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FINAL REPORT FOR
SOLAR THERMOELECTRIC GENERATORS

1. INTRODUCTION

This report discusses the methods, the findings and the conclusions of a
study for the design of a Solar Thermoeleciric Generalor {(STG) intended for use as
a power source for a spacectaft orbiting the planet Mercury.  The study underiying
this report consists of essentially three separate, but related areas.  First, it
considers several state~of-the-art thermoeleciric technologies in the intended
application and selects one of them as the one most likely to satisfy the intended
goals of the study. Second, the study considers in detail the design of various
STG configurations based aon the thermoelectric technology selected from among
the various technologies; the study derives a recommended STG design. Third,

- -the performance characieristics of the selected STG technology and associated
design are studied in detail as a function of the orbital characteristics of the STG
in Mercury orbit and throughout the orbit of Mercury around the sun.
| In order fo make the present study as complete as possible, attention
has been paid fo three separate types of STG design concepis. The first of these,
a flat-plate type STG configuration, is the stondard type of STG that is not unique
o this study. The flai-plate type STG design configuration has been previously
considered in connection with post programs.  Such censideration has addressed
itself to Carth orbital as well as near sun missions. Two other design concepts
considered by the present study are relatively unique, especially as regards the
use of STGs in space applicaiions. One of these concepts utilizes o compact

type STG that obtains its input heat by means of a single relatively large solar

- \.

concentrator. The other type concept is a combinaiion of a flat-plate type STG
design and the compaci type STG design that utilizes a solar concenirator.

In this design, use is made of individual solar concentrators for each thermopile
comprising the STG. This particular STG design concept combines the advantages

of both the flat-plate type and the compoct type STG designs.  In addition to these
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three basic STG design concepts, the present study has olso considered in a cursory manner

other concepls.  One of the mare interesting of these is a cylindrically configuraled

STG which obiains iis heat from a centrally located heal source in the form of a heot

pipe. The heat pipe serves as a heat transfer member between a single solar concentrator

and the hot junctions of the thermopiles. The solar concentrator is located outside of the

envelope that defines the STG.

Another innovative feature of the present study is the use of multithermo~
couple thermopiles.

— ———

All previous STG studies have considered the use of thermopiles

that consist of individual themocouples. The present study considers the use of thermo-

piles thal consist of a sufficient number of thermocouples to provide the voltoge output
required of the STG.

This enables the parallel connection of all themopiles within

the STG and thereby provides considerable elecirical redundoncy to the overall system,
It must be mentioned that this latter design feature of the STG only applies to the

silicon-germanium alloy technology and not to any of the other thermoeleciric tech=

nologies considered by the present study. As will be seen below, it is the silicon-

germanium technology that offers the greatest number of advaniages fo a STG design

for use in connection with a Mercuty orbiting spacecraft.

In order that the present report be as complete as possible, it includes the

detailed mathematical models used in the basic design calculations for each tvpe of

STG considered by the study. The mathematical model used for the flot-plote STG

is a modification of a model previously developed®. The mathematical models used

for the other STG design concepts have specifically been developed on the present
study .

As o point of reference it should be mentioned that the STG designs
considered by the present study are farmulated on the assumption that the STG
is required fo provide 300 watts of elecirical power at o lood volinge ef 32 volis

when operating at 0.45 AU from the sun, the greatest distance attained by Mercury
while it orbifs the sun.

* V. Raog, Energy Conversion, 8, 169 (1968).
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| 1
The present study has addressed ilself in detail o thiee bosic types of i

STG design concepls.  Another lype of $1G design concept has been investigated

in setwewhat less detail.  The thiee design concepls considered in detail include

o planar flat-plate STG design, a compact STG design that utilizes a single solar

concentralor and a distribiuted nanei«like $TG design that ulilizes a separate solar
P g

conceniralor for cach thermopile,  The STG design concepl considered in less

detail includes a eylindrical STG which conluins a central heal source in the form

e T i

l of a heat pipe.  The heat pipe extends beyond the cylindrical envelope and is heated

e G

by means of a solar concentralor.  Each of these basic design concepls is amenable

g T
R
oy

for use with practically any of the existing thermoelecirie technologies.  Although

differences exist belween STGs using different technologies, these differences
can be casily accommodated within the mathematical models developed as a part

of the present program; such differences are taken into account by assigning dif-

ferent thermal and electrical property values 1o the thermoelectric material and by

using appropriate values for hot and cold side structural members within the STG, ,

B el e et Bt i e e Eatk ” skl s ol ke B ke o A R AP s o B e sada il Bmae  r e ma e

3 In o fow coses, it hos also been necessary to include or delete certain structural

PP A

-

e members from the STG design.  The mathematical models prasented in this section
are quite general and, os such, address themselves to the mechanics of the cale-

ulational sequence, without necessarily beloboring themselves with all of the

gt St

<] structural finepoints of each STG design.  Such detail has been included in the

actual caleulations, whenever apprapriate.

e TRt wr ey S T N Py

Lo A. Flat-Plate STG Design ’
The flat-plate TG design concept assumes the STG lo consist of
& great number of identical cells, with each cell containing o hot and « g
- cold side heat exchanger, o thermopile, thermal fnsulation and inter-

face components used in attaching the heat exchangers to the themo=

: ‘ pile.  In this design concept, the hot and the cold side heal exchangers
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possess idenfical areas. The flat-plate STG design concept is schematical~
ly illustrated in terms of a unif cell in Figure 1. As can be seen in

Figure 1, the thermopile only cccupies a relatively small emount of the
total volume contained in beiween the hot and the cold side heat ex-
changers,  [nasmuch as it is obviously desirable to minimize the amount

of direct heat transfer befween the heat exchangers , the void velume

is normally filled with thermal insulation. In the present study it is
assumed that this thermal insulation is of a fibous-type,such as one

of the min-K series insulations. The thermopile within each unit STG

cell consists of @ monolithic structure that contains a sufficient number

of i.dividual thermocouples to provide the direct output voltage required

of the STG. This pemnits the parallel connection of all of the thermo-
piles within the STG and thereby provides an extreme amount of redundancy
for the STG. The power produced by sach thermopile is normally in

the one or two watt range. This type of thermopile construction, although
used for most of the parametric design studies of the present program,
strictly applies fo anly the lechnology that uses silicon-gemanium

alloy thermoeleciric material. If other materials ore used, it becomes
necessary to freat each thermopile as consisting of a single thermocouple.
The reason for this is that thermoelectric technologies other than thut

based on silicon~germanium alloys do not conveniently lend themselves

to themmopile construction of the type here described. This means that

the single thermocouple themopiles of technolagies other than those

using silicon-germanium alloys not only provide a relatively small power
output, but also provide a very low output voltage. This eliminates

the possibility of interconnecting all of the thermopiles in o parallel
arrangement and thereby pemiis considerably less STG redundancy.
The mathematical model enables both thermopile concepts fo be conveniently
included by means of the assignment of an appropriate number of thermo-

couples per thermopile, The hot and the cold side heat exchangers
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are assumed to possess on their outer surfaces special coatings, The charocter-
istics of the coating on the hot side heal exchanger are such that it possesses o
very high value of absorptivity and a very low value of emissivity. The
opposite is true of the coating on the cold side heat exchanger. In the
fc;rmer' case, o coating with the steted characteristics maximizes the amount
of incident heat absorped by the heal exchanger and minimizes the amount
of heat reradiated. The characteristics of the coating on the cold side heat
exchanger assure a maximum amount of heat rejection and a minimum of heat
absorption. Although in most space applications, the absorptivity characteristics
of a cold side heat exchanger are unimportant because usually the heat ex-
changer faces outer space, in the present cose this is not so because the
cold side heat exchanger faces the planet Mercury during at least a portion of
its orbit around the planet. It is important therefore to minimize the amount
of heat absorbed from the planet. '

The tolal heat transported through the flai-plate STG, Q. may be
expressed by

N ] 4
CQ.T— CtWAC"' o GCAC [TH + vy&T] ; (1)

where « is the absorpiivity of the hot side heat exchanger, W is the inci-
dent solar flux, AC is the toic| surface area of the hot side heat exchanger,
o is the Stefan-Bolzmann constant, g is the emissivity of the hot side heat

exchanger, T,, is the hot junction temperature of the thermocorples,  is the

fractional i'eni—::erct’rure drop between the hot junciion temperature and the temp-
erature of th. hot side heat exchanger and AT is the femperature difference be~
tween the hot and cold junctions of the thermocouples. Equaiion (1) represents
the heat balance of the STG at the hot side heat exchanger. The first term in

the equation represents the omount of heat absorbed by the heat exchenger and

LI

the second term represenis the omount of heat reradiated by it. The leFeTence
belween these two terms, of course, lepresenls the amount of heat that must
iraverse the STG. The heat balance at the cold side heat e:\chcmgel requires

that the amount of heat ransported through the STG be rejected by the cold

vy
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side heat exchanger; becouse some of the heat is converted to electricity,
energy conservalion principles iequire that the power praduced by the STG
be subtracted from the total heat transported thiough the STG in this heat
balance relationship. Because heat is rejecied from the cold side heat
exchanger strictly by radiation, the expression can be selved for the cold

side heat exchanger temperature, TR’ as follows:

1
Q..-P -
B T S )
TRM g e A 1 TA ! (2)
R'R

where P is the pawer produced by the STG, € 18 the emissivity of the cold side

heat exchanger, A is the surfoce area of the cold side heat exchanger and TA

R

is the temperature of the ambient into which heat is rejected by the cold side

e T ST A
2 - -

heat exchanger. 1t should be noted that even though separate expressions are
used in Egqs. {1) ond {2) for the surface areas of the hot and cold side heat

exchangers, in a flat-plata STG, by definition, these two areos are identical.

This is easily occomplished in actual use of the equations by meking use of
identical numerical values for the areas of both heat exchangers. The cold
junction temperaiure of the thermocouples, TC » may he calculated from the
cold side heoi exchanger temperature by edding to it the temperature drop

between these two componenis of the STG:
Te=Tpt BAT : {3)

where [3. is the fractional temperaiure difference between the cold side heat
exchanger temperature and the thermocouple cold junciions. Equations (1),

(2) and (3} give the STG heat balance equations at the hot and cold side heat
exchangers in terms of incident heaf, thermocouple hot and cold junction temp-~
erciures and the effective ambient in which the STG operates. In order to relate
these two heat balance relationships, it is necessary to define an internal config-
uration for the STG and o write an additional heot bolance equation, an
equation thal pertains fo the internal components of the STG. Prior to the

expression of that heat balence relationship, the following config-

urational terms are defined for the Internal components

R

e
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of the STG in lems of a variety of input purameters. The side width of

individual themwoelements, s is defined in terms of the total cross- 3
sectional area of each thermoelement, A: 4
1 -
'i- F: -
S = [A] ) )

It is noted that Eq. {(4) implicitly assumes thot cach thermoelement possesses SR
Other n

cross-sections could be essumed equally well.  Inasmuch as the config-

a square crass-section.,  This essumption is mode for convenience.

uration of thermoelement cross-section does not have a great bearing on
the results of the analyses obtained from the present mathematical model,

it suffices to use the assumption here made. The cress-seciional arca

St T W i g g g
Ll e

of inter-themoelement insulation, AIS' may be expressed in terms of the

thermoelement side width and the thickness of inter-thermoelement insula-

flon, .
M N

R it ot ks’ o i

AlSmwlS [mls + 25] . (5)

The thermopile side width, Spe may be expressed in lerms of the previously
defined variables and the number of thermocouples in the thermopile, N:
N 2 :
STP“[ N] [s+wls]+ We - (8)

Toial thermopile height, HTP' is given by

= + 1
H P L

T ws M uss tlestless - 7)

where & is thermoelement length, tis is the thaimopile hot shoe thickness,

tyss ¥ the elecirical insulation covering the themopile hot shoes, tes

=3
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is the thermoelement celd shoe thickness and fCSS is the thickness of the

insulation covering thermopile cold shoes.  The iotal cross—sectional area

of the thermal insulation seporeting the individual thermopiles of the STG
may be expressed as:

2

A= AR—MSTP

S (8)

where M is the number of individual thermopiles within the STG, The
temperature difference between the thermocouple hot and cold junetions
is related by o heat bolance equation that pertains to the intemal compo-
nenis of the STG. Namely, this relotionship pertains to heot transfer
within the thermoelemenis, the interthemmoelement insulation and the

insulation that separates individual thermopiles. Several of the terms

within this relationship are dependent on the temperature difference be-
tween the hot and the cold sides of the STG. As a consequence, in order
to obtain an expression for the temperature difference across the thermo-

elements, it suffices to solve the heat balance equation for AT as follows:

NPS T, b
Qe ———
T nE 2?2

AT= " , ©)
MN {AL+A kJ INPS 55 [l+[5+y]

P

where S is the temperature averaged Seebeck coefficient of the combined
n~ and p-type thermoelements within the STG, Te is the thermoelement
cold junction temperature, M is the rotio of the loed to internal electrical

resistance, k is the temperature averaged thermal conductivity of the com=~

bined n- and p-type thermoelements of each thermocouple, k

IS
is the thermal conductivity of the interelement insulation within each

thermopile , n is the electrical circuit redundancy of each

=

-

-
-
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N thermopile, EL is the load velioge of the STG, and ksis the theimal con- i R

ductivity of the interthennopile insvlation.  The lowd voltege of the STG s
is calculated by means of the following equation:
:'- :|
SR
1 mINSAT TN
S EL: e . (]0) - ¥
7 n(Hul')- ot
‘”- Py
P38
. SR
The electrical power delivered to the load of the STG is calculaled as follows: - § .
Al 2.2 L
T n EL"AM i
N ‘ ANTpR_ T (n
E
|
i e =
E‘ : where p is the temperature averaged electrical resistivity of the combined N
; - - - - :
* n-~ and p-type thermoelements within each themopile and RE is an exira- »
L neous electrical resistance multiplier that accounis for extraneous elecirical ¢
oo 1
; resistance within the STG. Finolly, the thermocouple hot junction temp- .
! 3
erature is oblained by adding the temperature difference across the thenmo- 8
It elements to their cald junction temperature as follows:
W
i:: .
i T =T +AT .

Equations (1) to (12) complete the performance equations of a Flat-
Plate STG.  An inspection of these equations shows that STG performance
cen only be evoluated iteratively because a number of the equations depend
on parameters that are not evaluated until a particular equation containing
such pareineters hos already been vsed.  For exomple, it is noted that

Eg. (1) contains thermocouple hot junction temperature and the temperature

difference across the thermocouple.  And yet, at the beginning of the
calculational sequence, it is not known what these temperatures are because

they are only celculated subsequently be means of equations (9) and (12).

T s Ao e
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Therefore, af the siart of the calculation, it is necessary to assume arbitrary

values for these parameters. Once these parameters have been, in foct, calc-
ulated by means of Egs. (9) and (12), they are then inserted in Eq. (1) at
the start of the second approximation calculation. The same observation
may be made about other parameters such as power and load voliage '
produced by the STG. In the beginning of the calculation, all geometric
terms pertaining to the STG, including the number of thermocouples in
a thermopile and the number of thermopiles within the STG are assigned
numerical values.  This is also frue of the elecirical redundancy and the
ratio of load to internal elecirical resistance. Arbiirary, albeit typical
values are assumed for the thermoeleciric properties because initially STG
femperatues are not known and thermoelectric properties are typically
temperafure dependent funciions. As the colculation proceeds and temp-
eratures are calculated, these temperatures are then used at the start of
each iteration to define appropriate values of the themmoelectiic properties.
For any assumed STG design, if is normally observed that as many as 10 fo
20 iterations are required between Egs. (1) to (12) before convergence
obtains within practical criteric such os convergence of any desired parcmeter
within one percent or less.

Inasmuch as STG geomeiry is an input parameter and inasmuch as
Egs. (1) to (12) enable the calculation of the performance and tempera-
tures of that particular STG configuration, it is necessary to input a wide
variety of different STG configurations in order that an optimum STG design
may be determined. The parcmeters fypically varied in such an optimiza-
tion procedure include thermoelement geometry, the number of thermo-
couples, the number of thermopiles, electrical redundoncy and the ratio
of load to infernal electrical resistance., Moreover, inasmuch as a solar
thermoelectric generator receives iis heat directly from the sun and inasmuch

as input heat therefore does not present an economic factor, it is common

11
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to optimize a STG design for minimum weight ot any desired distance {rom
the sun.  In order that a weight optimization be possible, it is necessary
to hranslate eoch assumed STG configuration inlo a corresponding weight.
The optimization is then performed in tems of the so-called specific power
which is simply the quotient of the  power produced by the STG and its
total weight. [t is therefore necessary to define weight relationships

for the various components of the STG in terms of its ossumed geomelry.
Prior to this being done, however, a few odditional relctionslﬂps will be
defined in order that the STG may be scaled for any desired voltage and
power output. This is necessary because normally a STG powers a load
with very specific voltage and power requirements. An inspection of

Egs. (1) to (12), however, shows that load voliage and power output are
not input parameters, but are rather caleulated quantities. It is therefore
very likely that the values colculated for these quantities for any assumed
STG configuration are not those that are required of a given applicaiion.
The calculated load veoltage and powe-lg output of the STG are used in con-
junciion with the required load voltage, ELD’ and required power output,
Py along with the assumed number of thermocouples and thermopiles within
the STG to determine a necessary number of thermocouples within each
thermopile, ND’ and the necessary number of thermopiles within the STG,
MD’ in order that the STG produce the required vollage and power. The

following equations accomplish this:

ND=-IE¢E N and (13)
L
PoE
Mg= -P'lTL— M. (14)
LD
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When the number of thermoacouples within each thermapile and the number
of theymepiles within the STG wo modilied, it will alse be necesary to
modily the overall wiloee orea of the STG in order that the basic heat
balance of the STG not be upset,  This is simply accamplished by fnvieas-

tng the hat and cold side heat exchanger areas by means of the Tellowing

relationship:

M N
D A

Acn” Mo MN 1A (1)

Fquations (13) te (18) upscale the assumed STG configuration o

yield any desited voltage and power output, It is now appropriote to deter=
mine the weight of the $TG and consequently its speeific power.  As
alroady stated, variation of STG configuration will then enable the op-
timizatton of its speailic power for any distance from the suy;  the distance
from the sun is introduced into the calculation, of course, by means of the
sular constunt, W.  The total weight of the theimapiles, WTP' is calew
ulated by means of the following reletionship:

. 1 2

A s N 1 R .
Wrp™ Mp ["n‘ﬁus @ yss! foss! Ogst Bes cs][m"n) gt

[ Ny & (A8 1AD IS] , 16)

where §,,. is the density of the themocouple hot shoes, §, . s the density
HS )
of the elecirical insulation separating thermocouple hot and cold shoes
fram the hot and cold side heat exchangers, § .o is the densily ef the
¢S
themozouple cold shoes, G 18 the density of the thermwelecitic material
and & IS is the density of the interelement fnsulation.  The weight of the

thetmal fnsulation separating the individual theimopifes may be expressed s

13
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A [(QND) (uiwls)lwls] Hipbg (17)

where 65 is the densitly of the themal insulation. The weight of the hot

side baat exchanger is given by the following expression:
WC'*” ACDtC‘SC ; (18)

where § - Ts ihe densily of the hot side heat exchanger and G ls the thick-
hess of the hot side heat exchanger. The weight of the cold side heat

exchanger is calculated by means of the relationship:

Wo= Ao O (19)

where Sp and tp are the density and thickness of the cold side heat exchanger.
The total weight of the STG is obtained by summing the various weight

terms and including an extra term, WE’ that aecounts for any additional
weight not included in the other weight terms.  The iotal STG weight,

WT . may thus be written as:

W Wt Wt Wt Wb W (20)

Finally, the specific power of the STG, PS’ is defined os:

) . 21)
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As already siated, it is the specific power that normally is the poromeler

that is optimized ina STG design,
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B. Compact STG Design With Single Conceniralor

The compact STG design concept assumes the STG to comsist of
a solar concentrator, a compact thermoelectric generator that is
surrounded by themal insulation and a radiator for heat rejection.
The thermoelectric generator consists of individual thermopiles arrayed
in such a way that oll of the thermopiles are adjacent to each other,
with no seporation between them. A single solar concentrator
heais the hot sides of all of the thermopiles concurrently.  The
thermopiles that make up the thermoelectric generator are attached
to the center of the radiator which nomally extends considerably
beyond the outer limits of the generator.  The thermal insulation
that surrounds the thermoelectric generator minimizes direct heat
transfer behveen the soler concentrator and the radiator and also mini-
mizes the amount of direct heat input into the back side of the
radiator from the sun.  As with the flat-plate type STG, the front
side of the radiator of the campact type STG must possess a coating
that enhances heat rejection by means of radiation and also minimizes
the amount of heat that enters from a high radiation heat sink,
such as the sun side of the planet Mercury.  The solar concentrator
musi possess high reflectivity.  The hot face of the thermoelectric
generator may or may noi possess a high absorptivity coating.
nasmuch as the surface area of the thermoelectric generator is generally
considerably smaller than the total aspect of the solar concentrator,
the reradiation of heat from the hot face of the generator is not
especially important in this design conecept.  For 1his reason, considerable
latitude exists In the emissivilty/absorptivity characteristics of the
hot face of the thermoelectric generatar. It is important, however,
to minimize the roflectivity of that surface in order to eliminate the

reflection of the concentrated solar flux from the generator.  The type
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of solar concenlrator used with the compoct STG is subject to considerable
latitude.  The present study has considered three basic types of con-
cenfrator.  The first is o liough-like concentiator that pessesses tapered
and slanting sides and hos a square or reclangular cross-section. The

second fype of concentralor considered is a truncated cone.  The third

type of concentralor considered on the present study is a parabolic con-
centrator.  Although all of these different Iypes of concentrators have
been considered, for convenience, most of the parametric analyses
conducled for the compact STG design have utilized the truncated cone

type concenlrator.  In addilion io the solar concentralors, the present

study has also in a cursory manner addressed itself to the use of a Fresnel
lense. It must be emphaosized that a number of possibilities obviously

exist for the type of solar concentrator used in conjunction with the STG

and that the present study hos not considered the advantages or disadvantages
of each type; the selection of a truncated cone type concenirator for the

bulk of the studies conducted on the present program is more a matter

of convenience than the result of exhaustive investigation of solar con-

2 centrators, It is envisioned that prior to the selection of any one type

of concentrator for an actual STG, considerable further studies willhave

to be performed in teims of concentrator effectiveness, its weight and the

amenability of its use in o space application. The themmal insulation
assumed o surround the thermoeleciric generator is a fibrous insulation

of the type also assumed for the flat~plate type STG, namely an insulation

of the Min-K series. The compact STG design concept is schematically

illustrated in Figure 2.
The number of thermocouples, N, needed in the STG in order o
produce a load voliage of E| s given by:
n(T4m)E

L
. . 22
N mSAT (22)
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[t is noted in £q. (22) that the lemperature differcnce across the thermon
elements within each thermopile is an input quantity in the determination
of the number of thermocouples.  The ralio of thermoelement length to

cross=seciional area is caleuloted as follows:

‘ nELS&TM

& CPUATER, (23)

In this relationship, the power output of the STG is input as an independent
parameter, as is the number of thermopiles comprising the generalor.

For any assumed lengih of the thermoelements, Eq. (23) enables the calc-
ulation of thermoelement cross~sectional area, A. A number of the other
geomelric parameters of the interelement insulalion within each thermo-

pile and the thermopiles themselves have already been expressed in connection
with the preceeding section on the Flai-Plate STG concept. These geo-
melric paramelers are subsequently used in the heat balance equations and

the weight calculations of a compact STG.  The electrical current flowing

through the load may be expressed os:

P
| = om— . (24)
LUE

The value of the load current is used in some of the foliowing heat calc=
vlations, First, the heat conducted through the STG, including the thermo-

clements and the interelement insulation, QK' is coleulated as follows:

:‘FM

Q™7

[Ak-!-Z AIS k [S] AT . (25)

The shunt heat, QS’ conducled through the thermal insulation surrounding
ihe themoelectrie generator within the STG is calculated by meens of the

lollowing relationship:

18
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Q= 7 v . (26)
:"-'-.":- - . - where ws is the width of the thermal insulation and SG is the side width
_: of the thermoeleciric generator. The side width of the thermoelectric
J generator is calculated from a knowledge of the total number of thermo-
piles within the generator and the side width of each thermopile by means
of the relationship:
1
_ 2
so=[M 7 s (27)
i The amount of heat absorbed at the hot junctions of the thermocouples
“k i by means of the Peltier effect, Qg s expressed os follows:
NI, ST
_ " 'H
Q= — (28)
The Joule heat, Qy generated within the themmocouples is taken info
account by assuming that ene-half of it flows o the thermocouple hot
- junctions:
I, E
L°L
O = (29)
¥ , ”
A combination of the various heat terms yields the total heat required
to be input to the STG. This may be express as:
_ QT QK+QS QP' Q. (30)
a
5
i
Ly
%
%
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It was noted above that the calculation is performed by assuming o value
of temperature difference across the thermoclements within the STG.

An inspecﬁon of Eq. (28) indicates that the hot junction lemperature of
the thermaelements is also an assumed input varioble.  Using these two
quantities it is now possible to define the temperature of the radiator which
tejects waste heat from the STG:

Tae= T
R

o= Tym ATOHE) L (31)

H

Using the thus determined radiator temperature, along with the total heat
required of the STG and iis power output, the cross-sectional area of the
radiator is immediately ubtained by means of the relationship:

QP
A= 1 : (32)

. R 4 -4
G‘ER[TR TA]

If it Is assumed that the radiator possesses a square cross—seciion, the side

width of the radiator is simply the square root of the radiator area:

The effective cross-sectional area of the solar concentrator in the plane
» may be written as:

4

perpendicular to the solar flux, .»‘-\C

A Qproe A [Tt vaT]
o a W ’

where € is the emissivily of the top surface of the thermoelectric generator

and AG is the total cross-sectional area of the thermoeleciric generator.

20
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Assuming the generator to also possess a square cross—section, the latter

quantity may be expréséed as:

A~=5 . (35)

Assuming the solar concenirator io be of the form of a truncated cone,

its large diameter, DC" may be expressed as:

1
A2
|
De=2|— . | (36)

The above equations essentially characterize the determination of an
overall STG configuration for required performance.  Using this config~
uration, it is now possible fo calculate the weight of the STG. However,
before this is done, it is necessary to establish a few more configurational
terms for the solar concentrator. These terms do not pertain to STG
performance but rather encble the defermination of concenirator weight
and thereby clso the total weight of the STG. The small dicmeter of

the solar concenirator, DCS' may be expressed us:

DCS FC DC . (37)

where FC is the ratio of the small diameter to the big diameter of the

concenirator cone. The height of the solar concentraior, HC’ is given by

1
He= 5 [Dc”Dcs] fan 8, (38)

where the angle 8 pertains to the angle that the sides of the concenirator

make with respect to the plane of the thermoeleciric generator.
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The welghl" of the solar ‘concentrator, WC’ is cc[cu.uled by means of

'_-'1he followmg 1e|0’r|onshlp,

W= b0 Jotooe (39)

where tt' is the thickness of the conc_enira.fo.r and 6:('.:' is the densh‘y
of the material used for the concentraior. The weight of the thermo-
electric geﬁerutor,'WG, is identical fo the fotal weight of the thermo-

piles, WTP.’ as given by Eq. (18) if M and N are replaced by M and N.

- Assuming that the thickness of %he ’rhermc:l msuiahon: ‘bs, is lden.xcal

to-the height of each ﬂwermopale, pr O given by Eq. (7), io tatal.
weight of the thermal insulation, WS, may be expressed as:
o ?

We= [{—=| A.-A H (40)

5 B
S DC C G| TP S

where b is the density of the thermal insulafion. The weight of the

radiator is given by the expression:

|+, [tko”m]} . 4D

where tR[ represents the thickness of the outer periphery of the radiator

' and ﬁRO represents the thickness of the radiator immediately underneath

the thermoelectric generator. It is noted that Eg. (41) implies o tapered
radiator which possesses different shicknessas in different locations;

this assumption enables an approximate weight optimization of the
fadiator. The total weight of the 5TG, WT’ is obtained through the

summation of the individual weight terms given above:
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C. Multi-Concentrator Disiributed STG Design

The third STG design COncep’r.combi.nes some of the features of
each of the other two designs, the flat-plate STG design and the compact
STG design. In this design concept, the thermopiles are distributed
across the face of ihe radiator much as they are in the flat-plate STG
design. On the other hand, rather than using flat solar collectors

as they do in the flat-plate STG design, each thermopile in the third

STG design concept utilizes an individual solar concentrator.  The

advantage of this design conce;ﬁf_ is that the single, relatively large
solar concentrator is reduced to a great number of small concentralors

and therefore the STG assumes an overall panei-like configuration.

At the same time, however, it retains all of the advantages associated with

*A'*'}’;. A f ’ | g1l i I’ [ l RIS R SR S
i ey l * ' SAR BE : L T NS
Al 0N PR TS O O S ]
=W _+ +\W .+ +W. o 149
Wo \‘\G WR NC WE \_NS ; (42)
where WE represents an extrancous weight that accounts for components
and structural members not included within the abeve calculations of
individual components weights. The specific power, PS' of the STC
is defined as:.
' P
P 4
ST W, “3)

a STG design based on the use of a solar concenirator.  The main advantage

of a solar concenirator is that the reradiation area of the hot foce of the
STG is essentially reduced io the combined area of all of the thermo-
piles rather than the total area of the STG facing the sun, as if is in the

flat-plat STG design. The reduction of the reradiation area enables a

L o “.‘ R - N o ' i .
R T T Ty T T T U T LY P o LTy e T ARy ) COR L BE S R U U DO Ay T R Es JLIRN. MELY F 1

M - - N T P AT




AR s emiw Ty T L

significant decrease in the total cross—sectional area of the STG and
therefore results in a more compact and a lighter weight sysiem. It

is especially the last consideration that is important becouse it is weight
that is the primary optimizatfion ciiferion in the design of components
intended for use on spocecraft.

The mathematical medel to be used in conjunction with the distributed
type STG design that uses a large number of individual solar eoncentirators
is essenfially identical to that of the compact STG design discussed
in Part B of this section. In foct, exactly the same model can be used
if the number of thermopiles, M, is set io unity and if the power output,
P, is divided by the number of thermopiles that it is intended to use
in the total STG. The latter number can be selected randomly in such
a way that the power produced by each themmopile is set af some recsonable
value or it can be determined through an optimization of the specific
power of the STC in terms of the number of thermopiles contained by it.
The use of the previously defined mathematical model thereby enables the
opiimization of a unit cell or disiributed type STG that uses a great
number of individual solar concentraiors. The overall STG design is
determined by using the required number of such cells to provide the
desired fotal output power of the STG. This STG design is schematically
illustrated in Figure 3.
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. THERMOELLCTRIC TLCHNOLOGY SELECTION

e ——— ek

A number of different thermoeleciric 1echnologies exist and are currently
in use in various themmoeleclric energy conversion applicalions.  Piobably the
three most common of such technologies involve the use of either bismuih felluride,
lead 1elluride or silicon-germanium alloys. A fourth technology, that based on
copper and gadolinium selenide, is presently in development and should be avail -
able for practical use within the foreseeable future. Each of these thermoeleciric
technologies is characterized by a range of operating temperatures under which
the malerial can be considered useable. Considerable differences exist in the
femperature ranges of useability of these malerials. For example, bismuth tel-
luride is useful at temperatures around room temperature and up fo some 300°C.
Lead telluride can be used from room temperature up io about 500°C if it is not
hermetically sealed in order to prevent malerial loss by sublimation; if sealed,
the maierial may be used up to about 600°C.  Silicon-geimanium alloys arc useful
from room temperature up to 1000°C.  Alihough the selenides are not useable
as at high temperature as are silicon-germanium alloys, they do exhibit an inherently
higher capability of converting heat te electricity, i.e. they are inherently more
efficient than the silicon-germanium alloys.

The conversion efficiency of a thermoelectric material can be approx-
imately expressed by:

| S
n: KZA-[ r (44)

where Z is a quantity known as the figure~of-merit that solely depends on basic
material characteristics, and AT is the temperaiure difference across which the
material is operated. The most widely used thermoelectric materials ore depicted
in Figure 4 in terms of their figures-of-merit as a funclion of temperature. It

is noled in Figure 4 thot bismuth telluride possesses the highest figure-of -merit

26

‘L.,_...,-._._w...w -

— e
A




R

R R

e

a

F“.

P amn

AN

e e ]

Doy = OV LIS Ao - 3.4rEly
s

Sismuth -
Jetturide

Leads

Tetluride (3P-2N)

Selen/des

SV tcom— Qe rad itits

(Poafy S’ —20 G e)

I | I 1 l !

——

3o0

Hoa Soo boo 700 Boo Foo

Em/a erature — °C

fooo




of any of the commonly used thermoeleciric materials.  Inasmuch as iis useful
temperature range, however, is relatively small, an inspeciion of [q.(44) indicates
that the conversion efficiency available with this mateiial is only of the order of
four 1o five percent, and even this only if the cold side of the material is operated
essentially of room temperalure. As will be apparent  below, in a space syslem‘,
which is normally optimized for minimum weight, it is impractical to operate @
thermoelectric system with iis cold side mueh below 300 to 400°C.  For this reason
it is concluded immediately that bismuth telluride is not a viable candidate for

use in a STG. [Essentially the some conclusion can be drawn in regard to {ead
telluride.  Even though the material is capable of higher femperature operation

than is bismuth telluride, its useful range. of operating temperatures in a STG

spans only some 200 to 300°C. [Even though this range of operating temperatures
enables the obtainment of conversion efficiencies approximately comparable io

those possible with the best bismuth telluride systems, this can only be accomplished
by maintaining the cold side tempemture at relatively low values. At those cold
side temperature values, the overall system weight is not comparable to that pos~
sible with the remaining two thermoelectric moterials, nomely the selenides end
silicon-genmonium alloys.  For this reason lead telluride cen also be rejected

as a possible candidate for use in STGs.

Having rejected bismuth bismuth telluride and lead telluride as non-
competitive in a STG application, it remains to consider the two other thermo-
electric materials, namely the selenides and the silicon-germanium alloys.  Inasmuch
as both of these materials are capable of fairly high temperature operation, it is
necessary to consider both materials in some detail prior to the selection of one
as the material on which to base the remainder of the sludy. As already noted,
silican-genmanium alloys are capable of operation up to lemperatures of 1000°C.

The selenides are nermally considered to be copable of operation up to about 800°C,
although cfforls are being made to use this malerial at  lemperalures up to

900°C. If possible, this can only be done by using sublimation inhibition cogtings
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on the material. Even though the use of the sclenides at 900°C is questionable,
the present consideration of thermoelectric materials does include that temperature,
as well as the temperature of 800°C, as possible hot side temperatures of STGs
bosed on selenides.  For comparison, silicon-germanium alloys are con-
sidered af both of these temperatures, as well as at the temperature of 1000°C,

It should he noted that the operation of silicon-germanium alloys at 1000°C has
been repeatedly proven in practice and thereflore no question exists as o the use-
ability of silicon-germanium alloys at all of the hot side operating temperatures
considered in this study.

Using simplified STG design concepis, parameiric performance and

weight analyses were conducted on STGs based on silicon-germanium alloys and
the selenides. These analyses were performed for a STG operating distance of
0.45 AU from the sun because it is this distance that represents the woist-case
operating environment for the STG in the contemplated Mercury orbiter mission.
The simplified design concepis are essentially based on a STG that uses a solar
concenirator, such as the STG represented by the mathematical model in Section
[I B. The simplified model assumes a solar concenirator, a thermoeleciric con~
verter, surrounding thermal insulation and a radiator.  Exiraneous structural
members were not included in ths preliminary comparative analysis because the
intent of the analysis is only to select a thermoelectric technology which will
then be subjected to detailed analyses which consider all structural members in
detail. It was assumed for the purposes of the preliminary analysis that STGs .
using both technologies must be capable of producing 300 watts of electrical
power at a load voltage of 32 volts when operating at 0.45 AU from the sun.
For convenience of analysis, it was assumed that neither sysiem experiences elec-
trical losses; this assumption fends to penalize the silicon-germanium alloy system
because it is thissystem that generally exhibits lower electrical losses. It should
alse be noted that the neglect of structural members from the weight analysis also

penalizes the silicon-germanium alloy system because unlike the selenides, in
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a STG application, silicon-gemanium alloy themmopiles act as their own structural
members without the need for extraneous supporling components.  The selenide
sysiem, on the other hand, requires fairly eloborate exiraneous siructural support
because the selenides cannot be mateallurgically bonded and are nommally used

in conjunction with springs and various retainers.  The simplified analysis, therefore,
is inferesting from the stondpoint of showning the relative merits of the two tech-
nologies, with a heavy bios towards the selenides. If, in fact, the silicon-germanium
alloy STG concept proves more advantageous under these conditions, then there

is absolutely no question as to its superiorily because in actual practice the superiority
will be considerably greater than here illusiraied. This is especially true in view

of the far superior mechanical characieristics of silicon-germanium alloys and

their insensitivity to operating environment and fabrication techniques. This latter
{actar of course lends ifself towards enhanced system refiability. The results of

the oforementioned parametric analyses on the two types of STG are illusiraied in
Figure 5 in terms of specific power os o function of STG cold side operating temp-
erature for varioys values of hot side operating temperature. Figure 5 shows the
results for both the silicon-germaniuvm alloy os well as the selenide STG. The
specific power has been normalized to 100 percent for the manimum value found
throughout the anclysis because actual specific power values are somewhat mean-
ingless in view of the simplifying assumptions. 1t is noted in Figure 5 that the
analyses for the silicon-germanium alloy STG have been performed at the three

hot side operating temperatures of 800, 200 and 1000°C.  The analyses for the
selenide STG have been performed at 800 and 900°C. For each hot side operating
temperaiure for both iechnologies, the specific power optimizes for a definite

cold side operating temperature in the range of about 300 to 450°C. For the

same hot side operating temperature, it is noted that the specific power of the
silicon-germanium alloy STG optimizes at a higher cold side temperaiure than it

does for the selenide STG. Similarly, it is noted that at identical hot side operating

temperatures, the silicon-geimanium alloy STG invariably results in higher optimum
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specific power.  This is primarily due 1o the fact that the thermoelectric generator
of the silicon-germanium alloy STG is significantly lower in weight thon the sele-
nide generator; the densities of silicon-germanium alloys and the selenides differ
by more than a factor of two. In fact, even though the selenides exhibit a higher
figure-of-merit and hence conversion efficiency, the consequent reduction in
radiator and concenirator weights are more than compensated by the increosed
thermoelectric generator weight. If attention is nov drawn to the fact that the
silicon~-germanium alloy STG is capable of operation at a hot side temperature
of 1000°C, it is obvious that the optimum specific power attainable with a silicon~
germanium alloy STG is far in excess of that obtainable with a selenide STG,
especially if it is remembered that the results of the analysis depicted in Figure 5
are somewhat biased towards the selenides. |t is of interest, and possibly some-
what surprising, that even at the same hot side operating temperature the results
indicate the superiority of the silicon-germanium alloy STG.

In view of the above findings and the fact that silicon-germanium alloys
have been repeatedly proven in actual practice at operating temperatures as high
as 1000°C, it is obvious that a STG intended for use in a space mission should
be bosed on silicon-genmanium alfleys and not on the selenides or any other currently
available thermoelectric technology. For this reason, all subsequent analyses
performed in detail on the present study pertain sirictly to the use of silicon-
germanium alloys in STGs. Silicon-germanium alloy technology is not only superior
fo any other thermoeleciric technology when used in a STG, but it is fully developed
and therefore a STG based on it may be essentially considered as state-of-the~art;
no bosic development effort is necessary, as it would be with the selenides, if

it is decided to use such a STG in space.

32

!
;
H
&
£
L]
;
r
H
g

T

Pt et Wiy e




G0 0 00 N G 0 i TR RS0 S0 UM 3 O WO A

ORIGINAL PAGE 1S
V. SILICON-GERMANIUM ALLOY STG DESIGN ANALYSRS ©OOR QUALITY]

In the preceding section it was concluded ihat the state-of-the-art
thermoelectric technology that offers the greatest poiential of a high reliability
and low weight STG is that based on the use of silicon-germanium alloys. As e
result of this conclusion, the bulk of all design enalyses performed on the present
program have been restricted to the silicon-germanium alloy thermoelectiic tech-
nology. Inasmuch as even within the silicon-germanium technology, different
state-of-ihe-art approaches exist, it was further necessary to decide which of these
would be most applicable for use in @ STG. The two main approaches invelved the
so~called Air-Vac technology in which silicon-germanium alloy thermocouples
are fairly bulky and are used singly. This means that a large number of such
thermocouples are required in a system that is intended to provide fairly substantial
amount of power at a load voltage typically required in space applications. The
other opproach uses multi-thermocouple thermopiles which are monolithic units
and contain a large number of silicon-germanium alloy thermocouples that possess
extreme geomeirical configuretions; each thermocouple possesses an exiremely
small cross~sectional area, while its height is comparable to that used for Air-Vac
type thermocouples. Even though each thermopile of this latter approoch provides
fairly small values of power output, in fact, values comparable to those produced
by each Air-Vac thermocouple, the load voltage produced is that required of the
spacecraft. This means that all of the thermopiles of the lctter type can be connected
in a parollel arrangement, thereby providing exireme electrical redundancy within
the STG. Moreover, the thermopiles of the latter approach being monolithic
units, are totally encosed within an electrical insulator. This means that the
possibility of electrical shorting between thermopiles is practically impossible
and, morover, the sublimation of the thermoelectric material that is sometimes ex-
perienced in high temperature operaiion is practically toially eliminated. Based
on these considerations, it is fairly obvious that the second mentioned design approach

for silicon-germanium technology is more advantageous and is therefore the
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preferred design approach; namely, that in which each thermopile contains a great
number of individual thermocouples. All deiailed design analyses on the present
program have therefore been performed with thermopiles of that type. [t should
be mentioned, thai thermopiles of this type have previously been extensively used
in a variety of thermoelectric applications, most noteably in radicisoiope thermo-
electric generators.  As a consequence, considerable practical experience exists
with thermopiles of this type and it may be considered that the use of such thermo-
piles in a STG does not require any technology development,

The object of the present siudy is the design of a STG for use on a
spacecraft in a Mercury orbiter mission. It is envisioned that the spacecraft is
launched from Earth to Mercury ond pleced in a near circular orbit around Mercury
in the plane of the orbit of Mercury around the sun. The orbit of the spacecraft
around Mercury is assumed to have a period of 90 minutes, with the spocecraft
at an altitude of 105 kilometers above the surface of the planet. Being in that
type of an orbit, the spocecraft therefore will experience direct sunlight during
one half of each of its orbits and will be shielded from the sun by the planet during
the other half of each oibit. While the spacecraft is within direct sunlight, the
STG will be facing the sun on its one side and will be focing the relatively hot
surface of the planet on its other side. While the spacecraft is eclipsed by the
planet, one side of the STG faces the planet, while the ofher side foces outer
space; inasmuch as the back side of the planet Mercury is very cold in comparison
to the side facing the sun, for calculaiional convenience, it may be ossumed that
both sides of the STG are facing o heat sink representative of outer space. In view
of these considerations, it is epparent that during each of its orbits around Mercury,
the STG is subjected to a veriety of thermal conditions. Moreover, inasmuch as
the orbit of Mercury around the sun is quite ecceniric, veiying beiween 0.30 end 0.45 AU

from the sun, the variability of the thermal conditions imposed upon the spacecraft
and the STG is even more extreme. DLesign analyses of STG performance must

therefore address themselves io eoch of these conditions in order that the szlected

34

e b

ot aET R e R e TR s 0y AT e 0 T R M e A sV AT Y N s e s S

e TR gt e B



: ; - O T TS
SRR O SIE (s MTR s FTo (RT: SR SN SR I SN SURREA SN ERE I SRl S
RPCCITS SRR TS TG S R N ST S TN RISV S T

%f

ORIGINAL PAGE I8
OF POOR QUALITY
design satisfy peirformance requitcmients under all conceivable STG operating con=
ditions.
Most of the porametric design studics conducted on the present program
have assumed steady state operaling conditions for the STG at distances of 0.30
10 0.45 AU from the sun.  The tesulls of these unalyses have enabled the selection
of a recommended STG design. This design has then been subjected to the dynamic
condilions envisioned not only duiing each orbit of Mercury, but also for the orbiial
peried of Meicury uround the sun.  The results of the steady state parametric
design analyses are discussed in this section; the dynamic perfoimance of a selected
STG design are discussed in a subsequent section.  All studies have been based on
the assumption that the STG must be capable of producing 300 watts of electrical
power at a load voltage of 32 volts,  lnasmuch s efficiency is of no importance
to a STG, incident solar heat does not represent any economic considerations,
all design analyses of the present study have been eptimized with respect to total
5TG weight; it is obviously important for the STG to possess as low a weight as
possible.
Power source designs ate generally evelved for the worst-case operating
conditions envisioned for the life of the power scurce.  This is true of STGs os
well as other types of power sources.  Although during its total mission to Mercury,

the worst-cose operating conditions of the STG may be considered the transit

period from Earth to Mercury because of the great distances from the sun, the present

study considers the worst-case to be the operation o the STG at o distance of
0.45 AU from the sun. This is the farthest distance ettained by Mercory from the
sun ond therefore during the orbital period of Mercury, the STG may be considered
to produce less power ot that distance from the sun than during other portions of

its mission, The STG design evelved from the preent study, thetefore, has been
optimized for aperating at 0,45 AU from the sun,  For compleleness, however,

the study has also oddicsed iself to all other distances between 0,30 and 0.45 AU

fiom the sun.  Morcover, for selected desiuns, the stedy has elso considered the
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performance of the STG at all distences between 0.30 and 1.0 AU from the sun;
the latter distance, of course, represents the distance of the Earth from the sun.
In the parametric STG design studies, it is ossumed that all surfaces
3 exposed to the incident solar flux, except the surface of the concentrator, possess
3 absorptivity values of 0.85 and emissivity values of 0.10. This applies io the
& solar collectors used in the flai-plate STG design as well as to the surface of the
thermopiles in both the compact type and the distributed solar concentrator STG

designs. The surface of the concenirator is assumed to possess perfect reflectivity.

All surfaces of the STG facing away from the sun are assumed fo possess emissivify
T values of 0.85 and absorptivity values of 0.10. In particular, these values are
assigned fo the radiator of each STG design.

As mentioned in the Introduciion and discussed in some detail in Secion [I,

'% the present study on the use of a STG in @ Mercury orbital mission addresses itself

primarily to three separate STG designs. These designs include a flat-plate type

; STG which uses flat solar collectors for ecch individual thermopile within the STG,

e T i albec i btk At N -
A R N S L S
1

if a ccmpact STG that uses a single solar concentrator for all of the themopiles

R
e

T N -
e et A i 1 "0 TS A

within the STG and a STG design that utilizes individucl solar concentirators for

each thermopile within the STG. Although the bulk of the present study has been

L e
[P R S

i
i
[
\ devoied to these three STG designs, o fourth design hos also been considered,

although in not os great o deiail as the three designs just mentioned. The fourth

L tna ety e g Lol

STG design considers a cylindrical themmoelectric generator which obtains its

heat by means of a centrally located heat pipe thot is attached to a solar concentrator.

L
Whereas the results of the design anclyses on the first three STG designs are pre- ‘l.
y sented in defail, consideration of the last mentioned design is somewhat cursory. {H i
| . ik
A. Flat-Piate STG Design H i
; P
1 Using the equations given in Section |l A, perametric analyses ;'
were conducied on the flat-plate STG. The parometric analyses were ‘\
~ conducted with respect to the solar collector area of the STG, individual T
: thermoelement cross—sectional crea and thermoelement length. The r ‘
e
| 36 [ ™
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" optimization parameter in ecch case is  the specific power (watls per o
' . - . ':
' pound) of o STG that preduces 300 wotts of electrical power at o load S
voliage of 32 volts. Fach optimization paremeter is voried indepen- ¥
dently, with the overall optimizetion accomplished in a step wise pro-

PRSI

] cedure. In other words, values are assumed initially for thermoelement

length and cross=sectional area and the collector area is optimized

for these values. Maintaining the collecter area at its eptimized value, 5

the individucl themoelement cross-sectional area is  then veried across

© et A e

a ronge of values. The cress-sectional area that yields the highest

value of specific power for the STG is then selected and subsequent
analyses mcintain  thermoelement cross-sectional area at that value.

With the solar collector erea end themmoelement cross—sectional area

=t

maintained ot their optimized values, the thermoelement length is

varied in order to determine its optimum value.  After this last optimi-

zation step, the STG is considered to have been optimized and the ;-

design that vses the thus optimized valves of collector area, thermoelement b

e s, g

cross~sectiona| area ond thermeelement length represent the optimized

! design. It should be noted that a variety of cther patameters of the STG
': could alsa be varied in an even more regorous optimization procedure.
f This has not been done becavse most of the cther porameters con-
tribute less to the optimization of STG design than the three porameters

here considered. |t should be noted that prior to the final cptimization

procedure, some cnalyses were conducted with respect to the number of
i thermopiles to be veed within the STG. Inasmuch os overall STG weight
j

is only slightly dependent on the number of thermopiles, this number

was fixed at 100 for the final optimization. I should also be mentioned
that the cbsorptivity and emissivity characteristics of the hot and cold

side heat exchangers of the STG hove a drastic effect on everail STG

:
%‘ . size and weight, The ebserptivity end emissivity values used in the

- !
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present study, 0.85 and 0.10 for the hot side heat exchanger and 0.10

ond 0.85 for the cold side hect exchanger, represent the mosi optimistic
values that can be fairly conveniently obtained in proctice. These
values also result in the smallest and lowest weight STG design.

The cptimization of the flet-plate type STG is illusirated in Figures
6 to 8 in terms of plois of STG specific power as a functicn of {otal
solar collector crea, individual thermoelement cross-seciional area
and thermoelement length. All of the points on each plot in Figures
6 to 8 pertain to a STG power ouiput of 300 watts at a load voliage
of 32 volis, with the STG directly facing the sun at a distance of 0.45 AU
from it. [t is noted in Figure 6 that the specific power maximizes for
a total solar collector area of about 100 cn? per thermopile. Assuming
the STG to possess a square configuration, this orea corresponds to a
panel having a side width of about 84.4 inches. The total thickness
of the STG is {ess than one inch. The optimization of STG with respect
to thermoelement cross-sectional area in Figure 7 indicates that opfimum
thermoelement cross—sectional erea is approximately 1.0 x ]0—3 square
centimeters. Inasmuch as this very vaolue was used in the collecior area
optimization shown in Figure 6, it is noted that the optimum specific
power in Figures 6 cnd 7 is essenticlly identical. Figure 8 shows STG

specific pcwer as o function of thermoelement length. [t is noted that

STG weight is a minimum for a thermoelement length of cbout 0.8 centimeter.

Inasmuch as a thermoelement length of 1.0 centimeter was used in the
optimization depicted by Figures & and 7, it is noted that fixing of

thermoelement length at 0.8 centimeter results in a slight weight saving

or higher value of specific power than the value obtained in Figures é and 7.

The results of the opiimization of the flat-plate STG have been
tfranslated into a reference design for operation at a distance of 0.45 AU

from the sun. The performance and configurational parameters of ihe
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resuliant STG design are summerized in Table 1. 1 must be emphasized

that the performance values given for the flat-plate type reference

design STG in Table 1 only pertain to the operation of the STG at « 2

distance of 0.45 AU from the sun. At other distances from the sun,
the STG performance considercbly differs from that af 0.45 AU from the

sun. This is illustrated in Table 2 in ferms of the peak power cutput,

load voltage at peak power, power output at 32 volts and the hot and

cold side temperctures of the reference design STG as a function of the
distance from the sun, It is noted in Table 2 that although the STG x
produces 300 watts of electrical power at its designed distance of

0.45 AU from the sun, af other distances from the sun, the power
output is considerably different. For example, upon leaving the
Earth, the STG produces only some 20 watts of electrical power.

As the STG opproaches the sun, this value rapidly increases until

at its closest approach to the sun, 0.30 AU from the sun, it produces
in excess of 900 watts of electrical power. A similar observation can

be made in regard fo the load voltage at peck power output of the STG.
The temperatures of the STG are also significantly dependent on the
distance of the STG from the sun. Upon leaving the Earth, the hot and
cold side temperatures of the STG are both between 100 and 200°C. '
At the design distance of 0.45 AU from the sun, the hot side temperature
of the STG has risen fo about 470°C, while the cold side temperature

is about 270°C. At its closest approach to the sun, these two temperatures
have risen to in excess of 700 and 350°C, respectively. It should be noted
that all of the performance and temperature values shown in Table 2 assume
that the STG faces the sun directly. It is of interest, therefore, that
even at its closest approoch to the sun, the STG operatfes at temperatures

significantly below the maximum permissible temperatures of silicon~

gemanium clloy thermoelectric fechnology It is considered that this

fact provides a considerable relicbility margin to a flat~plate STG.
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TABLE 1

Flat-Plate STG Dimensions and Performance
Number of Thermocouples per Theimopile

Number of Thermopiles per Cenerator

Thermoelement Side Width - mils

Thermoelement Length - cm

STG Suiface Area - square feet

STG Side Length - inches

STG Thickness = inch

STG Weight - pounds

Optimum Specific Fower* - watis per pound

Optimum Power per Unit Area™ - watts per square foot
Power Quiput® - wotis

Load Voltage™ ~ volts

Collector Temperature® -~ Centigrade

Radiator Temperature® - Centigrade

*

All Performance Values pertain to STG operation

at a distance of 0,45 AU from the sun with the

STG directly facing the sun.
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Collector
Tempéara.‘ure

C

157.8
272.3
416.7
470.5
535.5
615.6
716.4
846.,9
1022.7

Flat-Plate STG Performance® As a Function Of lts Distance From The Sun

Radiator
Tem%erc:fure

C

107.5
176.9
249.4
273.0
299.8
330.5
366.0
407.9
458.9

Peak Power
Output

watts

Voltage at
Peak Power

19.4

70.7
216.8
302.5
430.6
630.2
951.9

1494.6
24642

»

NN —w oo — A
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Power Output
af 32 Volts

vatts

—

198.8
300.0
427 .4
592.6
810.3

1107.5
1524.7

Optimized for STG operation at a distance of 0,45 AU
from the sun; all values pertain to a STG orientation
in which the STG directly faces the sun.

Optimum
Specific Power

watts/1b

0.17
0.62
1.89
2.64
3.75
5.49
8.30

13.03
21.49

Optimum
Area Power
wc’rfs/ffz

[N &) IR -l & |
QOO O W W
rin n B N

11.78
17.79
27.94
46,06




Its only drawback is the relalively low specific power of between 2.5

and 3.0 watts per pound. Finally, in order 1o ebtain the calculated
performance of the STG, it is obvious that the STG must always be
aimed directly at the sun. For this reason, if use is made of a flat~
plate type STG, it will be necessary to also make use of a sun sensor that
mainiains the orientation of the STG in such a way that it always points
to the sun.

From the performance figures shown in Table 2, it is apparent that
the flat-plate STG will produce considerably in excess of its design power
throughout much of its mission. This, however, is quite acceptable
because nearly half of its mission time is spent behind the planet Mercury
and during that portion of its mission, the STG will produce very little
electrical power*. Inasmuch as the spacecraft power requirement
quite likely remains relatively constiant at the design power value, the
excess power produced by the STG during its mission can be used to
keep slorage batieries charged so that the storage batteries can be used
to power the spacecraft while it is eclipsed by the planet during each
of its orbits. If the STG produces excess power even after spacecraft
and storage battery requirements are met, it is possible to dump such
excess by means of a shunt. Moreover, by operating the STG at the
fixed veltage of 32 volis, the power production of the STG will be main-
tained relatively fixed at the 300 watt power output level. In fact,
if this is done, and it is also necessary to obtain power for storage batteries,
it will be necessary to increase the size of the STG. Whatever course is
actively followed depends on the detailed power requirement profile of

the mission and the type of power storage used by the spacecraft.

The dynamics of STG performance within any given orbit
of Mercury are discussed in Seclion V.
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The configuration of the reference design STG is illustraied in -
Figure 9 in terms of the cross-scction of a unit cell of the STG. The lr
dimensions of the STG components shown in Figure ? are in their proper 5
proportion, although all dimensions have been scaled. ‘
)

B. Compact STG Design With Single Concentrator '
. 3

Using the mathematical model discussed in Section |l B, parometric g

E.‘

design analyses were conducied for the compact STG design that utilizes

a single solar concenirator. Just as in the case of the flat-plate STG,
the assumption was made that the compact $TG with a single solar con-
centrator of the STG always directly faces the sun.  Similarly, the design
calculations have been performed for the STG operating af a distance

of 0.45 AU from the sun, the farthest distance from the sun attained by
the STG while orbiting the planet Mercury. Additionally, the assumption
that the hot and cold side heat exchangers possess absorptivity and emis-
sivity values identical to those assumed for the flai-plate STG has also
been made. The solar concentrator has been assumed fo possess perfect
reflectivity.

The optimization procedure involves optimization with respect to
thermopile hot side operating temperature, the temperature difference
across the thermopile and the thickness of the solar concentrator.  The
reason for detailed optimization with respect to the thickness of the
solar concentraior is that it was found that it is the solar concentrator
that conitibutes the bulk of the weight of the STG. Assuming the solar
concentratar and the radiater to be made of beryilium and maintaining
the concentrator thickness at 0.25 inch, it was found that STG specific
power does not possess an optimum for operating femperatures up to 10000(:;
the specific power increoses as a functioh of increasing hot side operating
temperature.  This is illustrated in Figure 10 {ntemms of a plot of STG

specific power os a function of STG hot side femperature. The reason
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that the optimization procedure has not been ioken beyond the hot side
operafing of 1000°C is that it is this temperature that is considered the
maximum operating temperature for silicon-gemanium alloy thermo-
piles inreliable long life operation. It is noted in Figure 10 that the
specific power values possessed by the STG are considerobly higher

than those determined for the flat-plate STG in the preceeding section.

Still assuming that the solar concentrator possesses a thickness of

0.25 inch, the optimization of STG specific power as a function of the
temperature difference across individual thermopiles within the STG

is shown in Figure 11. Figure 11 shows a plof of STG specific power

as a function of the temperature difference across the STG for the fixed
hot side operating femperaiure of 1000°C. It is noted that the specific
powar values obtained by the variation of the temperature difference
across the STG are somewhat higher than those determined by ihe variation
of hot side operating temperature in Figure 10. The reason for this is

that the latter opfimization assumed the fixed femperature difference

of 550°C across the STG.  As seen in Figure 11, STG specific power
actually optimizes for the temperature difference of neariy 650°C.

As already mentioned, inasmuch as the bulk of the weight of the compact
STG with a single concentrator resides within the concenirator, the

final optimization for this type of a STG was performed with respect

to concentraior thickness. Figure 12 shows STG specific power os o
function of the femperature difference across the STG for different volues

of concenirator thickness. In all cases, it has been cssumed that the

STG operates at a hot side temperature of 1000°C. It is noted in Figure 12

that STG specific power has o considerable dependence on the thickness
of the solar concentrator. This is in keeping with the finding that the
bulk of the STG weight resides within the concentrator. In fact, it is
noted that a four-fold reduction in concentrator thickness to one-sixteenth

inch results in more than doubling the specific power of the STG. [t
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is believed that a concentrator thickness of one-sixteenth inch is quite
practicable from the standpoint of the rigidity ond stiength of the con-
centrator. It is also noted in Figue 12 that the reduction of concen-
irator thickness is accompanied by a decrease in the temperature dif-
ference across the thermopiles within the STG that results in eptimum
specific power. With a solar concentrafor having a thickness of one-
sixteenth inch, the optimum specific power of the STG occurs at a
temperature difference of about 550°C. At that temperature difference,
the STG possesses a specific power of about 11 to 12 watts per pound.

It is conceivable that an even higher value of specific power is possible
if the concenirator does not possess a uniform thickness, but rather is
constructed with a rib-type siructure that has a very thin reflector citached
to it. |t must be emphasized that the detailed solar concentrator design
is beyond the scope of the present study and therefore has not been in-~
cluded in the present treatment.

The detailed performance and configurational characteristics of the

compact STG design derived from the paremetric analyses illustrated

by the data in Figures 10 to 12 are summerized in Teble 3. It is ncted
that all of the performance values given in Tchle 3 pertain to STG
operation at a distance of 0.45 AU from the sun, with the STG directly
pointed at the sun. Inasmuch as closer approaches to the sun, such

as those experienced by the STG during much of its mission time arcund
Mercury, result in an increased incident solar flux, the hot side of the
STG will heat te temperatures higher than 1000°C if the STG is main-
tained in a position directly pointing to the sun. Because the silicon-
germanium aolloy technology contemplated for use on the STG possesses
a maximum temperature capability of 1000°C in long term operation,

it will be necessary ta tilt the STG with respect to the sun to keep it

from averheating. This means that only at its farthest distance from
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TABLE 3

Compact STG Dimensions and Performance

Number of Thermocouples per Thermopile
Number of Thermopiles per Generator
Thermoelement Side Width - mils
Thermoelement Length - cm

Concenirator Cross—sectional Area ~ square feet
Concenirator .Dicxmefer - inches

Concentrator Height ~ inches

STG Weight ~ pounds

Specific Power* - watts per pound

Power per Unit Collecfor Area* - watts per square foot
Power Qutput* ~ watis

Load Voltage® - volis

Generator Hot Side Temperature® - Centigrade

Radiator Temperature® -~ Centigrade

®

()5%{;»‘3
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339
400
9.4
1.0
10.67
44,23
40.95
26.31
11.40
28.12
300.9
32.0
1000

422

All performance values pertain to STG operation at

distance of 0.45 AU from the sun and will remain
constant at closer distonces fo the sun if STG is §ilted

(see Table 4).
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the sun, at 0.45 AU, will the STG directly foce the sun. At cll other

points in the orbit of Mercury around the sun, the STG will be tilted

in such a way that the filt ongle increoses with decreasing distance
from the sun. Table 4 summarizes the tilt angles necessary to maintain
the STG at the hot face temperature of 1000°C at ai! distances from the
sun during ils orbit around Mercury.  If the STG operating temperatures
are thus maintained at fixed values throughout its intended mission,

it is obvious that the performence of the STG will also remain constant.
In view of this, it will be necessary to overdesign the STG in order that
not only adequaie power be availeble to the spacecraft directly from
the STG but also in order that power be available far maintaining adequate
charge in the storage batteries that are used during the eclipse portions
of each spacecraft orbit around Mercury.

A comparison of the performance and configurational data for the
flat-plate and compact STG indicates that the latter type STG possesses
a considerably higher specific power,, and hence, a considerably
lower tofal weight, than the former type STG. Although this is certainly
true, the margin of weight difference reflected by the numbers in Tables
1 and 3 is somewhat excessive because the flat-plate STG produces
considerable excess power during most of the mission, while the compact
STG produces the design power throughout. As already stated, in the
actual mission, it will therefore be necessary to increose the size of
the compact STG in order that excess power for battery storage be avail-
able. This, of course, increases overall STG weight and reduces the
effective specific power of the compact STG. By the some token, it
may be possible to reduce the size of the flat~plate STG because of
the considerable amount of excess power it produces during most of iis
mission fime. This, of course, resulis in the iwo fypes of STG being

closer in size and weight than the numbers in Tables 1 and 3 indicate.
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TABLE 4

STG Orientation With Respect to Sun

Required for Constant Performance

Distance from Sun

AU

0.25
0.30
0.35
0.40
0.45

STG Tilt Angle with
Respect to Sun
degrees

72.0
63.6
52.8
29.0

0.0
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Even with this being the case, it is nevertheless true thal the compact

STG will in all cases possess a lower weight than the flat-plate STG.
The primary reason for this is the considerably smaller reradiation surface
area of the hot foce of the compact STG as compared 1o the hot face
of the flat-plale STG and the consequent ability 1o operaie the former
STG at the maximum peimissible operating temperature of the silicon-
gesmanium alloy technology; the latter STG in all coses operates con-
siderably below that temperature, os can be seen in Table 2,

Inasmuch as the use of a solar concentraior is clearly beneficial
lo the overall performance and weight of a STG it was decided that
the mest advantageous STG configuration of all might be one thet combines
some features of both the flat-plate and the compact STGs.  Namely,
the utilization of individual miniature solar concentrators for each themmo-
pile in place of the flat solar collectors used in the flot-plate STG
design would enable the retention of the attractive features of a com-
pact STG in a panel-like conliguration. A panel-like configuraiion
of course offers an advantage over the compact type STG configuration
in its ability to be stored during transit from tarth to Mercury ond ease
of deployment upon injection inio Mercury orbit. A STG that utilizes
individual salar concentrators in a panel-like configuration will be

considered in terms of performance and configuration in the next section,

C. Panel-like STG Design With Multiple Solar Concentrators.

In view of the findings of the parametric analyses performed on the
flat-plate and compact STGs, it was concluded at the end of the pre-
ceeding seciion that conceivably a STG design of considerable inlerest
would be one that combines certain features of both of the other des’gns.
This design is similar to the flat-plate STG design in that the thermao-

piles are uniformly distributed across one face of the radiator, with
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thermal insulation separating the individual thermopiles. ln place
of the flat solar collector atiached to each ‘hermopile, however, this
design concept makes use of miniature solar concentrators.  These con-
cenirators have the very same configuraiion as the solar concenirator
assumed for the compact STG design, except that each concentrator is
scaled to the heat input requirements of each individual thermopile;
there are, therefore, as many miniature solar concentrators as there
are thermopiles within the STG. The attachment of each concentrator
to ifs respective thermopile is very likely metallurgical.

Parametric design analyses on the disiribuied STG design that utilizes
individua! solar concentrators for each thermopile were conducted by
using the mathematical model discussed in Section It C.  As noted in
Section Il C, the mathematical model is very similar to that used for the
compact STG design discussed in Section 11 B.  The parametric analyses
essentially confirm the belief that the distributed STG design combines
the best features of both the flat-plate and the compact designs ond,
in fact, results in the highest values of specific power of any of the
three different designs. The design calculations on the disiributed STG
are more conservaiive than those made for the compact STG because
although it is assumed that the solar concenirators possess perfect reflectivity,
the thermopile hot faces are assigned absorptivity values of 0.50 and emis-
sivityv values of 0.50. The radiaior is assumed to possess an emissivity of
0.85 and an absorptivity of 0.10, It is also assumed that individual solar
concenirators represent truncated cones having the same relative dimensions,
in a scaled~down version, as the single solar concentrator used in the
compact STG design.  Furthermore, it is assumed that Min-K 2020 thermal
insulation separates the individual thermopiles within the STG. The
thermopiles are the mult-thermoelement monolithic-type structures previously

discussed, i.e. each thermopile produces the load voliage of 32 volis
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directly. Both the solar concentrator and the radiator are assumed to be

constructed of beryllium. The solor concentralor is ossumed to possess
a thickness of 0.010 inch. It should be noled that even though this is
a very small thickness, in the small sizes onticipated for the individual

solar concentrator, it is believed that the concenirator possesses adequate

rigidity and strength characieristics to withstond any environmental loading

that it may be subjected to during launch, transit to Mercury and deploy-
ment in Mercury orbit. [f it is decided that beryltium is nof suitable

for the concentrator, it can be easily replaced with a concenirator made
of some other metal. For example, tungsten or molybdenum would be
suitchble moterials for that purpose. i is recognized, of course, that

any replacement of beryllium as the solar concentrator material would
result in a somewhat heavier concentrator because bery!lium possesses

o lower density than any of the other materials thot might be contemplaied
for use. Inasmuch as in the distributed STG design the solar concentrator
weight is actually very small, the crerall effect on the specific power

of the STG will be only nominal, with the STG weight increasing slightly
and the specific power decreasing accordingly.

The parametric design analyses on the distributed-type STG were
conducted as o function of STG hot side temperature, the temperature
differential across each themmopile within the STG and the operating
distance of the STG from the sun. [n all caoses it was assumed that the
STG faces the sun directly. As noted in connection with the compact
STG design, if over~temperaturing of the STG should present a problem
upon closer approoches to the sun than the design distance, it is possible
to tilt the STG in order to reduce the incident solar flux impinging
upon it. Figures 13 to 15 show plots of STG specific power as a function
of the temperature differential across individual thermopiles within the

STG for different values of operating distance from the sun. Figure 13
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shows STG operation o a hot side lemperaiure of 800°C. Figures

14 and 15 show performance at hot side operating femperatures of 900
and 1000°C. It is noted in Figures 13 io 15 that the specific power
increases with decreasing distance from the sun, os is to be expected.

It is also noted that for each hot side eperating temperaiure and operating
distance from the sun specific power maximizes for a very definite value
of temperature differeniial across the thermopiles within the STG.

At any given operating hot side temperaiure, the closer the STG is to

the sun, the lower is the temperature differential across the thermopiles
at which optimum specific p‘ower occurs.  On the other hand, as the hot
side operating temperature of the STG increases, the temperature differ-
ential at which the optimum specific power occurs increases towards
higher values. Similarly, the specific power of the STG increases with
increasing hot side operating temperature. An inspeciion of Figure 15
reveals that specific power values for a STG hot side operating temper-
ature of 1000°C are considerably higher than those previously found for
either the flat~plate or the compact STG designs. For example, operating
at a distance of 0.45 AU from the sun, the STG possesses an optimum
specific power in excess of 22 watls per pound.

It is of interest fo cross~plot the results of the paremetric design

analyses on the distributed STG design that uses multiple solar concentralors.

This has been done in Figures 16 fo 18 for the optimum specific power
point on each of the curves shown in Figures 1310 15, Figure 16 shows

plots of optimum specific power as a function of STG operating distance

'from the sun at three different values of hot side operating temperoture,

namely, 800, 900 and 1000°C. As is to be expected, it is noted in
Figure 16 that STG specific power increases with increasing hot side
operating temperafure and decreases with increasing distance from the

surt.  Figure 17 shows plots of STG cold side operating temperature
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at its optimum specific power point as a function of distance from the sun S 3

1 for the same thiee hot side opetoiing temperatures displayed in Figure 16. i i%

4 It is noted in Figure 17 that STG cold side operating temperature is i . ?
'4 2

proportional to its hot side operaiing temperatuse. [t is also noted

that the STG cold operating temperature that corie:ponds to optimum

specific power decreases with increosing distance from the sun. Finally,
Figure 18 shows plots of STG side width, assuming the STG to possess

l a square cross-seciion, as a function of disiance from the sun ai different

hot side opercting temperatures; the data in Figure 18 again pertain fo optimum

specific power of the STG.

Just as in the cases of the flat-plate and compact STGs, all of the

i data shown in Figures 13 to 18 pertain to a STG power output of 300

, j watts at a load voltage of 32 velts.  Also, as in the previous cases, the
STG design selected for the disiributed-type STG has been optimized

f for operation at a distance of 0.45 AU from the sun. This represents

5 the farthest distance attained by the STG from the sun during its orbital

mission around Mercury. As previously stated, the hot side operating

[T R T

temperature of the STG increases os the STG epproaches the sun and

therefore if the design operating hot side temperature at 0.45 AU is

bt
S iwa

maximized, as it is done here, the STG must be tilted ot all points in

the orbit of Mercury except when Mercury is af its farthest distance

from the sun. The maximized hot side operating temperature assumed

il
b
i

for the STG is 1000°C.  As can be seen in Figure 16, this hot side op-
erating temperaiure corresponds to an optimum specific power of about
22 watis per pound at @ STG operating distance of 0.45 AU from the sun.
The selected distributed-type STG design is summarized in tern:s of
configurational and performance parameiers in Table 5.  The operating
and performance data in Table 5 correspond to STG operation at 0.45 AU

from the sun and these data remain constant at closer approoches to

66




TABLE 5

Distributed STG Dimensions and Performance

Number of Thermocouples per Thermopile 388
Number of Thermopiles per Generator 144
Thermoelement Side Width - mils 14.6
Thermoelement Length - em 1.0
Individual Concentrator Diameter - inches 5.27
Individual Concentrator Height - inches 4,88
STG Cross—sectional Area - square feet 27.73
STG Height - inches 5.41
STG Weight - pounds 13.53
Specific Power * - waits per pound 22.17
Power per Unit Area - watts per square foof 10.82
Power Outpul* - watts 200.0
Load Voliage* - volts 32.0
STG Hot Side Temperature™ - Centigrade 1000
Rodiator Temperature® - Centigrade 422
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All performance values pertain to STG operation at

distance of 0.45 AU from the sun and will remain
constant at closer distances to the sun if STG is tilted

(sec Table 4}.
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the sun if the STG is tilted according to the tilt angles given in the pre-~

ceeding section in Table 4. [t is noted that the STG produces its desig-

LRt o b -
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nated output only while it is exposed fo the solar heat flux. [nasmuch
as approximaiely one-half of its operation occurs in an operating mode
in which the STG is eclipsed by the planet Mercury, it is very likely
necessary o upscale the size of the STG if the STG is to provide power
for storage baiteries in addition fo providing power for the operation

of the spacecraft while it is not in eclipse. Therefore, the configurational

v S i

parameters shown in Table 5, just as those shown in Table 3 for the com-

pact STG, are quite likely conservative. In fact, if it is assumed that

in the non-eclipse mode of operation the STG produces twice its required

power, one-half of it being directly used by the spacecraft and one-half

%,
i i b6 ST LS ke A

being used to charge the storage batteries, the total size, i.e. the cross-

seciional area, of the STG will be double that shown in Table 5.
__.Qf.: Of course, the STG may be optimized for an operating distance from :
the sun other than 0.45 AU or for an operating femperature that is less i

than IOOOOC at 0.45 AU in order that the STG produce more power at

distances in-between its closest and farthest opproach from the sun.

In this way, it will be possible to attain a STG design that is even more
Y p

s

opfimum than a design that is based on simply increasing the size of the

STG reflected by the configurational parameters in Table 5.  Although

this has not been done here, it must be considered prior to a final STG

L e

g oL T e

design selection. The design given in Table 5 is representative and is
directly comparable to the compact STG design given in Table 3.
The distributed-type STG is schematically illustrated in Figure 19.

T aal el T i
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As it is shown in the figure, it corresponds fo the design specified in
Table 5. The STG consists of 144 thermopiles in a twelve by twelve array.

Each thermopile is affixed on its cold side to the radiator of the STG.

Min-K 2020 thermal insulation separaies the thermopiles. Individual
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_the sun more closely, it tends to heat up and consequently provide

truncaled cene conligurated solar concentrators are aliached to the

hot side of each thermopile. [t should be noted that even though the
radiator of the STG in Figure 19 is shown to be the same size as the iotal
array of side-by-side comcentrators, the radiation area needed to reject

the heat according io the specific design is actually smaller than this

area. This means that the radiator of the STG actually consists of a
frame into which are fitted unit STG cells consisting of the solar con-
centrator, thermopile and radiator section. The various radiator sections
of the unit cells do not completely fill the frame. For this reoson,
the total radiating surface of the STG is actually smaller than the size
of the STG as defined by the twelve by twelve array of solar concen-
trators.  In other words, a direct view of the cold side of the STG shows
the total area to be partially filled with unit radicior sections.  Individual
unit radiator sections are separated from each other, being interconnected
by the frame struciure, such that the Min-K 2020 thermal insulation
is directly visible in~between the various sections.

hnasmuch as the STG design specified in Table 5 pertains to a STG
that hos been optimized for operation af ¢ distance of 0.45 AU from
the sun, it is of inferest fo cansider the performance of this design at

other distances from the sun. As already stated, as the STG approaches

greater performance, Because the optimized design at 0.45 AU pertains a
to STG hot side operating temperature of 1000°C, a closer approach 1
to the sun would result in higher operating temperatures and therefores

the STG must be tilted with respect to the sun if it is to be kept from
overheating. As a consequence, STG performance and operating temp-
eratures will remain constant as the STG approaches the sun more closely
than 0.45 AU, Table & shows values of STG performance and temperatures

if the STG operates in a mode in which it always directly faces the sun.
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For this reason it is seen that performence and operating temperature
values at distances closer to the sun than 0.45 AU exceed these calculated
for it at 0.45 AU. The performance and operaiing temperature of the
STG rapidly decrease as the distance from the sun increases to values
beyond 0.45 AU and, in fact, at a distance of 1.0 AU these values

are considerably less than the design values: It is obvious that the

STG does not provide adequate power between the time of its launch

from Earth and the time that it arrives at Mercury. It is suggested that
during that time period use be made of storage batteries or solar cells

for spacecrait power needs. Upon injection of the spacecraft info

Mercury orbit, all of the power needs can be satisfied by the STG.

This is especially true if the STG is tilted such that af all times in Mercury

ol g At

orbit it provides a fixed amount of power output. Inasmuch as the STG

produces power only during the time that it faces the sun, approximately

half of each of its orbits around Mercury, it will be necessary fo increase
the overall size of the STG in order that the storage batieries be charged

while the STG faces the sun. 1t is the storage batteries thai provide

the total spacecraft power during the times that the spocecraft is eclipsed

by the planet. Even though the daia in Tables 5 and 6 pertain to a

300 watt electrical power output of fhie STG, it is completely valid fo

L il

linearly upscale the STG design for any power need that not only satisfies

spacecraft requirements, but also encbles the maintenance of the sforage

batteries in a fully charged condition. For example, if it is decided

Suvp ymeitir oy

vyt

that this can anly be accomplished by having the STG produce twice

the stated amount of power during the time that it faces the sun, then

the averall STG size doubles, including its weight. As aresult it is

) # a simple matter to generalize the resulis given for the distributed STG

design in this section to any performance or operating requirements.

This, of course, is also true of the flat~plate and compact STG designs

Y by g i, 2 b A R Y B s il K S i
L e e e e i

discussed in the preceeding sections.
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D. Cylindrical STG With Single Concenirator

Although most of the effort on the present study wos devoted to the
design and performance analysis of the three STG designs discussed
in the preceeding sections of this port of the report, an additional STG
design concept was investigated in somewhat more than just a cavalier
fashion. This STG design concept pertains to a configuration that is
very similar fo most radioisotope thermoeleciric generator configurations.
Namely, the thermopiles within the STG are enclosed in « cylindrical
outer case, with the cold ends of the thermopiles in intimate contact
with the outer case. The hot ends of the thermopiles are located around
a central heat source, which provides heat fo the thermopiles either
by direct conduction or by radiation. Whereos the central heat source
in a radioisotope thermoeleciric generator is a radioisotope fuel capsule,
in the present instance it is a heat pipe that receives its heat from the
sun by means of a solar concentrator atfached to one end of it. This
means that the heat pipe penetrates the outer case and is mated to the
solar concentrator outside the outer case. In the spoce between the
solar conceniraior and the outer cese of the STG, the heat pipe is thermally
insulated fo minimize heat losses. For the some reason, the space between
individual thermopiles within the STG is also themally insulated, as are
the ends of the STG. Woaste heat is radiated from the outer case of the
STG directly into space. In order to enhance heat transfer from the
outer case fo the space environment, the STG outer case possesses radia-
tion fins. In Tts most optimum mode of operation, the solar concenirator
at one end of the STG directly faces the sun. This means that the body
of the STG is shielded from « direct view of the sun by the solar concen-

trator, with a result that relatively little, if any, sunlight impinges on
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the outer case of the STG. This, of course, is imporiani in order to
enhance the effectiveness of the STG; in otherwords, the cold side

heat exchanger, i.e. the outer case ond radiation fins, is only heated

by heat that has possed through the heat pipe and the STG. If it be~
comes necessary to tilt the 5TG, as it is in the cose of the other STG
design concepts, then it may no longer be true that the cold side heat
exchanger does not receive any direct heating from the sun. In order

to minimize the effects of such occuronces on the performance of the
S5TG, it is desireable to coat the outer case and the radiation fins

of the STG with a low absorptance coating. Needless fo say, the

outer case and the radiation fins must in any case possess a high emis-
sivity coating in order to enhance the rejection of waste heat. The
cylindrical STG design concept is schematically illustrated in Figure 20.
Figure 20 shows the outer case, with its radiation fins, cnd the solar
concentrator of the STG interconnected by means of a heat pipe.
Inasmuch as Figure 20 depicis ¢ view of the ouiside of the STG, it is

not apparent haw the hot sides of the thermopiles are connected fo the
heat pipe heat source. li is envisioned that this will be accomplished
by means of a sleeve that on its inside exactly fits the heat pipe and
makes intimate contact with it.  On its outer surface, the sleeve has

a ploygonal cross—section. The hot faces of the thermopiles are impressed
against the flat faces of the outer surface of the sleeve. The compres-
sion of the thermopiles against the sleeve is provided by spring assemblies
at the cold side of the thermopiles. In using such a method, it is of
course important to also provide adequate thermal conductance between
thermopile cold sides and the STG outer case. This can be accomplished
either by using a spring-follower type approach previously used in various
thermoelectric generators or by making use of braided flexible conductors

in between thermopile cold sides and the outer case.
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The mathematical model used to conduct parametric analyses on

the design of a eylindrical STG with single solar concentrator is very
similar fo that used for the onalyses periaining to the compact STG
discussed in section |1 B. In fact, the only difference in the two math-
emetical models is a geometric term that modifies the compact STG
with its flat geometry into a C};Iindricul STG. The primary effect of
this is a reshaping of the thermal insulation, the addition of rediation
fins to the radiator which has been folded into a cylindrical configuration
and the addition of the heat pipe that interconnects the solar concentra-
tor and the hot sides of the thermopiles. The calculationel sequence
of the mathematical model, however, has not been aliered.

A number of parameiric analyses were conducted with this model
in order fo derive a design of a cylindrical STG that can be directly
compared to the designs previously developed for the other STG concepis.
It should be mentioned, however, that the analytical procedure was
not carried out as extensively for this STG design concept os it was for
the other concepts. Nevertheless, it is felt that the design derived
for the cylindrical STG represents an optimum ond therefore can be directly
compared to the other STG designs. The design thus derived pertains
to STG operation at a distance of 0.45 AU from the sun. Essentially,
the same assumptions as those made for the other STG designs were made
for the physical characteristics of various STG components. For example,
it was assumed that the solar concentrator possesses perfect reflectivity
and that the cold side heat exchanger has an emissivity of 0.85 and
a solar absorptivity of 0.10. The results of the parametric analyses
indicate that an optimum cylindrical STG design operates at a hot side
temperature of 1000°C and a cold side temperature of about 450°C.
The number of thermopiles within the STG is 144, just as it was in the

case of the earlier STG designs. These thermopiles are arrenged in
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such a way that cight rows of 18 thermopiles are located ciicumierencially
around the palygenal interface member surrounding the centrally located z
heat pipe. For a power output of 300 walls at a load voltage of 32 1
volis, the outer case of the STG has a length of 11.34 inches, a diameter 1

of 1.61 inches and possesses eight radiation fins extending the length

of the outer cose and having heights of chout eight inches. This means

N that the coverall radial extension of the body of the STG is approximately
1 18 inches. The solar concentrator possesses a diameler slightly less -

than 40 inches and has a height of almost the same numerical value.

A gap of about 2.7 inches separate the base of the solar concentrator

B T

) from the body of the STG, this gop being spenned by one end of the heat
|3 Y P P b4

i him * AK e

pipe. The total height of the STG, including the cylindrical outer

T
= #a

case, the heat pipe extension and the solar concentrator, is about 54 inches.

For purposes of calculation, it has been assumed that the heat pipe

is made of a refractory moterial such as tungsten. The ploygonal hot

side heat exchanger within the STG is assumed to be made of molybdenum.
The thermal insulation within the STG and surrounding the heat pipe
outside the STG is assumed to consist of Min~K 2020, The STG outer
case, the radiation fins and the solar concentrater are all assumed to be

made of beryllium. Using these assumptions, it is coleulated that

A e e S e IOV i e b 1 b el e il vt gt o

the total weight of the STG is about 38 paunds. This means that the

optimum specific power for the eylindrical STG in operation at 0.45 AU

is about 7.89 watis per pound. It is noled that a STG of this type ac-

cordingly possesses a lower specific power than either a compact 5STG

Eam 4 vt o vty W et R

or a distributed STG with multiple selar concentrators. 1t does possess

a slightly higher specfic power than the flot-plate STG.

Although the specific power of the cylindrical STG with a single E
solar concentrator is lower than the specific power of either the compact

or the Jistributed STGs, the cylindrical STG does present a few advantages.
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cylindrical TG have not been as complete and exhaustive as on the
other types of STGs.  For this reason, a STG of the cylindrical type
should not be totally precluded from future consideration of STGs in near

sun missions.

E. Alternate Hot Side Heat Exchanger Design

The STG designs considered on the present study have utilized
either solar concentrators or flot-plate collectors; the solar concen-
trator design considered on the program is based on a truncaied cone,
Prior to the completion of the discussions on STG designs, it is necessary
to mention that another type of hot side heat exchanger can be considered.
Nomely, either a single solar concentrator or muliiple solar concenirators
can be replaced by Fresnel lens. A relatively large single solar con-
cenirator can be replaced by a Fresnel {ens having the same extension
in the plane perpendicular to the sun as the total cross-sectional area
of the solar concenirator. The lens would be located such that it focuses
the incident solar flux onto the total area of the themoeleciric generator.
This means that the lens would be located of a distance from the generafor
that is slightly either greater than or less than the focal length of the
lens. In this way the total surface area of the generator would be
relatively uniformly heated.

Fresnel lens con also be used to replace the multiple concentrators
of the distributed STG. In this cose, the Fresnel lens can be either
individual lens or can consist of a single large sheet with individual
lens inscribed into it. Each lens will act os the hot side heat exchanger
for a single themopile within the STG. As with the compaoct STG,
the lens would be located such that the total cross-section of each
thermopile is heated by incident solar flux being concenirated by the

lens. This means that the lens would be located at a distance from

the thermopiles slighily other than the focal length of the lens.
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Although the present study did rot address itself fo analyses on the
weight of STGs that use Fresnel lens, it may be posiulated that STGs
of that type would very likely possess weights of the same general order
as STGs using solar concenirators.  Possibly the main disadvantage of
the use of Fresnel lens is the mechanism of mounting of the lens in such
a way that proper heating of the thermopiles within the STG is always
possible. Misalignment ar shiffing of the lens at any fime mighi make
the whole STG inoperable.  Of course, this is also true of a STG that
uses a single solar concentrator; it is not, however, true of a distributed
STG with multiple concenirators.  Another possible disadvantage of
Fresnel lens as the hot side heat exchanger of STGs is the criticality
of the alignment with the sun. Fresnel lens would be essentially inoperable
if they are not at all times pointing directly to the sun. In other words,
very likely the cosine law that can be applied to solar concentrators
and flat-plate collectors does not apply to Fresnel lens. This presents
a design problem because the STG cannot be designed to operate at its
maximum permissible temperature at a distance of 0.45 AU and over-
temperaturing prevented by the tiliing of the STG on closer approaches
to the sun. It will be necessery to design the STG to operate at its
maximum permissible temperature at ifs closest approach to the sun.
This means that the STG must be overdesigned in order that adequate
power be available at distances other than its closest distance to the
sun. Finally, it Fresnel lens are used they will have o be fabricated
from a material, such as quartz, that is capable of high temperature

operation without the lens being distorted or even destroyed.
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V. DYNAMIC STG PERFORMANCE CHARACTERISTICS

Variaus STG design concepts were investigeted in the preceeding section.
It wos seen that the STG design that utilizes distributed thermopiles, with each
~ thermopile having an individual solar concentrator, possesses the lowest weight
and highest specific power. It also possesses a panel~like configuration that en~
ables its convenient storage and deployment during mission. For these reasons

it 1s this STG design that hos been selected as the recommended design for a STG

intended for use in a Mercury orbiter mission. The characteristics of the selected

ook .

STG design are detailed in Table 5 in Section IV. The STG performance data
shown in that table perlain to STG operation at 0.45 AU from the sun, with the
STG directly facing the sun. At closer distances to the sun, while still directly

facing the sun, STG performance and operating temperatures will remain at the

ESNT RS NG VI 1 PR

values shown for 0.45 AU if the STG is tilted accerding to the tilt angels given
in Table 4 in Section IV, OFf course, this presupposes the STG being exposed to

b iaden -

direct sunlight during the whole time. In its intended mission, however, the STG
will be orbiting the planet Mercury and therefore will be periodically shielded
from the sun by the planet. Even though the planet ikelf emiils radiation, the
amount thus emitted is negligible to that emitted by the sun ond during the eclipse

portion of iis orbit the STG con be considered, for all practical purposes, to receive

no incident heat. Ihasmuch as the spacecraft requires power not only during
the times that it is without direct sunlight, but also while it is eclipsed by the
planet, it is necessary fo consider the effect of periodic eclipsing on the output
of the STG. For this purpose, a mathematical mode! was adopted and utilized

to calculate STG temperatures and performance as a funciion of time when it is

- "~ no longer receiving incident heat from the sun.

The mathematical model used to perform time dependent analyses of

STG temperatures and performance assumes a parallelepipedal configuration with

insulated sides.  Only the two heat exchanger surfaces ore assumed to interact

I: 81
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with the environment. In foct, ot the moment that the STG is eclipsed by the
planet Mercury, it is assumed that both heat exchangers of the STG radiate freely
into the environment. At the moment of the start of eclipse, the STG is assumed
to possess o linear femperaiure gradient between its hot and cold faces.  This
temperature gradient, f(x), is defined in terms of STG cold side temperature, TC"
the temperature difference, AT, across the STG and the thickness of the TG

as follows;

Flx)= TC+( ‘”‘;;‘ ) AT (45)

where 24is the total thickness of the STG and x indicates the location within the
STG between -fand +4  Thus, the cold side heat exchanger of the STG is designated

by x=-gand the hot side heat exchanger by x=+4 A second order partial dif-

ferential equation in the space and fime variables provides STG temperatures as

a function of location within the STG as o funciion of time. The boundory con-
ditions assumed for the solution of the differential equation pertain to radiafive

heat loss from the two heat exchangers; even the hot side heat exchanger loses

heat during the eclipse mode of STG operation. Inasmuch os the differeniicl equation

is soluble in closed form only for linear boundary conditions, it is assumed that

radiative heat loss can be represented by the so-called Newton's law of cooling.
This law assumes heat transfer to occur proportionately o the produci of the third

power of temperature and the temperature difference between the cooling body

and its environment. Although this boundary condition will be applied to the cose
of the STG in a situation where relatively large temperature variations occur,

f it must be noted that it is strictly rigorous only when temperature variations are
small. Nevertheless, the use of the boundary condition enables the solution of
the problem and enables an approximate assessment of STG performance and temp-~
eratures Gs it enters the shade portion of its orbit around Mercury. The solution

of the appropriate differential equation, olong with the stated boundary conditions
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may be represented as*:

£
[cn COos an x+dn sin cnx] [
_ Dot f(x) lc_cosa xt+d sina xjdx,
T Z e n (a2+ hZ) sth n n n n ] (46)
n=1 n -4
where
¢ =hsina L+a_cosa £, (47)
n n n n
d =hcosa L-a sina & , (48)
n n n n
and the o are the positive roois of
tan 2ad= _%91‘2_ . (49)
a -h

In the above relationships, it should be noted that h is the heat transfer coef{icient
from the hot and cold side heat exchangers and D is the efiective thermal diffusivity
of the STG. Inosmuch as the STG consists of a number of different materials,

each having unique temperature dependent values of thermal diffusivity, it has
been necessary to average these values in order to obtain a single effective thermal
diffusivity for the STG. This has been done by calculating the total heat capacity
of the STG, reducing this fo a net specific heat and then using average values

of density and thermal conductivity, colculating thermal diffusivity as follows:

ok
D=—= : (50)

* H.S. Carslaw and J. C. Jaeger, Conduction of Heat
In Solids, Second Edition, Oxford University Press, 1959,
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where k is the thermal conductivity, o is the density and C is the specific heat
of the panel. |

Substituting the temperature gradient, f(x), into Eq. (46) and solving
for temperaiure, T, for x=~Land x=+ Lgives STG hot and cold side temperatures
as a function of time. The difference of these temperstures as a function of time
gives the temperatfure differential across the thermopiles within the STG. Utilizing
this temperature differential, it is possible to calculate the performance of the
STG, such as power output and load voltage, as a funciion of time. This has been
done for the disiributed STG with multiple solar concentrators and results are dis-
played in Table 7 in temms of the power output, the load voltage and the temp-
erature differential acrees the thermopiles as a function of time; initial time pertains
to the instant at which the STG becomes eclipsed by the planef. It is noted in
Table 7 that the temperatures and performance of the STG rapidly decrease when
the STG is no longer exposed to direct sunlight. Within some three to four minutes
after ém‘ering shade, the STG performance has decreased to approximately one-half
the value Tt possesses in direct sunlight. This means that during the eclipse portion
of ifs orbit, the spacecraft cannot depend on the STG for electrical power
and such power must be obtained from a siorage battery thei is recharged during
the sunlit portion of the spacecraft orbit. Upon re-emergence from behind the
planet, the STG rapidly heats and once again siarts to provide electrical power.
The STG heat-up curve, as concerns temperatures and performance is a mirror image
of the cool-down curve as represented by Table 7.  This means that during each
orbit, the STG provides nearly iis design performance for 45 minutes and very
little performance during the remaining 45 minutes.  If a storage battery is used
to provide spacecraft power during the eclipse portion of each spacecraft orbit,
the STG must be capable of providing twice its required performance during the
portion it is in direct sunlight. This means that the STG design must be formu-
lated for 600 watts rather than for 300 watts, if 300 watts are required fo power

the spacecraft. Total STG weight and size therefore double over the values shown
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97
74
56

Power Quiput/Watts
300
222
7
129

32.0
27.5
24.1
20.9
18.2
15.9
13.8

Load Voltage/Volts

TABLE 7
85

Temp. Differential

°C
550
473
A14
361
312
272
238

Time Dependent STG Performance in Eclipse Mode

Time/Seconds
120
180
240
300
340
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in Table 5 of Section IV. A total power sysiem weight analysis, must also con-
sider the weight of the storage batteries. The actual specific power of the total
power system is therefore considerably less than the value shown in Table 5.

The above thermal calculations on the transient behavior of STG temp~
erafures and performance indicate thai the total heat capacity of the STG is rela-
tively low. In other words, the STG is incapable of maintaining heat and therefore
its performance while it is eclipsed by the planet. it is for this reason that the
use of sforage batieries in conjunction with the STG must be considered for the
overall spacecraft power system. As a part of the present study, another possibility
was investigated, Namely, it was considered that possibly the total heat capacity
of the STG could be increased by the use of a high heat capacity molten salt bath
located at the hot side of the STG. In other words, a molten salt bath, enclosed
in a metal contoiner, was considered to be placed in intimate thermal contact
with the hot sides of the thermopiles within the STG; this is most convenienily
done in the compact STG design in which all of the thermopiles are placed adjacent
to each other. The face of the molten salt bath opposite to the one in confact
with the thermopiles is envisioned io be directly heated by the solar concentrator.
The sides of the molten salt bath are insulated such thet heat enters from the con-
centrator side of the bath and leaves through the thermopiles. Considering the
heat capacities of various molten salts, it wos found that various alkali metal hydrides
possess the highest values of specific heat. By using the specific heat cepacities
and densities of typical alkali metal hydrides and by knowing the total heat require-
menis of the STG as a function of its operating temperaiure difference, it is possible
to write an equation for the specific power of the STG as o function of the amount
of cooling that takes place upon the eniry of the spacecraft into the shade portion
of its orbit. Assuming a value of specific power of 22.17 watts per pound for the
distributed STG design given in Table 5, ond assuming that power output varies
as the square of the temperature difference across the thermopiles, the following

expression may be written for the specific power of the same STG if it uses molien
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salt baths for power flattening:

550~ ATL
300| ~——m—

2

550

s 2
550 7114.79
. [sso-mL] 13333 TRy

where &TL is the decrease in the temperature difference across the thermopiles.

[t is noted in Eq. (51)that the second term in the denominator represents the

weight of the molten salt required to provide adequaie heat to power flatten the
STG if the molten salt is permitied to decrease by ATL in temperature during the
shade portion of the orbit. It is seen that if the change in temperaiure is minimized
to os small a value as possible, the weight of the molten salt rapidly increases.

On the other hand, if the temperature is permitted to considerably vary the STG
itself rapidly increases in size in order that the required power output be maintained.
A voriation of ATL yields an optimum in terms of a specific power of the total

power flattened STG. Toble 8§ shows the resulis of this optimization procedure.

It is seen that a temperature variation of 125°C on a total initial jemperaiure
difference of 550°C results in the lowest weight system. Asseen in Table 8,
unfortunately, however, the specific power of the optimum STG has decreased

by an order of magnitude when compared jo the STG without power flattening

(See Table 5). What makes this result even more significant is the fact that the
molten salt weight in Eq. (51)does not include the weight of any structural or
containment members required o contain the molten salt.  This means that the specific
power reduction will be even more drastic than is apparent in Table 8.  For this
1eason, it is concluded that the use of a molien salt bath to power flatten 5TG
performance is not realistic and severely penalizes total system weight. i is

moare realistic to consider the STG as defined in Table 5 and 10 use storage batleries
for purposes of power flaitening. If storoge batiery weight is appreciable, this
conclusion may have to be somewhat modified. In any case, however, it is thought
that the use of storage batteries in conjunction with a disiribuied STG results in

a power conversion systen: ~ lowest weight and it is this kind of a system that is

therefore recommended for the Meicury orbiter mission.
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TABLE 8

Effect of Power Flaitening By Molien Sali Baoth

On STG Specific Power

AT

10
25
50
75
100
125
150
175
200
225

250

28

0.40
0.91

1.56
1.98
2.20
2.25
2.17

2.00

1.49

1.21
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VI. SUMMARY

The preseni study on the use of a STG in a Mercury orbiter mission has
addressed iiself first to the selection of the most appropriate thermoeleciric tech-
nology, second to the selection of the most appropriate STG design conﬂéuraﬁon
and third fo the weight optimization and performonce characterization of the fingl
STG design. This design has then been analyzed in terms of ifs steady stote and
dynamic performance in a Mercury orbit, both as regards.u given orbit around
Mercury as well as iis performance ct different times while Mercury orbits the sun}

the latter consideration is of course important because of Mercury's extremely.

ecceniric orbit that varies between 0.30 and 0.45 AU from the sun.

The main conclusions of the present study may be summarized os follaws:

1. The most appropriate themoeleciric technology applicable fo STGs

intended for use in space is one based on silicon-germanium alloys.
The use of this technology enables the design and fabrication of the
lightest veeight and most reliable STG.

2. The most appropriate STG design concept is based on one in which
the individual thermopiles ore uniformly distributed over the rediator
and in which the therniopiles are heated by individual solar concentra-
tors. This design concept enables the fcbrication of a STG that possesses
a specific power in excess of 22 watts per pound when operating at a
distance of 0,45 AU from the sun. Although an exhaustive investi=-
gotion of various concentraters was not included in the study, it is seen
that a concentrator configured as a truncated cone 1esults in an af-
tractive STG design. Possible other concentrator configurations can
only enhance the design.

3. A STG in a Mercury orbit is incapable of producing appreciable power
while eclipsed by the planet. This means that power must be stored

during the time tie STG is exposed to direct sunlight; it is this stored
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power that powers the spacecraft during the eclipse mode. This being

the case, the STG must be designed for af least twice the spacecraff
power requirement. While in direct sunlight, half of the power produced
by the STG goes inta storage; the STG is directly exposed to the sun
during essentially one-half of each of its orbifs around Mercury.

STG energy storage must be performed elecirically rather than thermally
because it is the former mode of storage that enables very likely the
lowest overall system weight to be obtained. Thermal storage in terms
of the use of various liquid metal baths penc:]ize.s total STG weight

by nearly a facior of ten. System weight increases as a result of the

use of chemical storage batteries is very likely considerably less.

The state-of-the-art of silicon—gemanium alloy fechnology is such

that a STG intended for space opplication in a near sun mission does

not require any special development. All of the componenis required

of the STG presently exist in a developed form. Although this is true,
the optimum STG design concept herein selected has never been assembled
or fested.

Additional design effort is recommended in the orea of solar concentra-~
tors in order that the most optimum concnetraior design be available

for a STG. The present study has been bosed on the use of a solar
concenirator configurated as a truncated cone; this configuration may
not necessarily represent the most optimum concentrator shape.
Assumptions perfaining to the absorpfivity, reflectivity and emissivity

of the solar concentrator and the hot side of the thermoeleciric generator
and/or thermopiles are based primarily on conjecture and therefore

must be established in detail prior to a final STG design. The emis-
sivity and absorptivity values ossumed for the radiator of the STG are

considered reasenable and eosily attainable. :
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APPENDIX

In order io illusiraie the method used in the design of the various STGs
considered by the present study, sample calculations for typical flat-plate and
compact STCGs are given in this cppendix. The equations underlying the sample
calculai’ s have been given in Section |l and are not repeated here.

The typical design calculation of the flat~plate STG includes Eqgs. (1)
to {12) in Section 1. As explained in that secion, the calculational sequence is
iterative and for purposes of itlusiration, the sample caleulation has been iierated
19 times. Most of the input parameters are listed for the sample calculation,
although material property values have not because those are generally temperaiure
dependent variables that are ‘niroduced into the calculational sequence ai the
beginning of each iteration; the velues are selected on the bosis of the tempera—
tures calculated in the iteration preceeding the one for which the properties are
input. It is noted that in the flat-plate sample calculation all of the variables
converge towards fincl values. It is olso noted thet convergence is not complefe
after 19 iterations, although the variction between porameters at that point is
relatively small. The calculation is generally continued until convergence is obtained
within any arbitrarily predetermined convergence criierion.

The sample calculation for the compact STG corresponds to Egs. (22)
to (43) in Section iI. Unlike the flet-plate STG celculation, that for the compact
STG is noniterative. For this reason, the calculation is complete after all of the
parameters have been celculated once. As with the flat-plate STG calculations,
some of the input parameters used in fhe sample caiculation of the compact STG

are given.
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_- Fiaf-Plate STG Input Parameters:
L. Sample Calculation N=400 y=p=0,05 W=0. 69136
Med0 - emqpm0.85  T,=0
_ A=1x107 ¢-=0.10 ng=0.00508
Iteration Number £=0.8 Re=1.1 Ac=10,000
] 2 3 4 5 6 7 8 ? 10 Ly 12 13 14 15 16 17 18 19
QT 5877 529]6 4127 3706 (4726 14042 4524 14196 4425 (4268 |4378 [4300 |4354 |4316 |4344 |4324 (4338 |4328 14335
TR }15‘?0.95489.3 570.41522.9 558.,3 |535,4(551.91540.81548.6{543.3{546.0|544,41546,2|544,91545,91545,2 |545,71545.4{545.6
T. 11590.9 501.7|575,3|533.0| 564.9 [544,4)559.2 |549.3|556.3 |551, 6 | 554,9 |552,6|554.2 | 553.0 |553,9| 553.3.553,7 |553.4 | 553.6 _
: |i3.16x1072 >
Ay 3.47%107" >
Sop 11,043 >
H, |[0.8%8 >

A ]9565
AT |1246.8 96,6[201.2]131.6[180.3[147.1]170.2154,3]185.3]157.6]163.0]159.,3]162.1|160.1]161.4]160.51161, 1160, 7]767.0

E 4.59° 5.71:11.89] 7.77/10.65 | 8.69(10.06| 9.12| 9.77| 9.31| 9.64] 9.42| §.56| .46] 9.54| 9.48] 9.52| 9.49| 9.51
; |
P |1153.1] 23.4]101.8] 43.5[ 81.6| 54.4] 72,8| 59,9 68.7| 62.4| 66.8| 63.8] 66.0/ 64.4| 65.5| 64.7| 85.2| 64.9| 65.1

T i837.7 598.21776.5)664,6745,2 1691.5|729.,41703.61721,6(709.21718.0|711,9|716.3]713.1|715.31713.81714.8]714.1]714.6

H
32, 00

Np™ =005
oo 300.00 9.5 )
o= Mp= 5,00 * 32,00 *400=>48
o 548 1347
';Ug ACD 00 X 700 * 10,000=446,155
o
S
EQ Equations (16) fo (21) in Section Il can be used to calculate the weight and specific power of the STG.
=¥z




Compeci STG
Sample Calculation

_I_nfu_f Parcmeters:

=0.85
€ 8

‘G
T, 273°K
W=0,691358 WC!H/CIle

AT=550"K

N= 33%.3 Q = 125.00

= 1769.0 e 549350

&

A ~4

A= 5.6529x10 T,= 695.50
A

4 A = 4570.31

N 2.673710

s = 2.3776x1077 S=  67.604

j apnrdn i A TR T

o S..=  0.75681 W= 3325.44

'.i H. = 1.04826 A= 9913.12
i W = 1.6787 D_= 112.35

W= 671.48 D= 41.61

=

S A= 15.1362 te= 1.04826

A= 229,105 W= 558.23

Ui et

27 L= 10.7143 He=  104.02

Q.= 4263.14 W= 7380.07

D3 e S R D TR

(g Q.= 42.77 W, = 11,935.22

- L e i e e e bl cmr i mmeA— = st meer AR e ——— T

Q.= 1272.99 P 11.403 ;
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