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THERMAL AND ELECTRICAL ANALYSIS OF
MARS ROVER RTGs

A. Schock, T. Or, E. Skrabek
Falrchiid Space Company, Germantown, MD

ABSTRACT

The RTG. designs described in the preceding
paper in these proceedings were analyzed for
thelr thermal and electrical pecrformance. Each
analypzis cangisted of conpled thermal,
thermoelectrde, and electridcal analyses, using
Fairehlld-genersted speclalized ecomputer eodes.
These ware supplemanled with praliminacy
gtructural and mass analyses. For each design,
varlous cases representing different operating
conditions (water-cooled/radiation-cooled,
BOMAEQM, summer /winter, day/might) and different
thermoelectrio  performence assumptions  (from
conservative to optimistiec) were analyeed; and
for every case, the heat flow Tates,
temperatures, and electrical performance of each
layer of thermoelectric elements and of the
overall RIG were determined, The analyses were
performed in great detail, to obtain accurate
angwers permitting meaningful comparisons between
different designs. The results presented show
the RIS performance achievable with current
technology, and the performance iwmprovements that
would ke achievable wilth warious techrology
developments.

INTRODUCTION

The preceding paper [1] in these proceedings
described generic designs of RTGs to powar the
Mars Rover wehicle of the Hars Rover Sample
Return (MRSR) mission under study at JPL. Two
specific designs were described: one based on
standard unicouples, large assemblies of which
heve demonstrated stable parformance 1in  very
lengthy space and ground operations (100,000
tirs}; and one based on standard multicouples,
which have demonstrated stability in much shorter
tests (6000 hraj. The basic design concepts
described in that paper are also adaptabls to
thermoglectric elements containing a varisty of
geometric -and materials improvements.

The present paper presents mass breaskdowns
and describes detailed thermal, thermoelectric,
and electrical analyses of both 250-watt and
125-watt RTG designs employing standard
unfcouples and demonstrated materials properties
. It then proceeds to apply the same analyses to
RTG designs employing thermoslectric elements of
postulated advanced geometries and/or materials.
Its purpose 1s to define the RTG parameters
achieveble with current technology, and fo
determine how much those parameters could be
enhanced if various items of nmew technoiogy could
be successfully developed. When this information
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iz coupled with an assessment of the difficulty,
cost, and suecess probability of developing those
ftems of new technology, 1t provides a basis for
informed decisions about optimum program strategy
for given schedule and budget limits.

MASS BREAKDOWM OF BASELINE RTG

The ‘baseline" Mars Hover
deseritbed in  the preceding paper
depicted there in Figures 10 and 11,
efghtesn General Purpose Heat Source  (GPHS)
modules and 576 standard unicouples. it s
designed for & nominal power output of 250 watts
EOM, based on demonstrated thermoelectric
perfornance Tevels., Its mass breskdown, based on
a non-optimized radiator fin design, is presented
in the 1eft haelf of Table 1. The right half of
the table shows the corresponding breakdown for
the existing Galilea RTG, to ensure that all
required RTGC components have hbeen properly
accounted for in the Rover RTG mass breakdowns.

RTG design is
[1], and
It contains

Table 1. Mass of Baseline ATG Versus Galifeo RTG
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The 1eft column of Table 1 shows that the
baseline RTG has & tota) mass of 58.7 kg. As
shawn, most (58%) of that mass 45 in the hsat
source rather than the converter, and most of
that (77%) resides in the heat source modules,
It {2 also noteworthy that the heat source
canister, which enables operation of the RTIG inm
the Martian atmosphere, haz a mass of 3.8 kg,

The right half of Table
corresponding mass breakdown for the existing
Galiies RTGs, As seén, the baseline Rover RTG,
with it non-optimized radiator fins, is 4.6%
heavier than the Galileo RTG. A major part of
that difference (3.77 kg) is due to the canister
needed For Mars operations. The other subsystems
have very similar masses in the two RTGs.

1 shows the

MASS OF HALF-LENGTH RTG

The preceding desiogn essumed that Ethe
Fover's 500-watt power requirement would be met
by two 250-watt RTGs. For ease of integration,
it may prove preferatle toc employ four 1Z25-watt
TGz, even t these would have a Jower
efficiency and lower specific power, because of
increazed apd-saction heat Toszez and maszes. To
assess that option, the reduction in efficiency
and specific power must be quantified, to support
the Rover design trade-off,

Table 2 presents & mass comparison between
the two options. For ease of comparison, the
table presents masses net for the single RTGs but
far the full set of RTGs required to produce 500
watts, The basic design of the half-length RTG is
essentially the same as thet of the fuli=length
RTG. The enly ehange, besides the 50% reduction
in the number: of heat source modules and number
af unicouple rings, 15 a decreasa in the wall

Table 2. Mass of "250-W™ RTGs Versus "125-W" RTGs
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thickness of the RTG housing from 0.090" +to
0.080", and @ reduction from threes paraliel
Belleville springs to one. These changes from
the full-Tength unit are mede possible because
that ‘the half=length housing s subjected to
lower: bending moments under traverse loads, and
the half-l1ength heat source stack can be held
together with only about one fourth the axial
preload.

Tale 2 shows that the use of four short RTGs
fnstead of two long ones lesds te & deubling of
the mass of the RTG end sections, including the
bellows, graphite pressure plates, Toad studs,
zirconia insulaters, other preload hardware,
multifeil epd dinsulation, housing ends  and
covers, and af the mass of the resistance
thermomater, gas  management  Assembly,  and
auxiliary coelant manifolds, 1In addition, there
is also a significant increase in the mass of the
canister and caps and load spreaders and of the
radiator fin extensions. The total mess sddition
for the short-ATG option add up to 12.3 kg, But
these additions are offset by reductions in the
mass of the Belleville springs and of the ATG
fhousing side wall totaling 5.1 kg. Thus, the use
of four short RTGs leads to & net mass increase
of only 7.2 kg or 6.2%.

MASS OF MULTICOUPLE RTG

Tables 1 and 2 presented the mass summaries
of the unicouple RTGs depicted in Figuresz 10 and
11l of the prec:ed‘rn?l pEpPEr Rl]. Table 3 presents
the mass summary of the melticouple RTG depicted
in Figures 13 and 14, and compares 1t to that to
the baseline unicouple RTG.

The two RTGs have tha same ECM power goal,
watts per ATE, The unicouples and

Mass ol Unicouple RTG Versus Multicouple RTG

AR TIEOURLE
L]

250

Table 3.

G MWiss o AkDdws g URLOPLE AT
ASEPUME DESEH

BT SoUnoE

AFHE HOOULES [isre)
FLIEL [PuCE)
BAPSLILES ¢y

10,58
EE]
1111

¥.5d
».T4

=88
T.87

20
148

SRFNCE

N5, CANTSTEA (Mo
SIDE WALLE
BT
EMD GAFS ANDLOAD

O STRUCTONAL SOPPONTS
GRAFIETT PRESHURE FLATES
LOAD BTUDEZRCONS
BELLEMILLE SPPasatist (g

2B
2

052
oz?

137
053

-F-H
aEt
Em
and

TOHNVERTER

ELECTRICAL LYRCINFE
TE ELEMENTS j37ariam
TE FASTEMERS AND GEALS:
ALLBATA HEULATORS.

Ed3
1.08
o.8H

2.1
o.48

-
WULTIFOIL IMSLLATADN  [MwCuseis)
BLES
.
ATa IOUSING (AR
BIDE WALL |0MIL30F)
i SRCTION

344

5]

875
a3
o
038
A1

536
068

054
DAt
088
oA

CINERE
RESETANCE THEFNOMETER
GAS o.te

RADIATON
FE4E (B}
ALEAHIRA'Y G000 A NT MAREFCRL DS
FhESETa T CORTIG

(N 5
L
5.

B ]
0.5
bvs

TOTAL MASSRg) LLR A AE.




multicouplies both use SiGe legs, buot the N-legs
of the multfcouples that were tested contained a

GaP additive, which raizes the :Puptss' BOM
Fiiure of marit (2} from 0.00058 K™4 ta 0.00072
K™+, This increases the BOM material efficiency

from 7.8558 to B.57%. As & result, the
multicouple RTG can achieve i1ts 2Z50-watt output
goal with a lower thermal input power.
Therefore, the multicouple RTG design is based on

16 rather than 18 heat source modules, as
indicated in the table.
Parenthetically, 1t should be noted that

unicouples with GaP-doped N-Tegs may also be
possible. But these have not yet been buflt and
tested, and their development would not be a
trivial material substitution because the two
types of TE elements employ substantially
different het-junction bonding methods,

As shown in Table 3, the total mass of the
multicouple RTG 1s Z3% Jower than that of the
baseline RTG (45.3 kg versus 58.7 kg). One of
the primary causes of that mass reduction is the
smaller number of heat source modules and the
resultant shorter RTG Tength. The sharter length
not only has a direct effect on the mass of the
RTG housing and the haat source canister, but
alsa results fn additienal mass savipgs:  the
housing wall thickness can be reduced, because
the bending memerts on the cantilevered structure
are Tower; and Lhe mass of the Belleville springs
is reduced because the gxia) preload to hold the
heat source stack together s lawered.

In addition to the above mass savings, which
result From the higher thermoelectric material
efficiency, there are also signtficant savings
deriving From the thermal fnsulation used in the
multicouple RTG, ETlimination of the quartz cloth

spacers between the &0 layers of Mo foil results
in direct mass savings sand in  significant
indirect savings. The latter occur because the

much thinner frsulation package and shorter TE
legs reduce the RTG housing diameter from 9.1* to
7.5", The table reflects the net result af all
these mass changes.

RTG THERMAL ENVIRONMENT

The wvirious RTG designs were analyzed for
the following four combinations of thermal power
and cooling.

1) Beginning-of-Mission (BOM), assumed to be 3
years after fueling, on a hot (300°K) summer day
on Mers, to determine the RTG's maximum hot-
Junction ang clagd operating temperatures o
confirm that they did not exceed established
Timits,

2} End=of-Mission (EOM), assumed to be 7 years
after fueling, on a hot summer day on Mars, to
compare the EOM power output with the design
goal.

3) EOM on & eold (L407K) winter night on Mars,
to determine the effect of a cold environment on
EOM power.

4y BOM with the RTG contained within the
Rover's agroshell and with its fins cooled by an

2655

auxiliary coolant Toop, to determine the power
cutput end RTG temperatures during transit to
Marzs. ({The auxiliary cooling tubes were
tentatively assumed to have a wall temperature of
1008 ),

A11 the design analyses completed fo date
were based on the unrealistic assumption that
gach RTG has an unobstructed view of space and of
the Hartian ground. In addition, we plan to
analyze the case of Four 125-RTGs mounted in
parallel on top of the Rover, at 1its four
corners, to assess the effect of mutual blockage
of their radiwtors. This i3 & concept eurrently
favored by some Rover designers at JPL,

THERMAL AND ELECTRICAL ANALYSIS

The analysis described in  this section
consists of three parts (thermal, thermoeleckric,
and electrical), which must be performed
gimultaneously and interactively. The analysis
uses  specialized computer codes generated by
Fairchilid to campute the heat flows,
temperatures, and electrical paramsters of each
layer of thermoelectric elements. Inputs include
the. RTG design, the thermal input power
{BOM/ECOM), the cooling mode (water/radiation,
Mars environment)}, the TE  materials and
performance, and the desired electrical output
voltage.

The thermal analysiz enpioys a 425-node
SINDA model of the axisymmetric RTG to compute
the axial variation of the tempsraturss of the
various ATG components, That axial variation is
appreciable, becausze of uvnavoidable end Tosses
through the structural supports at the top and
bottem of the heat source stack. Each heat
source module and thermoslectric element layer is
diseretely represented in the SINDA madel.

The computed heat flow through the wvarfious
TE elements dncludes the effects of Paltier
cooling; ohmic heating in legs, electrodes, and
leads; heat converted to electrieity (i.e., the
TE legs effectively act as heat sinks); and heat
losses through multifoil, gless, and guartz yarn
wrap.

The thermoelectric amalysis dncludes the
effects of measured contact resistances and ohmic
logses  in legs, electrodes, and leads;
experimentally determined effects of Jlong=term
material degradation of S5iGe; and optimized n/p
Tmg area ratios, Other constraints are thet all
TE elements in series must have the same current,
and all in parallel must have the same voltage,

The analysis uses tesperature-dependent
values of the Seebeck coaffictant, elactrical
resistivity, and thermal conductivity for the
SiGe N and P legs, with a temgeraiura-auaragsﬂ
figure of merit (Z) of 0.000%83 K-+ at BOM and
0.000548 K™~ at EOM for  the baseline  SiGe
unicouple. The thermal and glectrical results
are used to compute the material efficiency,
couple efficiency, and converter efficiency of
each layer of TE elements, &nd the overall RTG
system efficiency.

The thermal analysis of the initial design
assumed an RTG housing wall thickness of 0.090*



and eight radiator fins of 2 trapezoidal cross-
gection, with a fin root thickness of 0.0s0", a
fin tip thickness of 0.015%, and a root-to-tip
fin height of 3.0%, The fins have an axial
Tength of 42.7". Thus, they ‘extend 2.5% beyond
each end of the active thermoelectric zone,
These dimensions were based on the results of a
preliminary structural snalyses described in the
next paper st this eenference [Z],

TEMPERATURE DISTRIBUTION OF BASELINE RTG

Figure. 1 shows  the BOM  temperature
distribution (in °C) of the radiation-tcooled
haseline RTL For a 3009 sink temperature, It
shows the temperatures of the RTG end regicns,
and the temparatures at the center of the RTE.
The temperatures shown are for anm RTG with
unicouples of standard dimensions, excapt that
the cross-sectional areas of their 5iGe legs have
been reduced by ¥% from the corresponding values
in the Galileo RTG. This was done in order to
take full advantage of the unicouples’ maximum
temperature capability.

Figure 1. BOM Temperaiure Distribution (°C)
in Baseline ATG
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The figure shows the maximun tesperatures af
the fdridium {11720C3, the grephite hest source
surface  (10879C),  the molybdenum canister
(1058903, the Site hot junction (9967CY and cold
Junction (2939C). Of particulsr interest are the
maximum temperatures of the zirconia insulators
(1005°C), the Inconel support studs (588°C), the
titanium springs (217°C), amd  the  aluminum

hnusing {272%), since  their  mechanical
properties and creep characteristips are strong
functions of tesperature.

To i1lustrate the approach used in the
thermal, thermoglectric, and electrical analyses
of the various ATG designs, the BOM results for
the baseline RiG rediating to & 3009 sink  are
presented in detail in Flgures 2, 3, and 4.
(Similar detailed results were generated for each
design option and each environment investigated.)

AXIAL VARIATION DF HEAT FLOW RATES

The BOM temperstures shown in Figure 1
result in the axial variation of hest flow rates
to and from each  ring of thermoelectiric
unicouples and  their associsted  converter
seetians shown in Figure 2.

Figure 2, Axial Vadation of Heal Flow Rates
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The numbers .at the right edge of the Figure
show the summed heat Flows for the whole RTG. As
can be seen, this RTC design has a thermal
efficiency of 3874/43%6 = 88%. The S7-watt
diffarence betwean the 43% watts generakted by
the fuel and the 429% watkts flowing to the
converter represents tha sxial heat loss from the
ends of the heat source stack; and the 425-watt
difference betwsen the heat flow to the converter
and the 3874 watts flowing teo the TE legs
represents the hest losses through the therwa)
insulation and guartz yarn wrap surrounding the
TE elements.

TG SLMMATON



Tha 292-watt difference between the heat
flows to and from the TE Tegs (curves 4 and 5)
represents the gross electrical power output; and
the z78-watt difference between the heat flows to
and from the converter (eurves 2 and 3)
represents the net electrical power output, after
Tead Tosces.

AXIAL TEMPERATURE PROFILES

Figure 3 depicts the awial temperature
varfatfons in the RTG. The heat losses from the
end of the heat source steack result im the
depicted temperature profiles of the fuel capsule

clads, the modules’™ g@eroshell  surfaces, the
canister, and the unicouple hot Jjunctions. The
figure also shows the  axial temperature

varigtions of the cold junctions, the fin root,
and the fin tip.

Figure 3. Axial Temperature Profiles
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The figure shows six  tesperature drops
between the variouz curves. The First (-850C)
represents the drops inside the heat source

modules, across the graphitics and helfum gaps.
The second (~29°C) §5 the drop across the helium
gap to the canister, and the third (-620C) s
across the vacuum gaps and through the TE heat
eollectors. The fourth (703 to 7289CY) 15 the
temperaturs drop across the 5iGe TE legs. As cen
be sean, this 15 the largest of the drops. It is
the anly one that makes a usefu) contributfon in
getually generating electrical power. A1l the
other temperature drops represent thermodynamic
losses. The fifth drop (~299C) representz the
thermal resistance of the unicouple’'s cold-end
and the 1oss for circumferential heat transport
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through the aluminum housing te the nearest Fin;
and the sixth drop (44°Cy i3 that dus to radial
heat flow through the fin {tself.

The depicted wvariation of the hot-junction
temperatures would result 1n a significant
performance loss, were it net balanced by a

similar convex profile of the cold-junction
temperatures. This was achieved by extending the
radiator Fins beyond the active length of the
RTG, @&s mentioned earlier. In fact, the

temperature drop-off of the cold junctions near
the RTG ends is greater than that of the hot
junctions. This explains why the unicouples’
heat Flow rates, power outputs, and effieiencies
are actually higher at the ends of the RTG than
&t the center, as shown in Figures 2 and 4.

ANIAL VOLTAGE AND EFFICIENCY PROFILES

The ternl:;erature varfations shown in Figure 3
result in the unicouple voltage and efficiency
profiles displayed 1in Figure 4. The averaged
values for the RTE are shown at the right edge of
the Figure. The 0.010-volt difference between
the gross and net couple voltages represents the
electrical Tosses in the leads.

Figure 4. Axial Vollage and Efficiency Profiles
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The difference between the T7.86% material
efficiancy and the 7.52% couple efficiency iz the
effect of ohmic losses in the electrodes. The
difference between the couple efficiency and the
6.46% converter efficiency shown in the Figure
reflects the electrical losses in the leads and
the thermal Tosses through the multifoil side

FTG Syalem, 6.32%



insulation and the guartz yarn wrap., As seen,
the axfal variation of ‘the efficienciez iz guite
small, Im fact, the couples near the ends have &
higher efficiency because of their lower cold-
junction temperatures, which result from axialily
extending the radiator fins  beyond  the
thermoelectric region. The 0.55-percentage-point
difference  between the = overs)l  converter
efficiency and the 6,32% system efficlency
reflects {he heat 1osses through the RTG ends.

Figure 4 shows that there are substantial
differences between the BOM materis] -efficiency,

couple efficiency, converter efficiency, and
system efficiency, This  highlights the
importance of specificity inm  reporting RTG
efficiencies.
EFFECT OF COODLING MODE O RTG PERFORMANCE

Tabhie 4 A41lustrates the effect of the

coaling mode on the BOM temperature distribution,
efficiencies, and output of the baselina RTE,
The 1eft colunn shows the results For the water-
coalad RTG, representative of the Jlaumch and
grbital tramsit conditions; the middie column
present  the eorresponding recults  for  the
radiation-cooled RTG, representative aof
Bﬁer‘ﬂt‘lﬂns an & Martian summer day (300%K); and
tha right column shows similar results for a
Martian winter night (140%K).

Table 4. Effect of Cooling Mode on BOM
Partormance of Basaling RTG
Coaling Mode Gonvacivg Hadiative
Auxiilary Cooiant Wall Temp., *C 100 - -
Radiater Sink Temperatura, % 300 300 140
Maximum Tamperature, *C:
Fual Cled 1089 117z 1188
H.5. Surlace Bag 18T 1080
Carlsier ) 1oSE 1087
TE Hot Junclion Ea8 Ak 988
TE Cald Junelion 158 283 84
Fin Aoat "y 284 254
Fln Tip 2l 22 210
Efficlanay; W
batarjal 7.4 T8 7.B8
Couple 781 752 1783
Convertar B.50 B.48 'B.48
Sy=slem £.a7 632 B2
ATG Qutput;
Cutrent, amp 026 p26  9.26
Valtags an.2 and oo
Powear 280 e e
Speciitc Fawer, waltikg 4.77 47 e

Tne Teft and middle: fin root temperatures
are used to compute the differential thermal
expansion of the aluminum housing, which dictates
the required Belleville spring travel of 0.099".
Thiz thermal expansion difference results in a
relaxation of Lhe axial spring load,
Consequently, the Tateral G-loads that the heat
source stack. can tolerate are 40% lower on Mars
than during Jaunch,

Comparizon of the three sets of efficiencies
and RTG outputs show &imost fdentical results for
the thres cases. This is hecause, far a Fixed
design, changes in the cold-junction temperatures
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cause similar  changes 1n  the hot-Junction
temperatures; and because the temperature-
integrated thermoglectric properties of S1Ge are
not very sensitive to cold-junction temperature.
As a result, thes power output of the RTG 15 guite
inzensitive to thermal environmenkt, =o that the
RTG can produce essentially the same power during
launch and during transit to Mars &5 thst
generated on Mars in either summer or winter, We
therefore canclude that the RTG can deliver full
operating power during the water-cooled cruise to
Mars; and that the power output of the
radiatively cooled ATE 43 essentially independent
of. the Martian temperature.

EFFECT OF LIFETIME ON RTE FERFORMANCE

Table 5 fl1lustrates the change from S0M (3
years after fuel encapsulation) to EOM (7 years
after fuel encapsulation) on the output of the
radiation-cooled baseline RTC with a 3009 sink
temperature, The 1eft colusn displays the BOM
temperatures and output voltege, current, paower,
and efficiencies of the RTGE, and the right half
shows the eorresponding EOM values.

Table 5. Effect of Mission Time on

Parfermance of Baseling RTG
Migzion Tims BOM
Years After Fuel Encapsulation 1
Yaars of Full-Temparstlura TE Oparation 1 5

Thermal Fower, watta 4396 4261
Maximum Tamparalura, "C:
Fuel Ciad 1172 1152
H-%. Surface way  10Es
Cankstar 0Ea 1Ay
TE Hoi Junclion i 5] 976
TE Cold Juwnctiop 253 aam
Fin Faal 264 EH0
Fin Tia 250 HE
Effictenay, %
Material .68 r41
Coupla 1.52 T2
Convertar 6.48 613
Bystemn G.a2 6.0
RTG Output:
Current, amp 26 @52
Vollage 3o 300
Powear, watt e 256
Spacille Power, wallikg 474 437

The biggest cause of power output change

durin that period 1s the deca of the
radiotsotope Fuel, which has & half-life of
ears, As a result, the

apprnximata'lg BY
arigingl 4500-watt thermal power of the 1B-module
heat spurce drops to 4376 watts at BOM and to
AZA1 watts at EOM. As shown in Table 5, this
lowers the maximun clad temperature from 11720¢C
to 11529C, drops the maximum hot-junction
tempersture from %569 to 9780C, and reduces the
maximum temperature drop in the SiGe legs from
70300 to &Bs0C,

This temperature drop reduction Towers the
conversion efficiency, The reduced thermal power
and reduced efficiency combine ko rcause a
greater=than-proportional reduction 1n  power
autput, This would be trus even if there were no
concurrent degradation in thermoglectric



properties of the SiGe. But there iz a2 well-
characterized materfal degradation, primarily
bacause of dopant precipitation. As a result,

the system effieiency actually drops from &,32%
to &£.01% and the power output drops from 278
watts to 256 watts, as shown in the table. We
therefore conciude that the combined effect af
fuel decay and thermoelectric degradation is to
reduce the power output by ~B%.

Table 5 shows that the power output of the
baseline RTG exceeds the goal of 250 waltz EOM,
without exceeding the  1000°C hut-Eunct_iun
temperature 1imit or the 1330%C clad 1imit.

EFFECT OF RTG LENGTH ON PERFORMANCE

The masses of the two "250-wati" RTEs were
compared with those of four "123-watt" RTGs in
Tahle 3. The temperatures, efficiencies, and
outputs for the two options are compared in Table

&, both for B80M and EDM.

Table 6.  Effect of RTG Length on Perlarmance
humbaer of HS Modules por ATG 8 8
ATG Langth, inches 55,8 i
Mominal EOM Power gar ATG, walls 280 125
Mumiber of RTGES on Aover 2 4
Misglon Tems BOM  EOM BoOwm  EOM
Thanmal Powar par ATG, wali 4386 4384 Heh 7133
Fuximum Tamparslurd, "G
Fussl Clad vz 1152 1ir2 1153
H.&. furfaco 1087 1065 thEE 1067
Canigle: 1058 AT 08 1033
TE Ho1 Juncliam o8, BS Q88 G8p
TE Cola Junciion b B ] 75 ant
Fin Raot F 247 283
Fin Tip bl R ] HE 0
Efficlonoy, %
Flatariak Tag Y4 an¥  TAL
Coupha 1.52 PAF T2 Tod
Comnprier B4R 813 [N ] a2
Systam 843 am B.32. 598
Dutput of e ol ATGS:
Caurrant, smp a4 7Aa 83 183
Wodlage oo ana a2 a0z
Powes, watl 856 §12 566 S08
Mass ol et ol ATGs, Ky Ty 1Tl 12406 Y2EE
Spanifie Rowar, wallikg 474 437 448 408

The table shows that the short RTGs also
meet their design goal (125 watt EOM per ATE)

without exceeding the 1000°C  hot-junctien
tempereture limit. It shows that the system
efficiency of the short RTG 15 almost as high as

that of the long RTE.

This was not expected, because the Ffour
short RTEs have twice as many end sections and
obviously have greater heat losses from the ends
of their heat source stacks. Evidently, these
logses are compensated by their higher converter
efficiencies, as shown 1in the table. Their
higher converter efficiency is due to their lower
cold-junction temperature (2719C versus 283°C)
which results from the greater effectivenszss of
the aximl radiator. extensions in the short RTGs.
It should be noted, however, that the radiator
fin design has not yet been optimized For elther
the long or the short RTGs.

Table & shows that the specific power of the
short RTGs ts 5% Tower then thet of the long
ones. This fz primarily due to their higher mass

2699

rather than Tower system efficiency. The
difference 1in specific power between the two
options 1= small encugh to neke the short RTC
option a wiable alternative to the baszeline
design, if the sherter units are indeed sasier to
integrate with the Rover (e.g., because the
shorter RTG= are less prone to bliock the Aover's
sensars and/or antennas). But this concTusion
W11l have to be re-examined after the effect of
mutual radiator blockage of multiple RTGs is
taken into account,

An mdditional advantage of the short RTGs iz
that +f ome of the four should experience
catastrophic failure before the end of the
mission, the other three would st111 supply 75%
of the Rover's design power, permitting continued
Mars operations on a limited scale,

HULTICOUPLE RTG PERFORMAMCE

The preceding paper [1] described basfe
designs for RTGs employing standard unicouples
(UC) and standard multicouples (MC). The
multicouple RTG design shown in Figures 13 and
14, with demonstrated WC performance parameters,

was subjected to detailed thermal,
thernoelectric, and glectrical analyses,
identical to those performed for the baseline

{unicouple) RTG.

The results of those analyses for the two
RTGs are summarized in Teble 7, which compares
their temperatures, efficiencies, output powers,

and specific  powers. Both cases are  for
Table 7. Performance of Mullicouple RTG
Versus Unicouple RTG
Thermoslacirc Elamants Unlcouples Multicoupies
Mumber ef Elamants 578 126
Mumisr of H.5. Modulas 18 18
ATE Langth, inches 458 418
ATG Houslng Diameter, Inches a4 75
M=Leg Materiz! ElGe SiGe/GaP
Couple Figure of Merit, K-' 0.00058 0.00072
Mumbar of Fins 8 4
Fin Roect Thicknesa, inch 0.08a 0.100
Fin Length, inches an 6.5
Mizslon Time BOM EOM BOM EOM
Thasmal Powar per BTG, watt K 4264 07 arat
Maximum Temperaturs, *C:
Fusl Clad 172 1152 1M 1164
H.5. Surface 1oa7 1065 1085 1068
Canistar 1058 10a7 1057 1040
TE Hot Junction pot ] BT 1009 ag1
TE Cold Junction 293 284 315 308
Fin Raot 264 260 280 285
Fin Tig 220 218 184 162
Efticlency, %
Mabsrial T1.85 741 857 a.14
Coupla 752 T2 a1 760
Gonverier 548 513 T08 G54
Systam B.32 .01 B.78 G.42
RTG Ouwtput:
Current, amp 83 a8 2.0 B.3
Voltage 30.0 0.0 28,5 285
Paweas, wati 218 258 264 243
ATE Mass, kg 58.6 588 453 453
Specific Fower, waltikg 4,74 4,37 583 G.ar
iR ga-eEG



radiation cooling with & 300% heat sink. The
unicoupies emploved SiGe n- and p-legs, with &
BOM Tigure of merit {2y of 0.00058, In the case
of the multicoupies, the n-lege contain a GaP
additive, which raises the BOM 2 to O.00072.
Both cases emploved meacsured values of contack
resistances for their respective TE elements,
Beesuse of its higher Z and anticipated higher
efficiency, the multicouple RTG used 16 instead
of 18 heat source modules.

Table 7 shows very simflar temperatures Tor
the RTGs, with two exceptions. The first is that
the temperature drop From the cold junction to
the fin root 3 much higher (58°C) fin the
nulticouple-RTG than in the unicouple-RTG (259C).
This {45 due to the Fact that each multicouple
rejects much more heat than 8 unicoupTe, and that
this heat has to flow through a greater distance
to reach khe: nezrest fing, since the MC-RTG has
only four fins finztead of eight. In fact, &
separate calculation has shown that the specific
power of the MC RTG could hbe substantfally
improved by going to an sight-Fin design.

The second difference between the two RTGs
is that the root-to-tip tempersture drop in the
Fins is appreciable greater (75%C} in the MC RTG
than in the UC unit (449C). This is due to the
Fins' greater Tength, which s necessitated by
the smaller number of fins,

In spite of ‘these Jincreased temperature
drops, the MC RTG shows virtually the same system
efficiency the UC RTG. This is due to the use of
the GaP sdditive in the n-legs, which raises the
figure of merit from 0.00056 te 0,00072, and the
BOM material efficiency from 7.86% to B.57%. As
shown in Table 7, the MC ATG with 156 heat source
modules produces 5% less power than the UC RTG
with 18 heat source modules. In Fact, it falls a
Tittle below 1tz 250-watt EOM goal.

The Jazt two Tines of Table 7 compare the
masses (From Table 3) and the specific powers of
the two RTGs. As can be seen, the specific power
of the MC RTC 4= 23% higher than that of the UC
RTG. This benefit must be welighed against their
lower  technological  maturity and  higher
programmatic risk,

EFFECT OF THERMDELECTRIC MATERIAL PROPERTIES

The ‘results thus Far were all based on
demonstrated therpoelectric properties of the
GiGe unicouples and the SiGefGaP multicouples.
The present section examines the effect which
isprovements of those properties would have on
the RTG designs and on their mass and
performance. RTGz based on five different
saterial models were analyzed:

;1 The “First 45 & JPL mode]l For S5iGe, with
7B% 31 in the hotter B85% of the TE legs and
63% 51 in the cooler 15% af the. ieg. , This iz
the same material mode) wused in our baseline
design analysis, eand 13 representative of the
unicouples used in the Galileo RTGs. At BOM, it
yields a figure of merit of ©,000584 K-L over &
1000%=t0-300°C tesperature range,
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2 The -second maeterial model employed s
designatad ITM-197. The naterial's
thermoglectric properties have been confirmed by
measurements at {ndependemt laboratories, but it
has not yet been built ina? & couple, Its BOM
figure of merit 0.000768 K™,

E 1 The third material model, designated GE
Hybrid, represents the materdials uzed in the
nuiticouples built and tested to date. It was
used as the basis for our sulticouple design,
Its BOM Figure of merit (Z) 0.000762 K~1. It has
not yst been built into unicouples, Ooing so
would require development of new bonding
techniques.

4. The Fourth material model, designated SP-100,
represents the thermoelectric performance
parameters assumed for the SP-100 reactor system
reference design, It assumes a GaP-doped n-leg
(Z=0.00111) and & SiGe p-leg with an as-yet
undefined add!tlua (2=0.00069}, yielding a couple
2 of D.0008% K™+, 7This performance Jevel has not
yol heen achieved,

- The Fifth material model
"dream", Its composition
pathway are not known to the authors,
included &t JPL's reguest, to gquantify what
effect a figure of merit of 0.00140 K™+ would
have on RTEG performance, 1F such a ematerial could
be successfully developed.

is  dasignated
and development
It was

The Five RTG designs were based on the same
basie arrangement, 1§.e., the baseline design
employing 16 unicouples (of D.8" leg length) per
horizontal ring, connected Four im parallel.
However, the number of heat source modules, the
nusber of unicouples, and the cross-sectional
argas of the unicouple Tegs were varied to meet
(or come eloze to) the RTG voltage and power
goals. The voltage goal used was 30 voits after
legd losses; and the power goal was 250 w EOM ar
260 w BOM after leed losses. Each of the Five
material models employed temperature-dependent
resistivities, conductivities, and  Seebeck
ceefficfents for the p- and p-legs.

The primary emphasis in the design studiss
and analyses was to determine the relative RTG
performance for the five options, rather than
their absolute values, For this reason, and in
the interest of expediency, a number of
approximating essumptions were made:

The akial variations of the heat Flow rates,
temperatures, and couple outputs were ignored.
All couples were aszumed to operate at the sane
hot-junction tesperature (1000°C) and cold-
Junetion temperature (300YC) employed in previous
RTG tkests. In addition, the fraction of the
generated heat that Flows to the thermoelectric
couples was assumed to be BB%, based on the
results of the more detailed and exact analysis
of the baseline ATG design.

Based on the szame analysis, the effect of
the elactrode resistances and the electrical
contact = resistamnce  were  accounted for by
inereasing the matertals' resistivities by 10%;
and the effect of electrical Tead losses was
accaunted  for by  subktracting &% From  =ach
couple’s output veltage.



Finally, the number of thermoelectric rings
per heat source module had been arbitrarily Fixed
at 2.0 in the baseline design (for consistency
with the Galiles RTG), but was varied in each of
the five comparison designs so as to maximize the
conversion efficiency.

Because of these differences in analytieal
approach, the results of the material comparison
analysis are npot sn exact match to those of the
baseline ATE analysis. But the comparison
analysis 12 intermally consistent, and dts
resuits are a valid comparison of the relative
RTG performance for the five TE materials.

Comparisan of the five RIG designs showed,
not surprisingly, that Materials 2, 3, and &
{'mlued very similar results. Therefore, only
he results For Options 1, 3, ond 5 are presented
below. Table B8 coepares their performance, and
Table 9 compares their mass breakdown.

Comparison of columns 1 and 2 of Tsble B
shows that the addition of GaF in the 51Ge n-leq

Table 8. Effacl of Thermoelectric Figura al Merit
on RTG Design and BOM Performance

Malerial:
Malorial # 1 3 5
Degignation 4 JPL 78583 GE HYBRID DREAM
BOM Fiaure OF Mark, 1€ 0. 0005ES | BO00TED 0001387

ATG Dealgn:
Mursber of HS Modulss 13 15 LE]
Tharifial Power, walld 4840 SEER 2442
ATG Helght, inchaes: 4484 386 28.1
HMumbsr of Unisoupls Aings: a7 40 an
Unicouples par Ring 16 I8 18
Munyirer of Unicouples 592 a40 GE4
Number in Parakal 4 4 4
Humbas In Seeles 148 160 158
MBdTEL&gI.m" 0.359 2.338 £.33E

ATE Parfonmance (BOM):
Cument, smp #.a0 713 .08
Voiaps 0.1 b I 0.1
Paynar, walis 280 2768 278
Caouple Elflcienny; % 7.28 .08 13,48
‘System Effiplanay, % 6.03 7.53 118
Esfmated Mass, kg g1.8 508 L
Specilic Pawsar, wikg 4,55 5.43 T.E4

procuces very significant efficiency increases.
For the. same output power, these lead to
substantial reductions in fuel loading &snd RTEG
Mmass.

Comparison of Columns 2 and 3 shows that the
hypathetical and stil11 undefined “dream" materisl
wou'ld result in even greater efficiency increase,
and correspondingly much larger reductions in
fusl Tnading and RTG mass.

Multicouples employing SiG2/GaP n-lege have
already been buiit and tested for 6000 hours.
They exhibited stable performance under positive
bias, but anomalous degradation under negative
bias with respeet to the RTG housing. Thus, they
could be considered far use in RTGs in which all
milticouples were maintained under positive bias.
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Table 9. Effect of Thermoalectric Material on Mass
of Unicoupls RTG
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But if 1t were desmed too risky te fly an
multicoupte RTG until the negative-blas anomaly
is more Fully understood and resolved, Table 8
shows that the use of SiGe/Gar n-legs would still
be quite advantageous for usze in unicouple RTGS.
Such unicouples have not yet been buitt, and
would require significant new bond developments.
But the programmatic risk of doing that seems
ruas?rf'!a‘nlu and well justified by the potential
payaFF.

Az for the dream material, the payoff would
obviously be enormous. They would reguire
development of mew material Ffabrication methods,
bonding techniques, Ffabrication procedure, -and
extensive testing to demonstrate the couples'
performance, reproducibility, compatibility with
other RTG components at operating temperatures,
and long-term performance stability. In the
absence of any information about material
compasitions and development approach, the
authors are unable to aszecs the ultimate succesc
probability of such a development program, But,
pased aon their extensive experience an numerous
other RTE development programs, they are
convinced that a program to develop a flight RTG
employing this material would not come close ko
meeting ghe JPL-envisaged MRSA schedule described
in Figure 2 of Reference [1].
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