
the design of a solar thermoelectric converter. Based on these results
Kinney was selected to apply the coating to: the collector plates of the
prototype converters fabricated during tnis program.

4.2 Thermoelectric Materials

Certain criteria have been established%és a guide to thermoelectric
material selection for solar fliat plate thermoelectric generators:

(a) Figure of Merit, Z, as a function of temperature.

(b) Availability and structural gualities in small size.

(c) Life (integrity and stability) in a thermal cycling and vacuum
environment. .

(d) Availability of contacting technigues having a low junction re-
sistance and appropriate life characteristics.

In a previous study (3) it was shown that the bismuth telluride alloys
_are the thermoeleciric materials of choice for the SFP application in an
Earth orbit. This is so because the bismuth telluride materials have the
highest figure of merit In the operating temperature range that is most
suitable for existing collector coatings.

The Figure of Merit, Z, for various types of bismuth telluride has
been determined as a function of temperature. This determination was
made experimentally, using the well known "AT max." technique (4). This
technique consists of oparating assembled thermocouples in the cooling
mocde and searching for that value of current which causes the largest
temperature difference across the thermocouple. Ideally, there should be
zero heat input or output at the cold junction. The temperature measure-

ments can be related as follows: '

2
(Th-Tc) maximum = 1/2 Z Te

*The measuresents were made at the Naval Radiblogical Defense Laboratory,
Hunters Point, Calif.

oy Wb i

R i e B
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cold junction temperatﬁre, °K
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Z = Figure of Merit, °K

Scveral types of thermoelements were tested and the .080" x .080" x
.100" elements manufectured by Melcor, Inc., were found to be most suit-
able for this application. TFigure Y4-2 presents the results of the tests
of these elements. ilsc oosented for comparison are the test results
of large size Melcor clae.onies. One important point, immediately evident
irom this data, is thac when elesents are processed to the small sizes
required for this application, they suffer a reduction in the Figure of
Merit of approximately 1l6% at operating temperatures. This reduction
"is far more t.an would be expected from contact resistance alone. One
possinle explanation is that microcraciks develop during the cutting
operation. ‘

4.3 Structural Support

Panel sudport s.aulture has been defined as any Jeature or compon-
ent included in panel icsign for handling ease or vibration and shock
resistance. A number of design concepts have been considered and several
have been tested. ' ’

One 4" x 4" panel, designated F-1, was' constructed as shown in Fig-
ure 4-3. This panel used a plastic foam, Emerson and Cumming Eccofoam
SH{ at 8§ pounds per cubic foot density, cemented to the radiator plate for
support. An aluminua reflector sheet was also cemented to the foam.
Holes were drilled through the foam and the. reflector sheet to allow
passage of the thermoelements. Tiis panel was then thermally cycled in
a vacuum of woout 10 microns. The collector: temperature was cycled be-
tweer :50°F and 100°F while the radiator temperature varied between 260°F
and 7.°TF. After a few cycles, severe warping of the radiator structure
was observed. This was probably due to the:fact that the plastic foam
and the aluminum had different coefficients of expansion. No further

work on foam support structures was performed.

A 4" x 4" panal, designed H-1l, was built using a radiator support
structure of alumnirum honeycomb weighing 4.3 pounds per cubic foot.
(Kexcell Corp. 1/u" cell size, 0.002" aluminum). This honeycomb was
cementced to the radiator plate using mylar sheet as electrical insulation.
An alwwinum foil reflector sheet was also used. The construction is
shown Zn Figure 4.4. This support sitructure did not warp under thermal
cycling. Warping of the collector plates was observed, however.

In the F-1 paneél, siress-relief slots were used on two of the four
collector sheets similar to those described in (1). On the H-1 panel,
- these slots were extended across the entire strip. In all cases severe
~ warping of the collectors under thermal cycling was observed. This
warping caused extensive thermoelement failure.

7
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Nonsideration was then given to two other structural design con-
ceptr. One of these, the so-cailed "bowed™ design is shown in Figure
4.5. After intensive study, it was decided that this approach presented
formidable fabrication problems. The other concept, designated "integral
reinforced plate” or IRP is showa in Figure 4.6. Structural value is
provided by folding plate members into open boxes and by thin walled
aluminum tubular members. Table 4-~1 compares, in a qualitative manner,
the various structural concepts considered.

Study of Table 4-1 indicated that the IRP concept merited further in-
vestigation. A number of panels were subjected to thermal cycling without
structural failure. These tests are described further iu Section 5.2.

A program of sinusoidal vibration testing was then conducted accord-
ing to the following schedule:

Frequency Range Displacement Loading
Lower Limit Upper Limit (Double Amplitude)

5 cps 14 cps . 0.5" -

14 40 - 5 g
40 400 - 7.5 g
400 3000 _ - 15 g

A single sweep was carried out at a constant octave rate in a mini-
mun interval of 45 minutes from the lower to the higher frequency limit.
The panels were tested in three axes. Table +-2 gives a description of
the panels tested and the test results. Because of the promising results
and low weight, the IRP design was developed to the point where panels
could withstand the vibratory environment. A complete description of the
final design-is given in Section 6.

4.4 Joining and Bonding Procedure

The term "joining™ is defined as the contacting of the semiconductor
thermoelement to a metailic conductor. The term "bonding" is defined as
the contacting of the above mentioned metallic conductor to the radiator
and collector sheets. Accelerated thermal cycling tests were used as the
primary mathod of evaluating joining and bonding techniques. )

The earliest panels built under this program used contacts as shown

-in Figure 4.7. An electrodeposited layer of gold was applied to the

aluwninum foil so that the thermoelement assemblies could be attached, by
soldering, to the foil. A number of problem areas with this procedure
were uncovered when panel B-4 was exposed to thermal cycling. (See
Section 5.2 for test results)

_ 1. Severe corrosion of the collector plate was observed at the end
of the test. This was diagnosed as the formation of a gold/aluminum
intermetallic compound (Al Auz) .
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Pb/Ag/San SOLBER

“HERHMOELEKEZRT

COLLECTOR

ALUHINUM WITH COLD
ELECTRGDEPOSIT OVER
EMTIRE INWER SURFACE

kY

HICREL CAP
1/8" DIA X
. 005" THiCK

COHTACTING SOLU:R

Pb/Sn SOLBER

FIGURE 4-7
JOIKIRC RED BOEDIEG PROCEDURE - INITIAL
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TABLE 4-1
Corparison of Support Structize Designs Integral
Reinforced
Plate
Property Honeycomb Bowed (IRP) (BCX)
Weight Radiator support Required structural Radiator
(All three structure weighs component require- support struc-
concepts have | approximately 14 ments are such that ture weighs
approximately | grams/square ft. a weight equal to 14 grams/square
equal weights) that of the "integral }foot maximum

Electrical
insulation
ihtegrity

Collector
thermal
expansion

Potential
loss dire to
a quility
con’ ~ol
reject of
one collector
bond

Ease of
fabrication

Most difficult
because of
necessity of
insulating honey~
comb from radiator
plate

Not a problem if
small collector
sub-plates are
used

Maximum loss is
one sub-panel of
four thermo-
elements

Some problems due
to requirement of
electrical
insulation and
handling of
honeycomb

H
1

16

reinforced plate”

structure is estimated

More difficult than

the "IRP" because of

menbers that go be-
tween the radiator
and the collector

A possible problem
area because
collector cannot be
divided into sub-
plates

Maximum loss is one
sub-panel of 12-16
thermoelements,
depending upon
collector spacing

Expected most
difficult

Very easy to
insulate.

Not a problem
if small
collector sub-
plates are
used

Maximum loss
is one sub-
panel of four
thermoelements

Fabrication
is extremely

simple
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- 2. Solder bonds, both collector and radiator, were open on a large
- number of samples. This was diagnosed as alloying of the lead/*tin bond-
: ing solder with the joining solder resulting in a low melting point alloy.

o Problem (1) was resolved by substituting nickel for the gold elec-
trodeposit. Because a thicker layer of nickel than of gold is required
for soldering, weight considerations dictated that the nickel be applied
only where needed for thermoelement contacts. The nickel was, therefore,
electrodeposited in a selective manner.

Problem (2) was resolved on the collector side by eliminating the
nickel cap of Figure 4-7 and soldering ilie thermoelement directly to the
electrodeposited nickel. A nickel cuz, L/4" diameter by 0.002" thick,
was used on the radiator side to prevent solder cross-over. The re-
sultant contacting methods are shown in Figure 4.8. A discussion of the
experimental evaluation of this procedure will be found in Section 5.
All delivery prototype panels used these joining and boniing techniques.
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FIGURE 4-8

JOINING AND POXDING PROCEDURE - FINAL



5. DEVELOPMENTAL TESTING

5.1 Resistance Stability

In accordance with contractual requirements, a test was performed
to determine resistance changes of *thermoelement assemblies as a function
of time at constant temperazture. Six positive'thermoelements and six
negative thermoelements were tested. The element size was 2mm x 2mm X
2.5ma long. Figure 5.1 shows the sample construction while Figure 5-2
shows the test apparatus arrangement. The cold junctions of all the ele-
ments were water cooled while the hot junctions were heated with infra-

red lamps.

The test was run for a total duration of 1,000 hours. Frequent
readings of thermoelermant resistonce and temperature were taken. The
test results are plotted on Figures 5-3, 5-4, and 5-5. Both resistance
and hot junction temperature data ave presented

Examination of thie data has led to the. follow1ng observations:

1. Day to day fiuctuctions were pre sent in the resistance readlngs.
These fluctuations were as much as + 10%. The variation in hot junction
temperature is believed to have caused a part of this resistance varia-
t—on. Reading errors, may, cf course, be the cause of some of the more
severe day to cay changes. The changes where resistance is seen to de-
crease are bellcved to be caused by improvement of the element junctions
occuring wi.a time and temperature in vacuum. Conversely, some of the
resistance lacreases may have been causcd by local junction separation

caused by tnermal stresses.

2. In spite of the day to day variations in individual elements, the
average resistance of all samples was remarkably stable. For example,
the total resistance of all 12 elements increased by only l.0% during the
1,000 hours. Considering the fact that the temperatures were sllghtly
hlgher at the end of the test than at the start, the true change in
sample resistance, whicin is & function of temperature, was actually less

than 1%.

3. One of thc difficulties that developed in this test was non-
uniform hot junc:lon temperatures. This terperature spread can be seen .

in the data of Figures 5-3, 5~4 and 5-5. .

4. Readlngs were not taken after 550 hours for samples PB and NB
because of failures in the wires used for measurements.

5.2 Thermal Cycling

As mentioned above, the primary method adopted for evaluating bond-
ing and joining procedures during the development program was accelerated
thermal eycling in vacuo. This was considered to be an efficient method
of uncovering defects in technlques or materials. DBecause the solar flat
plate thermoelectric generator is a very simple device, a number of de-
sign changes can be incorporated into one sample w1thout one phenomena

masking another. o1 £
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Table 5-3 presents a sarple description, test method and summary of
results for “he various samples teswed. Tables 5-4 and 5-5 give boending
procedures for various samples. Figures 5-6 and 5-7 give test data for
certain samples. -

‘ The purposes of the various thermal cycling tests were for evalua-
tion of structural designs, thermoelement L.oocessing or bonding tech-
niques. The purpose and results of specific tests are discussed in
Section 4 of this report.
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TABLE 5-4

Description of Bonding Techniques Evaluated For Both Collector

and Radiabop

Description

L Type Application
A Coslector
B Radiator
- C Collector
: D Collector or
. Radiator
B E Collector
{ F Radiator
G Collector

“
0y

PR ANGRS

XE

P Y L

1/4" diameter nickel cups soldered to
thermoelements. Cups soldered to nickel
plated aluminum collector with Pb/Ag/5n
solder. -

Scme as A except use of Pb/Sn solder bhe-
tween cup and nickel plated alumimun
radiator.

The thermoelements are soldered to 1/8" x
1/8" x G.0C5" thick nickel straps. Straps
spot welded to aluminum collector.

Elements soldered to 1/8" diameter nickel
caps, 0.0602" thick. The cap is soldered

to nickel plated alwninum with a solder
that is compatilble with the solder used for
thermoelement to nickel contacting.

Thermoelenznt is scldered directly to a
/67 Sicrzzer x G.L02" thick nickel disc
spot we.Ged to ailwninum collector.

174" diameter nickel cups soldered to
thermoelaments. Cups soldered with Pb/Sn
scléer to 1/4" diameter nickel disc spot
walded to aluminum radiator.

é
1/4" diameter nickel cups soldered to
thermoelemants. Cups soldered with
Po/ig/Sn solder to 1/4" diameter nickel
disc spot welded to aluminum radiatoc.
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The fiaal cesign of panels under ois program was based upon the
following:

(a) Thermoelement type and size was based upon the analysis des-
cribed in Section 4.2.

(b) Thermoelement spacing was based upon the analysis of Section 3.

(c) The collector coating was based upon the work descrlbed in
Section 4.

(d) The panel structural design was based upon the work described
in Section 4.3.

{e} The 30¢ﬂ,“g and bondlng procedures were based upon the work
desc:'ibved in Section i. h.

The 4" x 4" nanel is depicted in Figure 6-1. This panel has two
thiermocouples in series with each leg of 2ach thermocouple consisting of
four thermoelements in parallel. Power leads and voltage measurement
leads are supplied. Suiteble temperature sensors are provided. The
radiator is coated with "Krylon" fiat black enamel. Figure 6-2 depicts
a similar, 12" x 12", pane.l.

The fabrication procediwre is as follows:

i. The radiator and collector pliates are selectively electroplated

b ¢

with nicxkel.
2. Solder is applied to the electroplated areas.

3. The collector plates are coa*ed by Kinney Vacuum Company, Camden,
New Jersey, w;tn spectru*Ly seiective coating. g

. 4, The collectors are cut to size and folded.

-

5. The thermoelements (previously cut to size) are soldered to the
nickel "ecups'.

6. The thermozlements 2 soldered to collectors, two positive
elements and two negative elements on each collector sub-plate.

7. The radiator sub-panel is assembled with tubing, electrical in-
sulation and cement as required. _ .

8. The final assenbly of collector sub-panels to radiator panel is
~ then made. _

Figure 6-3 is a photograph of a completed panel.
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THERMOELECTRIC GENERATOR 12" X 12"
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FIGURE 6-3
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Tooie 6-1 presents @ weight analysis, based on measurements, for a
12" x 12" panel. The panel weight &t present is 53.4 grams prr square
foot, exclusive of temperature sensors, power wires and voltage wires.
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TABLE 6-1

wg;ghzuégg;yﬁisnfgr the Solar Flat Plate T.iermoelectric Generator

@t s

Component gms/ft2
Thermoelectric material 10.0
Nickel electroplate or radiator and collectors 1.6
Solder, thermoelement to nickel . 7.4
Cups 2.9
.001" aluminus ccllector plate - 6.5
Collector support structure 3.9
.0015" radiutor plate ‘ 9.7
Raaiator support structure 2.0
Solder (radiator side, metal to metal) 1.8
Hard coated aluminum support tubes 2.8
Epoxy cement 4.8
Temperature sensors 2.0
TCZA 55.4
TOTAL, less teicerature sensors 53.4

Rather straightforward cevelcpment may 5@ able to reduce this weight by
1.5 to 2.0 grams por square foot by allowing the use of lower solder

weights and less cement. A major waignt reduction could occur if the
element length were decreased but this requires development effort.

i
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7. PRCTOTYPE PANEL TESTING
7.1 Performance

In accordance witih contract requiren;:ts, a total of three panels,
two 4" x 4" and one 12" x 12", were assciw.ed as described in Section 6.
These panels wcre assembled into the test apparatus schematically de-
picted in Tigure 7-1. The anparatus consisted of an evacuated bell jar
containing - heat sink cooled Ly liquid nitrogen and a set of four in-
candescent ilamps comprising the heat source. Each tast panel was sus-
pended between the source and the sink and the enclosure was evacuated

to 2 x 10-5 torr.

Two thermal cveles wcre mpesced uson each panel, a cycle consisting
of 55 nminutes 01/34 pdouces o). Lt Lewst two hot junetion temperature
readings and two coid :u“CT;Jl ::*pera&hre »zadings were taken at the end
of each "oa" per;oé. Tae punel va connbc.ba wcross a matched load so
that open circuit voica 2, closed _*rc“.; voltage and current could be
measureé at the end of cuca "on" period. The data is tabulated in Table

7"1.
Certain comuents can be made concerning this data:

. The problem of non-unifora heat fiux was severe--especially with
the 12" x 12" panel.

2. The licuid nitrocen cooling wa: Less effective with sample PB-5
than it was withh .2 ocher twe test arcalies.

3. When the zanel powe: output is corrected to the theoretical
operating tumperature dillcruace chen sampl2 2B-6 wolld develop 1.1l watts
and sangle -5 would dcvelon 1.26 watcs. This latver value is close to
the correctced power outputs mcaswred for othex» panels tested. This cal-
culaiion is subject to some c.ror depeniing on how closely the average
of the installied ten ivinwre sensors rer*eeted the actual average tempera-

ture difference across .2 panedi. ~

4. The Zifferenczs n develosad power Hetween successive runs for
PB-5 ané P5-3 are reaui.,/ .arlained by smail tesperature changes.

7.2 Sinusoidal Vibration Testing
7 .
I accorcance wich conireact regquirements, a total of three .cnelsw,
two U x 4" and cac 2" X 12" were subjected to the following sinusoidal

vibration test:

Test in each axis proceeding at a single swéep at a constant octave
rate from the lower to the upper frequency limit in not less than U5

" mdnutes.

«PB-1, PB-5, PB-6
41
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Frequency, cps Amplitude E 'G' Loading

5-14 0.5" double amplitude
14-40 -

40-400 -
400-3000 -

.5

t;\unl

The testing was performed on a Model C-1l0 electromechanical shaker
manufactured by the M3 Electronics Company.

In the sinusoidal vibration test the panel was mounted to a fixture
by using the aluminum support tubes. The tubes were clamped on the por-
tion extending beyond the converter area proper. This applies also to
the random vibration, the acceleration and the. shock tests.

The resistance of each nanel was measured before and after each
sweep in each axis. No resistance change was detected on any panel.
Certain resonant frequencies in the collector panels were noted as follows:

Panel Resonant Frequencies With Panel Horizontal
PB-1 70, 140, 250 cps
PB-5 140 cps

. PB-6 130, 240 cps

No visual evidence was okserved of any panel damage due to this vi~-
bration testing.

7.3 Random Vibration Testing

This test was conducted by Associated Testing LaLuratories, Inec.,
Wayne, New Jersey and is dooumented by their vcoowt J231-4707. The test
required random vibration along each axis, whit. nolse with an amplitude
of 0.05g2 per cycle per ::zcnd from 15 to 2000 cps for 5 minutes. The
equipment used can be lisc2d as IGC.iows:

Vibration Exciter Ling Electronics Corp. Model 275
Power Cubicle . "

. Model PP-60/100 VO-1
Remote Control Console Ling Electronics Corp.

NModel 102-(1001-1) -

Random Noise Conirol
Console . Ling Zlectronics Corp.
- Model R-1001-3 -

Resistance measuremen+s made before and after.each run on each of
the three panels* indicated no change. Visual examination of each panel
at the completion of each axis of vibration revealed no evidence of

physical damage.

*PB-l, PB-5, PB-6
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7.4 Acceleration Testing

The three panels wcre subjected to an acceleration test of 12 gt
for 10 minutes iIn each of the three mutually perpendicular axes. The
testing was performed by Associated Testing Laboratories on their Model
AC-10,000 radial acceleratcor and is documented by their report J231-4707.

No changes in electrical resistance or appearance were detected due
to this testing.

v "

7.5 Shock Testing
This test recuires that three shocks of L0 g's each for 6 milli-
seconds be applied in each cof the three mutually perpendicular axes of
each of the three panels. 7Tih2 test was jerformed on an Avco Shock
Machine, Model SM-U005, using & Pa 015 pad calibrated by Avco on March

20, 1954.

No changes in electricul resistance or assearance were detected due
to shock testing.

7.6 Thermai Cycling Test

This test recuires that one 12" x 22" panel and one 4" x 4" panel
be subjected to 500 thermal cycles ¢f 53 minurtes on/35 minutes off each
and that temperatures and power curput be mezasured on a daily basis.

The test was pericrmed in the apparatus schematically depicted in Figure
7-1 with the exception that water cooling was used rather than liquid

nitrogen.

The pancls were connecved o a matched load and power output was
cdetermined by measuv...; cuwsri.y wnd voltige drcp across the load. The
data for the 12" x 1." panel, 2.-1, is given I Table 7-2. The data for
the 4" x 4" panel, PE-6, is given in Table 7-3.

As discussed clhzve, Section 7-1, the 12" x 12" panel (PB-l1) was sub-
Jected tc a very non-.iilorm heating. This caused a considerable uncer-
tainty in the relaticnship between measured panel powe:r output and the
panel power outpur in cperationcli conditions. The stability of the
measured power cu.guil, see Tabie 7-2, is considered satisfactory, however.

graduai reduction iIn power ouclut took place curing the test, see Table
7-3, resulting in a total reduction of about 23%. About 9% of this change
is a result of a panel resistance increase. The remainder is a result of
a decrease in panel voltage. When the 500 cycles were completed, the
panel was examined and ore open element was found. This would account

for about 6% of the resistance change of 9%. When the panel was removed
from the test apparatus a second open element was found. It is reasonable
to suppose that this second element was partially open during the test,
thereby accounting for the balance of the resistance change. No explana-
tion can be offered for the voltage decrease.

The stability of i %" x L" panel, PB-6, was less satisfactory. A
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TABLE 7-2

Cycling Test Results For Panel PB-1 ?\V

Vacuum: 2 x 107 Tors. Cycle: 1 hour on/1/2 hour off Pahei Size
121 X 12"
Hot Junction Cold Junction Power Output Power Output

No. of Temperature °C Temperature °C Watts/ft
Cycles (Average) ) (Average) Watts/ffh“*"‘w‘_“Pgrgﬁgted*

16 174 76 .528 l.lg

ug 177 72 563 1l.10

64 174 79 577 1.25
128 179 : 76 573 1.24
160 177 80 .550 1.27 .
176 179 8l " .572 : 1.29
192 178 80 .574 1.29
240 174 : 80 . 545 1.33
256 177 82 .S47 1.31
272 174 8l . .558 1.39
304 179 83 .530 1.24
352 180 83 .562 1.28
368 180 83 561 1.28
384 178 82 .533 1.25
400 180 54 .563 1.32
416 177 82 .558 1.3y
512 179 84 552 1.32

%Corrected to thecretical temperature difference of 147°C. Correction
performed by assumning that power output is proportzonal to the square of
the temperature difference.



TABLE 7-3

Cyeciins Jest Resu.ts For Panel PB-6

. -5 e 1 - .
Jecuun: 10 7 Torr. (lycle: 1 hr. on/l/2 hr. off Panel Size: 4" x 4"

i i Aot Snoms AT B0t R e R b W&MW‘M&@&‘A%

Hot Junction Cold Cunction Dower Power Power Ouiput
No. of Temperatixe °C Temperature °C  Cutput  Output Watts/ft
t Cycles (Average) (Aversge) Watts Watts/ft~ Corrected®
‘ 16 221 o7 .10l .209 1.20
- 48 225 58 .135 .GU5 1.25
: 6y 227 G7 .02 .9i8 1.17
{128 225 96 094 .86 1.10
© 180 225 54 . 095 .855 1.06
176 222 Gi; .G563 .837 1.16
i 132 228 56 . 0S5 .855 1.06
§ 240 227 S5 .093 .837 1.03
L 236 250 57 .09%  .8u5 .98
| 272 227 gL . 0S5 .8Ub 1.03
: 304 2206 G2 . 092 .828 1.00
;352 231 65 .091 .819 .96
. 368 229 55 .93 .857 1.02
30 232 100 U3l .8.9 1.01
i 400 234 160 . 088 .792 .96
416 231 =01 . 087 .783 1.00
. 512 232 100 . 081 .729% .90
% #Correcced To theoretical tesperature difference of 147°C.
; Correction performed sy assuming that power output is proportional te the
of : square of the temperature diiference. C

Ry

o1 sl
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8. OPZRATIONAL ANALYSIS

The results of this research program carn be broadly stated as fol-
lows: with reso;ct to pancl weigat and reliability the results were more
than satisfactory, with respect to efficiency the results were distinctly
disappointing. In this secction, an analysis will be made of the expected
performance in orbit of the panels fabricated under this program. It is
also of interest, however, tc evaluate the per’ormance of panels incor-
porating certain specific improvements. Before doing this, it is impor-
tant to investigate the reasons why the efficiency of the prototype panels
was unsatisfactory and what improvements might be made.

The reasons why the delivery panel efficiency was low can be listed
as follows:

fa) The efficiency oi the collector coating used was only 8(% that
initially expected.

- (b) The efficicncy of the basic therm oelectric material available
for prototype paneis was oniy 78% of that initially expected.

(c) The efficiency of the micro-thermcel.ements used in prototype
panels was only 84% of the efficiency of the basic thermoelectric materi-

al.

(d; After assz2mbly into the panels a loss in Seebeck voltage oc-
curred (for reasons not presently known) which resulted in the thermo-
elements having an additional 25% efficiency .Loss.

(e) Another 10-15% power loss occurs due to either (1) variations in
thermoelement properties or (2) uneven neating of tiie thermoelements.

- For convenience, two basic classes of technclogical improvements
will be defined. Class I, an Imzrovement rchu;tlng distinct materials
or/and process developments and advances. Class II, an improvement that
can be expected by straightforward engineering procedures.

Items (a) and (b) in the list above are considered to require Class
I improvements in o:irder to achieve an efiiciency increase. Items (c),
(d) and (e) are ccnsidered to require Class II 1mprovements in order to
achieve an efficiency increase.

The performance at present is only 30-35% of that initially predict-
ed. The Class II improvemerncs would increase this to 60%.

The overall efficiency initially predicted was 3.8% or 5 watts/’ft2
It is now realized that if both the collector coating and the thermo- 2
electric materials performed exactly as predicted, only 4-4.5 watts/ft
would be achieved because of sheet electrical rcsistance losses in the
radiator and collector plates. The actual values would depend on sheet
thickness and a trade-off between efficiency and weight is indicated.

48



) The performance test data for the solar flat placce panels, 12" x 12"
size, is open to considerable doubt because ¢l the uncertainty relative
to heat flux uniformity (sce Szction 7.1). The data [or 4" x 4" panels
is more representative of the periormance power to be cxpected under uni-
form heating. Tiis indicates a power output of about 1l.3-1.4 witts/square
foot. Class II improvements could increase this to 2.3 to 2.6 watts/sq.
foot. Class I improvements could increase this to 3.5-4 watts/square foot.
Table 8-1 presents this efficiency data and spceific power data.

TABLE 8-1

Panel Efiiciency and Specific Powe .

-~

Status atts/sq. ft. Watts/lb.
Present L.5=1.4 1ll-12
Class I improvemant 2.5-2.6 i 20-22
Class I improvements 3.5-4 30-34

Cost is an cpevetional factor of considerable intorest. A cost es-
+imate has been mace Tor the fabrication of suiificient chermoc...:tric
solar nanels to proviie over ome killowatt of power. L& was assuned that
some additional cevelopment work would precede such fabrication.

The cost estimates given In Tible 8-2 assume that one systoenm per year
would be produced. -z costs are for panels oniy and «o not inc.iude de-~
ployment or oriencation mechanisni. ‘

TALLE 8-2.

Solar Flat Platce Cost Estimate

System Power Level > Dollars Pcr Watt
2-3 kw. . o $31.90
G=7 Kw. 26.00
15-18 kw 2¢.10 .
27-30 kw. ‘ 206.00

o s ok

- TR
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9. THERMAL STORLGZ EVALUATION
9.1 Design

A space vehicle in a 300 mile Earth orbit will be in the Sun appro-
imately 55 minites and in shadow aavroxlnahely 35 minutes for each orbit.
It wili be assumed, for the purposes of this discussion, that the space
vehicie has a continuous requirement for eléctrical power. If the source
of electrical power is a solar erergy converter, then a requirement exists
to store energy during the sunlight period for use during the Earth shad-
ow period. It has been customary to use electrochemical batteries for
such storagc. It is the purpose of this analysis to examine storing
energy in the form of Leat in corjunction with a solar flat plate thermo-
electric generator. Since this system ias certain growth possibilities,
it is of interest to examine thermal storage with respect to existing
technology and with respect to certain state~of-art advancements.

Storage Mec.izndism Selection

A nuvher of ut il 3he10 ona can be considered for the thermal

4 ‘.\..

storage of energy. U.aese may pe generally categorized as follows:
() The heat capacity of a substance undergoing temperature changes.
(b) Substances chat utilize the heat of vaporization.

(c) Substances that utilize The heat of fusion.

Since phase change transfomuztion will almost always store more
energy ser unit mass than fnL nect eapacity of a material and since con-
stant cemserature opera*lon is vc“y desirable for a thermoelectric con-
verter, (&) above can Le eliminated from further consideration. The use

of the heat of vaporizaition [b) his two principal drawbacks. The vapor
must go through a comsicerablie voiume change at constant pressure. This
implies a collapsible container, and a mechanism to maintain constant
force on the container. Even if a vapor can be found with a suitable
condensing pressure, the containment vessel would undoubtably add con-
siderable weight, esjpecially if meteorite protection were added. In
addition, vapors ave generally poor heat conductors, so that evaporation
would occur from the vessel surface. If, in the process of evaporation,
droplets are separated from the mass, there is; in the absence of gravity,
no force-available to bring them back to it. Each time they approach the
wall, they will encounter a flow oi vapor away from it which would tend
to keep them fioating in the center of the vessel. This could result in
dry spots developing and over-heating, which, if they do not burn through,
would radiate abnormal quantities of heat and decrease the efficiency of

the generator.

The heat of fusion (c¢) is the most promising of the mechanisms that
have been considered. Since the vapor pressure of many substances is
very low at their melting point and since specific volume changes that




occwr in going from tl:L solid to the liquid phase are relatively small,
the problem of containing a melting solid is much less difficult than that
of containing an evaporating liquid.

Storage Material Selection

The criteria that have been established for storage material selec-
tion are; (a) melting tempovature, (b) heat of fusion (in BTU per pound),
(¢) spceific power of the sys:em in watts per pound, and (d) weight of
thermal storage material concainer.

A previous study (3, Z:iicatred that a melting temperature in the
range 300°F and 500°F wo.i” e desirable for the thermoelectric materials
and optical coatings suiteole for solar flat plates. Table 9-1 presents
a list of the candidate matericls, ti:eir heats of fusion and melting temp-
eratures. IT the spzcilfic power in watts per pound for solar flat piate
+hermoelectric converters with thermal storage is calculated, the heat of
fusion of lithium is found to be the most suitablie storage mechanism (3).

System Thermal Analysis

The sketch below. Zillustrates the thermal inputs and outpu?s of a

solar flat plate with energy storage. H\
i

'
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i
qg = soiar flux g, = heat available for conversion
q, = reflected heat g3 = intra-plate radiation
g, = re-radiated heat ' g, = heat rejected from radiator
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FIGURE 9-1.

FERROUS METALS

Pure Iron

Low-Carbon Steel

Low-Chromium Steel (4130)
Ferritic-Chromium Stainless Steel
Austenitic Cr-Ni Stainless Steel

NON-FERROUS METALS

" Al,Bi,Cd,Pb,Mg,Pt,Au,Ag,81,5n,2Zn

Beryllium, Chromium, Vanadiwm
Zirconium, Titanium

Columbium, Tantalum, Molybdenum
. Nickel and Nickel-base Alloys

"* Cobalt-base Alloys

NON-METALS

Quartz

Glass and Silicates
~ Graphite

Rubber and Plastics
Magnesia

Resistance Ratings:

These ratings refer to liquid-
metal resistance only -- not to
temperature, dependent mechanical
strength of metallurgical .
stability.

RESISTANCE OF MATERIALS TO LIQUID LITHIUM

°c '3&05 ng 560 530 730- a&n 930

'unoulusaanAlulasQAImalquszAGmsnauus»

- 1500
1 l L

°F *s?o 17?01 9?0 l11(10 ;13?0

mcood -~ Consider for relatively
: long-time use.
0IT]Limited - Short-time use only.

Poor - No structural
possibilities.
- [JUnknown - Information inadequate.

R. N. Lyon, Ed., "Liquid-Metals Handbook", 2d Ed.
Rev., Supt. of Documents, Washington, D. C., 1954.

52



-
T

A S R T

T SR

o, A A Kol o 4 i P Bl kb 51t 5

ik M ot e

s

A oL e

\ ot i

A A i

it

\
. . . . i
Since a heat of fusion mechanism Is used for thermal stoigge, the
collector (hot junction) tesperature is constant with time. Since the
+hormoelectric converter represents a fixed thermal resistance}
q, and the radiator (cold junction) temperature are all invariant w1tﬂ
rdspect to time. Due to the fixed collector temperature, qlvd?es not

vary with time. ‘ ;

'
! i

The heat through the converte“, qz cr g, + q_, is fixed with respect
to time. The heat into the thermal storage material, q_- , is of
course introduced only curing the 55 minute sunlit perlgd The thermal
input into the storage m;ter*al g~ q, is effectively equalized with
respect to time by the storage matLrial and a time invariant thermal in-
put can be defined by nultlpa.ylnc 4= 4, by the ratio of sunlit time to
total time: o

(0. - g .- 3 K = -c
s % time invariant Qg™ Sas g

(qs- q‘r)" = (qs— qr) 55 minutes/90 minutes

Thie time invariant the smal ingut into the thermoelectric converter
is thus equal to, {¢_ - hﬁjt q. - ince ¢, is radiated at a constant
temperature (melting poiic ol I*L.¢QHJ from a known endssivity surface
it can be evaluated. The inora tL;te rg5~at_ou q,, can be readily eval-
uated kaowing intra plate endssivities and piate Terperatures, thus
enabling ¢ , heat availoble for 001ve“sion *o be determined. Once (q_-
q”)t is xnown, it cam be combined with the heat of fusion data for lithium
and tie amount of lithiuws reguired can be calculated.

S

(/ 0

Xnowledze of hot and cold junction *emperatures and the thermoelec-
tric properties of tiic materials used allows th2 thermoelectric effi-
ciency to ¢ calcuwiated wanich in turn allows the panel output power to

be determined.

A mathematical analysis of the solar ila: plate, based on the dis-
cusszon, is b...ven in Appendix aA-1l together with the solution of a sample
problem.

. Tie Containment Problem

- -

There are severcl mechanisms throz,. waich Ziguwid metals, such as lithium,
may a“tacm container mezorials. Litialun uses all these mechanisms.
Firstly, the molten lithiuwn can actually dissolve the container material
forming a liguid solutvicn. This situation is severe as the rates of cor-
rosion are usuasiy Juite rapid. Secondly, a direct alloying in the solid
state can take place between the lithium and the container material. As
this mode of corrosion depeciids on solid state dlffLSlon, it is slower and,
hence, less severe. Thixrdliy, and purticu¢arly in the case where the

chosen container material is a COFPLEX alloy, a selected leaching of the
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container by the lithium, in thé molten state, may take place.

Thus, it can be seen from the large variety of corrosion modes, that
the problem of centaining liquid lithium must be studied. Fortunately,
a literature search has “evea7ed several promising materials for our ap-
plication. Figure 9-1 summarizes some data on the corrosion resistance
of a number of materials to lithium as a function of temperature (5).
This table represents a good guide for selecting a container material.
The terms good, limited and poor are defined as follows:

Term Rate of Attack

Good <.C0L"/year
Limited < oL" > .00l"/year
Poor .01"/year

Tt can be seen from Figure 9-1, that pure iron has good resistance
to attack by lithium. Furthermore, the ferrite chromium stainless steels
have better -corrosion resistance to lithium than the austenitic chromium
nickel stazinless steels. "Among the ncn-ferrous metals, not all of which
are listed on the chart, aluninzum, barium, bismuth, caleium, cadmium,
gold, lead, magnesium, platinum, silicon, silver, strontium, thallium,
tin and zinec, all have poor corrosion resistance to lithium. They react
with lithiun to form compounds that have no structural value." It is
important to note that the data compilcd In Figure 9-1 represents a num-
ber of sources and repcrts where both static and dynamic testing was
carried out. Thus, on the basis of this compiled evidence, pure iron has

been chosen as a candidate container material.

More recent information (6) indicates that titanium, .004" thick
wall, will contain lithium Ibh three year mission. Because the density
of titanium is only 57 5% thatc of iron, a significant weight saving is

obtained.

L‘}

Weight Analysis

A weight analysis of solar flat plate panels with thermal storage,
has Leen made based on the assungtions listed in Table 9-2. The assump-
tions are given both for the current state-ci-art in panel fabrication
and upon certain improvements, botih in thernoelectric material and in

optical coatings, that are considered reasonable.

The results of this enalysis, both current and improved systems, are
given in Table 9.3. Zecause tiz acvanced system assumes a higher collect-
or absorptivity than is presently available, thereby collecting more
energy, a greater weight of stcrage material is required for the improved
system. ] PR

- Performance Study

~ The results of the thermal analysis and the weight analysis have
been combined to calcuiate panel performance indices for both current and
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TABLE 9-1

Survey of Candidate Thermal Storage Materials

lelting Heat of Fusion
Material Point °C Calories/gram.
179 104
Hamlg 261 88.5
LiHSO 170.5 -
1gCL KCLH,D 265 -
Hg3r, 237 11.0
rgCL, 277 15.3
A.lzCl6 i92 63.2
As,S4 G0 -
A5406 274 30.1
Bi 270 12.2
BiC13 230 8.2
H2303 135 -
& (C,H10,), - 256 -
MoCls 194 -
K NO3 257 33.4
KLHS 04' 210 -
K23207 3G0 -
AgNC, 212 18
NaNﬁz 210 -
NaC103 23 50.7
NaNO3 310 -
NaNOzr c71 44.7
54.0
Na234 275 -
NaZS5 251 -
NaCiNs 287 55.0
$n 231 14.6
ZnCl, 275 " 4oy
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TABLE 9-2

Assumptions That Form the Basis of the Weight Analysis

Sunlit Period

Shadow Period

Solar Flux

Mission Time

Thermal Storage Material
Storage Material Container
Thermoelectric Material

Figure of Merit

Collectar Absorptivity

Collector Emissivity

Radiator Emissivity

e
®

s

D

= 55 minutes

= 35 minutes

q = 130 w'atts/ft2

57 .

0.05 (Future)

3 years

Licaium

Iron or titanium

Bismuth telluride, p and n
1.9 x 1073 °¢ct (Present)
2.4 x 103 °c! (Futwre)
0.82 (Present)

0.9 (Future)

0.08 (Present)

0.9 (Present)

.95 (Future)
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TABLE 9-3

A Weight Tabulation of a Solar Flat Plate With Thermal Storage

— e ——— o S 7 T T e P o e

2/£t° /5t
_ , Clrrent Advanced
tem ' - State-of-Art State-of-Art
. Titanium & Iron Titanium Iron

Lithium storage material .69 | .69 .76 . .76
‘ b .

Storage container .20 % .35 :20 v .35
! - %
Aluminum radiator plate i §

(. 004" thick) .55 .06 .05 ! .06

Trermocouple Assenblies . il 11 .1? i .13
: | :

Suppor+t structure ' .10 . .10 .10 . <10
=

TOTAL : 1.16 l1.31 1.25 i1.40
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TABLE 9-4

Performance Indices For a Solar Flat Plate With Thermal Storage

—— e o - cr e rmEaT—maw ey s

%
Improvement
v Current Advanced of Advanced
Index State-of-Art ~ _State-of-Art_  ~ System
- Titaniwn; Iron Titanium; Iron _ ‘
Watts/£t (Cont.) - 2.05 | 2.05 2.81 | 2.81 37
Watts/# of system
(Continuous) 1.76 1.56 2.25 2.0 27
# of system/watt
(Continuous) : .57 .64 44 ! .50
Watt-hours ' g .
£t2 - cycle 3.67 | 3.07 4.2 | 4.2 37
|
Watt-hours ]
2.57 | 2.34 " 3.37 | 3.0 27
# - cycle .
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improved systems. These ind’ces are presented in Table 9-4. It is of
interest to note, that the advanced system yields a greater improvement
in efficiency, watts/square foct, than in specific power, watts/pound.

9.2 Testing
Cbjective of Experiment

The object of this exzariment was to test the feasibility, in a
simulated space environment, of the thermal storage concept associated

with solar heated thermoelectric fiat piate generators.
Procedure

The storace pad; itself, was fabricated by sealing a 1 1/2" x 1 1/2"
x 14" pre-shaped Lithium block In a .J04" thick type 304 Stainless steel
container. With the use of a thiin layer of epoxy cement, a bismuth tell-
<ride thermocouple assembly was attached to the storage package while
suitable terserature sensors were placed at the heat coliecting surface
and at thermoelement aot aid coid junctions.

zbove was mounted in an evacuated bell jar
equipped with a radiant heat source. In oxder to increase the absorp-
tivity of the collecting surface of the stcrage container, a graphite
coating was applied to its surface. The sys:iem was subjected to a thermal

cycle consisting of 12 minutes off, and 28 minutes on.

The system described

Discussion of Results

The rumerical results of this experiment are summarized in Table
9-5. . Looture measurements on the pad durdng the test showed only a
2°C ii.....nce across the entire lithium thickaness. Thus, the power pro-
ducing thawrmocouple hot junction remained essentially at the melting
point of l:itaium, 275°C. It may nave been noted that the off time of
this test cyclie, corresponding to the time required to completely solid-
ify the lithium, is lowoer than the specified orbit dark period of 35
minutes. This reduction in dark period time may be explained by the
fact that a non-selective, high emissivity coating was used on the collect-
ing surface, permitting large radiation lossés. Except for this altera-
tion in cycle pexriocé T system functioned very well. The hot junction
temperatune remeined constan®t thrcughcut the entire orbit, indicating that
the storage mechanism was supslying its lctent heat of fusion during the
dark period. Furthermore, the bismuth teisiuride thermocouple output volt-
age and internal resiscance remained ccnstant. This situation prevailed
for more than 20 operating cycles when the test was discontinued and all

objectives were met.

' This test was considered successful to the extent that thermal
storage was demonstrated. The dark time capacity was, however, consider-
ably less than the desired 30 minutes. This was believed due to excess-

ive collector losses.
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Sgbsequen? to the above experiment the test unit was re-worked by
cementing aluminum foil, incorporating a spectrally selective coating to
the collector side of the storage container.

This unit was assembled in the apparatus described above and a test
was performed. The storage time increased but only to 16 minutes. The
reason for the poor performance is not known. The test could not be
repeated because the test apparatus was required for thermal cycling

testing of contiractual delivery items.

TABLE 9-5

Numerical Results of the Thermal Storage ?easibility Test

Collector Temperature °F ' 354
Hot Junction Tenperature °F 350
Radiator Temperatwre °7 230
Dark Time Capacity - minutes 12
Light Phase Time - minutes . 28

Number of Cycles Tested 20
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1G. CONCLUSIONS AND RECC:MENDATL: .o

) The solar flat platec thermoelectric generator has been successfully
developed with respect to the following criteria

(a) Light Weight

The nresent wuight of less than 55 grams per s¢.ure foot ~enraesents
an cdvanead state of welght relucoion fox Thiis compencnt. Fuedier sig-
nilicant weight reduccicn can ¢ obtained cnly by using cherter thermo-
elements, whichi requires o major develogpiant program, or by us.ng larger
arna cheriwoelements on a gecaror intra-element spacing. Sinee the in-

1sed S)aulng results “n greater elentrical and thermal losses, the
Laprovement in grams/sguare foot iIs limdited.

(o) Eanvironmental ...“teg":.ty

Panels have suceess’ully pas.cd thermal cycllng s;nuso;daJ and ran-
dom vibra.:ion, shock, and acceleration tests. ‘

(c) Ecse of Fabrication

The supecific panel desizn uvilized allows low cast fabricition due
to simpli:’ied¢ assenbly procecures and minimal materii.. costs.

The wnits develcned wader hils prozrim were, however, less satis-
factory with ves cet co coaversion efficiency.

This reduced performance can be attribuct ed to ti.. following factors:

{(a) “he spectrally selective collector coating is .¢s55 efficient
1. .. had Leen predictced. An improvemant in this coat..y of up to 0¥ can
be antieci;ated. The Air Force is presently conductir. reseurch in this
gencral area.
ae thermoclcoiric m;tcr-:l sresently availctle is Less eificient
cn &ZflCiiuCLh. 1< moceninls wure to be ceveloped )1v1ng pro-
o suitchic to vhe fiavr piuve ozerating temporature rogime an
204 or more is possible.

da’
than ha

perTids nuy

5
efficicney dincrease of

(e} Jrgeousing of vhe elaments Into solar flat 1....2 asscrnolies ve-
sults in «n wodicional 23% loss £o» rouwscns not prese.ic.y Khowi..

egracding factors listed abhove m..: ba Iryp oved be-

fore TE ULIMNCL LLOTNLe onerator ca. ga seric. sly con-
sidered as a uselul space aua: s.urc:. Sf such impr.vements c n be ’
achieved, a further sct of sroblems rocuires investig ciom. . se concern

the ercection, deploym‘“: a... orientation of large are. «wonv ertL,s. The
actual system weight wil.. wepend to a large extent upa.. the soli.tion to
these proiliems. : ‘
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] /@ analysis and limited test program has demc...:-rated the feasibil-
ity oi thermal eneryzy storaze, contemplating the replacciient of electro-
chemical storage. 4 7iother systems analysis is required to determine
those missions where Jermel storage might be applicable.

The following recommendarions can be made. These recommendations are
intended to guide further deveiopment leading to improved solar flat plate

thermoelectric generators. .
(a) Develop improvecd collector coatings useful in the temperature
range 200-250°C.
(b) Dev:lop thermselectric marerials optimized for the temperature
.age 100-230°C.

() Develop processi
thermcelements, asproxima
in figure of merit.

-2 above areas, then an investi-

a

(@) 'If improvecments are made in i
Vi) »obliams siould be initiated.

gation of Geployment and orientation 3

"o
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APPENDIX A-1

2 Z 39

THERMAL ANALVSIS# |

Solar Flat Plate With Thermal Storage '“1
L

! ? !

55 ‘--1/ 1\:

[ ——

g."/ —

_r”” . “ — &z;%
///, ,

r=s

2

149

Find: Pts’ continuous per square foct of panel

Assume: 1. Thormil storage design adecuate to.maintain ?H and TC constant
2. Therﬁaimétorage ucilizes the heat of fusion of lithium
3. Assume raciation t¢ absolute zero

Aruiysis:

l. IS T.. and Lo are constant, 93» 935 950 Gy and Pts are all

consant
2. If all of he encrgy received by the system per cycle is
utilized at a constant rate then we can define an average thermal power
input as:

? T
SL . a

®sL + ©D q

3. ©_ is known from the melting point of lithium, so that q; can
be determinedi;
G = e, (7T
1 4 /) ,

*See Nomenclature
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; 4. v: S e nn oz Gt Lt 7= (heat balance)
&7 G
5. Since P,__ is less than 5% of the heat throughput it will be
neglected hereaite.. :
N4 z mras—— P G u
6. vz . 2oy By
& 4
7. Z. dfeb A / so that TC can now be determined
8. f. = L= Ta (ieat balance) .
O( 2 4
-~ - v2 (-/ }, "')
[~ - o -
2 7./
2"(’3
g3, can thercliore Lo determdned, and in turn, q,
9. From nacc-ials information, knowinz T.. and T., Z can be deter-
. . @ i C
. mined.

SE el gt ey K

s

KT 1o

~0. Knowing T;:' TC-" ana Z, XN

now -be deternined from

N a0 Con
-~ Ad

/‘{71_ M=l o (See reference 3)
7 -
// 7’ e
4

12.

= 55 minutes

SL
2 LS s itfes Ze & % (melting

B
4 -
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APPENDTX A-1
L J
a‘ /,Ai,.'vé 2
13.2¢ (5= ) =222 ETU/hour/Et® (from 2)
) .\"‘T@‘)
W g,= 17/ (0.08) ( 2%) 7= &/ stumousbr? (from 3)
700,
; 2
15. ?2‘ e Ja2-4/= 787 BTU/hou%t (from 5)
J}/(a z)
(from 7)
}(’_ t Tc = 57C°R
A .////J;) ¢ S0
;; 82+ (%% ) ( /9)
17. Ze.o0f
;‘ = 15 BQU/houn/ftz
fo 5. g = g, - g3 = 161-15 = 146 BTU/howr-ft° (from 8)
N &
i on=l _ -3 op-1
3 19. From materials data Z = 1.6 x *0 c = 1.05 x 10 F
; o /os -
M= !/”“ | 2 [8l+3 70) = 1.31 (from 1i0)
815-360 1.31-1 .
¢ 21. N = P ' . (from 10)
: TE T 1.31 + =90
,, - 816
? L. 23 = 4T
E . = 03-L 2.0 '
f?é - 22. Pts = ,0478 x"146/3.41 = 2.05’watts/ft2 continuous (from 11)
& 23. E = 2.05 watt (1.5 kr/cycle) = 3.07 watt-hrs

B £1° : St ft®-cycle
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APPENDIX A-1

Corculation of Vlcizht of Z.7aium Recuired

l-\..-aitt-

©he amount of iithium regquired, per sguare foot of panel, is that
-ount which is sufficient o suppiy the energy requirements of the panel

an
during the shadow porticn ol the cycle.

heat of fusion of lithium, 187.5 BTU/#

n required per square foot

pounds of lithiu

on., Aw = (/y é; (/ ~ aour
66

60 minutes

Sample calculation

25. Toom 24 A W = (g + QZ) & 5

-~

From 15 , = 151 3T0/an/3t%, . = 61, 61 + 161 = 222 BTU/hr-£t

i}

@ p =38 A0 nany
187.5 BIU/5(ws ) = 222 séU/}m-ftz x 35/60 min-hr/ .

o g2 e ets
4 = (.69 #/I:" of lithium

Since the spec;-*_ soavity of lithiun = 0.53 the thickness of lithium

rec;al“ea,

- \“/./ .":‘/';.’ l.: . » -/
- - -z el 2 Ay
K TRV’ A .
. WH(JJ'/ SrT .

-

]

< =
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NOMENCLATURE
Description
Absorptivity of collector
Emissivity of collector
Emissivity of radiator

Intra-plate emissivity
Thickness of lithium storage material

Resistance ratio

Solar flux

Re-radiated heat

Reflected heat

Heat rejected by radiator
Intra-plate radiation

Heat available for conversion
Hot junction temperature

Cold junction temperature

Converter power output, continuous

Converter energy output, per cycle
Amount of lithium required

Thermoelectric figure of merit
Thermoelectric efficiency
Heat of. fusion
Shadow time
Sunlit time
Stefan Boltzman constant

| 69

Units
D:!.mensionle.ss
Dimensionless
Dimensionless
Dimensionless
Inches

Dimensionless
BTU/hour-£t>

| B'I.'!.l/hm.xr-f’t2

BTU/hour-ft
BTU/hour-ft
BMour- ft
BTU/hour-ft
°R

NN NN

°R
2

Watt/ft
Watt-hours
:E't2 - cycle
Pounds

£t°

.c-l
Dimensionless
BTU/#
Minutes

Minutes

BTU/(sq. £t) (hr)
Rt



