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Radioisotope Thermoelectric Generators (RTGs) for Deep Spac 

Mass 

Advantages 

Disadvantages 

Missions 

Cassini mission to Saturn 
electrical power requirements 

e 600-700 Watts for 11 years 
(1.6 billion km from the Sun) 

Radioisotope Thermoelectric 
Generators (RTGs) 

168 kg 

D Small size (1.13 m long, 043.m 

No moving parts 
Easy maneuverability 

Additional regulations 
Additional agency interfaces 

diameter 

Possible solutions 

Solar Panels 

1,337 kg (598 m2) 

m Fewer regulations and agency 
interfaces 

~ ~~ ~~~ ~~ 

m No rocket available 
Slow maneuverability 

m Higher risk of failure 

http://silver.neep.wisc.edu/-neep602/SPRlNGOO/lecture6.pdf 
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Radioisotope Thermoelectric Generators (RTGs) for Deep Space 
Missions (continued) 
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General Purpose Neat Source RTG 

1 MHW/GPHS SiGe unicouple 

Genera1 Purpose Heat Source (GPHS) 
Radioisotope Thermoelectric Generator IRTG) 

http://silver.neep.wisc.edu/-neep602/SPRlNGOO/lecture6.pdf 

'THIEnUaEÎ ECtRIC 
CONVERTERS General Purpose Heat Source Module 

e POWER OUTPUT - 285 w(e) 
GPHS-RTG Performance Data a FUELUIADING-MOO W(I1; 132.5ooCl 

a WEIGHT - 124 bs 
SUE-lS.6inx44.5m 

Power output-We The i h w  Rudioisotopc Thcnawlectric Genetrtora (RTCs) provide electrical power for 
Ca\\ini'\ inwtiments and computers. They are being provided by the U.S. Uqxlnmcnt 
crf Energy. 

Operational life - hrs 

Weight-kg 

Output voltage 

Dimensions 

Hot junction temperature-K 

Cold junction temperature-K 

Fuel 

Thermoelectric material 

Numbers of unicouples 

Mass of Pu-238-g 

$?I en begin!&g o I 
of life 

40,000 after launch 

55.5 

28 

@.&,dkgmeter 

1270 

566 

PUO, 

SiGe 

572 

7,561 

http://silver.neep.wisc.edu/-neep602/SPRlNGOO/lecture6.pdf
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New bulk materials a 

Improvement in ZT possible ! 
Higher efficiency values 

Segmented unicouples 
Large AT, high ZT -> high efficiency 

Using a combination of state-of-the-art TE 

materials (Bi,Te,-based materials) and new, high Zy." 

materials developed at JPL 0.0 " ' - " . . " " ' : ' ' ~ : ' ' " ' ' " ' ' " ' ' : " ' : * ' ~  : ' "  

Skutterudites : CeFe,Sb,, and CoSb, 

+ Zn,Sb, 

Higher average ZT values 

Higher material conversion efficiency 

+ Up to 15 % for a 300-975K temperature gradient 

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 
Temperature (K) 

675K 
475K 

P 300K 

I I 

iSe0.05 
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State-of-the-art vs. advanced thermoelectric technology 

2nd generation segmented tinicoude : 
35 

30 - 
W 

>, 
0 
C 

0 

a 

2 25 - 
E 

20 - 

15 - 

10 - 

5 :.. . 
- PbTe 

rerquires TE materials developement' 

1173N 

973K 

675K 
475K 
373K 

25-900°C 

25-700°C 

25-50O" C 

300-1 000°C 
.. .. 

25250°C 
.. 

... 

1 st generation segmented 

unicouple using fully 
developed new TE materials 

975K 

675n 
47% 

3OOK 

0 0.5 1 1.5 
ZT 

2 2.5 3 
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Projected Advanced RPS performance vs SOA 
itemlConverter SOA Advanced 

SiGe- Segmented RPS 
RTG 

Hot junction temperature (K) 1273 973 
Cold junction temperature (K) 573 373 
Converter efficiency (%) 7.2 12.5 
System efficiency (%)* 6.5 11.18 
Total thermal power (BOM) (Wth) 2000 1250 
System thermal efficiency (%) 85 85 

107 118.8 Total electrical power (BOM) (We) 
Number of GPHS 8 5 
Total PuOp mass (kg) 5.02 3.1 38 
Total system mass estimate (kg) 23.24 16.3 
- GPHS mass (kg) 11.54 7.215 
- Housing (Kg) 3.1 1.90 

- Converter (kg) 5.65 3.9 

Specific power estimate (WJkg) 4.6 7.3 

- Radiator fins (kg) 0.45 1.7 

- Other structure (kg) 2.5 1.6 

* 90% of converter efficiency 
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Segmented Technology Development Challenges 

1 Heat Source ! 

I 
Solder 
ioint 

I 1 I Heat Sink I 

TE materials processing and segmented 

leg fabrication 

Low electrical contact resistance between 

segments and between segments and 

cold- and hot-shoes 

Unicouple mechanical integrity 

Demonstrate unicouple performance 

.Testing and modeling 

Demonstrate TE materials stability 

Sublimation control 

Stable thermoelectric properties 

Lifetime 
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Unicouples legs fabrication 

Unixaxial hot-pressing of powdered materials 
stacked on the top of each other 

Temperature optimized + density close to 
theoretical value 
In graphite dies and argon atmosphere 

With metallic diffusion barriers Metallic 
contacts at hot- and cold-side between the 
different segments of the legs 

b 

0 Selected to compensate for coefficient of thermal 
expansion mismatch 
Diffusion barrier 

Should react chemically with both materials to be 
bonded 
Low electrical resistance bond (<10@2cm2) to 
achieve negligible impact on overall unicouple 
performance 

e 

0 
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Segmented legs characterization 

w Bond quality 
~r Electrical contact resistance measurement 
e Microprobe analysis 

+ Diffusion 
+ Chemical reaction and interface layer analysis 

Electrical con tact resistance measurements set-u p 

Slide 14 
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Hec trical con tact resistance measurements for 
p-type segmented leg 

Contact resistance measurements shows no degradation of contact after 716 hours 
of testing in dynamic vacuum 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 

Distance (cm) 
L Slide 16 
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I=D Analytical Model of Segmented Thermoelectric Unicouples 

One-dimensional analytical model of STEs, 
with up to 5 segments per leg, is coupled to 
a genetic a/ orrthm for maximizing either 

Input: 
the electrica 9[ power of efficiency 

+ TE materials properties 
+ Total length and composition of n- and p-legs 
+ Cross sectional area of the p-leg (or the n- 

+ Hot and cold shoe temperatures 
+ Total contact resistance per leg 

+ Number of needed segments in n- and p-legs 
+ Interface temperatures between various 

segments 
+ Lengths of various segments in n- and p-legs 
+ Cross sectional area of n-leg (or p-leg) 
+ Electrical power and conversion efficiency 

curves 
+ Operation I-V characteristics 

leg) 

output 

Heat Source I 

: rc 

I 
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Unicouples testing 

In gradient-testing under vacuum or argon atmosphere 
Generate experimental i 4  curve and compare to model prediction 

Unicouple test set-up 
Slide 19 



Thermal and electrical testing - Segmented unicouple 

260 
240 
220 
200 

n 180 
160 
140 

5 100 ' 80 
60 
40 
20 

F 120 * 

0 2 4 6 8 10 12 14 16 18 20 22 24 
Current (A) 

1.6 

1.4 

z W 

' s  e 
c, 

0.8 

0.6 5 
0.4 

0.2 

0 

L 

0 

975K - 

550K 

375K 

I I Heatsource I 

Achieved 12.5% efficiency for 975K-300K AT 
4 

e Consistent with model prediction 
With p-segmented leg and n-skutterudite leg 

Should achieve -14% efficiency for 975K-375K AT with both p- and 
n-legs segmented 

I Heat Sink I 
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Sublimation control experiments 

Uncoated samples 

Sb sublimation in dynamic vacuum 

for T from - 875 to 975K 

Decomposition into lower antimonide compounds 

Photograph showing the decomposition of a 
CoSb, - sample annealed at 875K for 3 months 

Sb sublimation control studies 

Use of cover gas significant1y;ty suppresses Sb sublimation 

- I O  pm metallic film applied during hot-pressing 

Performed in gradient Ti film-coated leg life tests 

ThermaVmechanical modeling performed to evaluate impact 

on unicouple performance 
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Ti coating of CoSb, 

Photograph of CoSb, sample annealed at 975K for 5 days 
- 
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Coate 

9 

Id n-type tested in-gradient for 20 days 

7 5 2  

Coating stops 

cost3 

cosp  

CoSb 

No apparent degradation after 

Metal junction still intact 

Significant improvement over 

20 days 

uncoated 
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Weight loss experiments 

10 

o/o wt. loss vs time (7OOC-60C gradient/10-6 torr) 
70 i I 

A 

A 

1 )&tedleu with Ti ends1  

Uncoated CoSb, 

-~ - 

I 27y0 Weight loss 
After 10 days in dynamic 
vacuum 

60 t-1 w uncoated disk 
A coated 

Ti coated CoSb, 

2.5% 

" A  tn 50 
w 

w i 

A O C  A I I 

0 100 200 
time (hours) 

300 N-type Ti coated 
skutterudite leg 
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5 mm 

n or p 

Thermallmechanical modeling 
(University of New Mexico) 

0.40 

0.35 I------ 

0.20 ~ - - - - - - ~  

0.10 15 mm 
e skutterudite 

Omo5 ,k Total contact resistance per leg = 146 pQ-cm2 - - - -  

0 1 2 3 4 5 6 7 8 9 10 11 12 

Conversion Efficiencv, n (%I 
a' I \  I 

Pe eta uni8 - 1D.epg - -  
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Potential applications 
? 

a Thermal to Electric Power Generation 
e Integration with any heat source 

+ Combustors 
+ Catalytic reactors 

Radioisotope heat source 

Waste heat recovery 
Q Automobile exhaust 

+ Supplement or replace electrical power generator with 

+ T - 400 to 600°C downstream of the catalytic converter 
+ -1 kW power generator 
+ Cost is critical (-$lOO/kw) 

electrical power generated from engine waste heat 

o Power plants 
Q Geothermal energy 

a Solid State Advantage 
0 No moving parts 
o No maintenance 

Long life 

a Scalability 

675K 
300K 9751 475K 

I 

Advanced TE Segmented Unicouples 

Advanced Power Radioisotope Waste heat 
Generation TE Modules Thermoelectric Generators Automobile 
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Conclusions 

Snutterudite-based segmented thermoelectric technology under development 
applications 

or space 

o Has the potential to double the efficiency and specific power of current SiGe-based RTGs 
Further improvement in bulk thermoelectric materials a real possibility (skutterudite) 
Future development work to focus on lifetime to ensure >I4  years operation e 

Thin-films materials development 
Recent claims on Bi,Te, nano-structured thin-films superlattices (RTI), SiGe/Ge quantum 
wells (Hi-Z) and PbTe quantum dot superlattice have the potential to revolutionize 
Needs further understanding of underlying phenomena 
Engineering and manufacturability issues may be a barrier to device implementation 
(parasitic losses) 
May be an option in the future but bulk materials seem more promising in the near future 

a 

0 

e 
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