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Deep Space Exploration
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Power Technology

Nuclear electric propulsion

* Flight times are long
— Need power systems with >15 years life

* Mass is at an absolute premium

— Need power systems with high specific

power and scalability 1 W/m?

Neptune

Uranus

Saturn

. High efficiency
. radioisotope
power sources

Jupiter

Reactor power source
(10-100 kW)
* 3 orders of magnitude reduction in solar

1373 Wim? irradiance from Earth to Pluto

Venus

* Need nuclear power sources
2200 W/m? '
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S Space Nuclear Power Sources

m Radioisotope Thermoelectric Generators
(RTGs)

o Use heat generated by radioactive decay of a
radioisotope

¢ Used on a number of deep space probe missions

¢ Over 20 years of continuous operation for Voyager 1
and 2!

e Using PbTe and SiGe thermoelectric materials based
technology

o Power output 25 to a few 100 Ws
m Nuclear Reactor Power Sources

e Use heat generated by nuclear fission
e 10 to 1000 kWe power levels

The Cassini spacecraft on its way to the ringed
planet Saturn

General Purpose Heat Source (GPHS)
Radioisotope Thermoelectric Generator (RTG)

Power
L3
Conversion {
System
(PCS) B POWER OUTPUT - 288 W(e)
B FUEL LOADING - 4400 W} 132,500 Ci
W WEIGHT - 124 &%
@ SIZE-166inx 445in
The three Radioisotope Thermoelectric Generators (RTGs) provide electrical power for
Cassini's instruments and computers. They are being provided by the U.S. Department

of Energy.
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JPL Thermoelectrics basics

I — | —
Power generation Refrigeration
Efficiency: T] = TI%:TC mZT-"% C.O.P. _[(T (Y-'_'-_((D:'IH) ;
H- +Y
H yzrC
TH
With: y =(1+ZT) 12 7 —02 o: Seebeck coefficient

pA p: electrical resistivity
A: thermal conductivity

=> Large ZT values are needed to achieve high conversion efficiency
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ZT values for SOA TE materials

1.6
Maximum operating

1.4 + Sitgg‘ :lfxtsu(rfzf;’srl()

Maximum operating

temperature for
1 .2 T Maximum operatimg PbTe alloys (800K)
temperature for Bi,Te,
p-Bi;>Sh,;Te, alloys (500K)
1.0 +
n-PbTe
0.8 1+ n-Bi,Te,Se,,
/
0.6 + —
/ p-SiGe
0.4 +
0.2 +
0.0
200 300 400 500 600 700 800 900 1000 1100 1200 1300

Temperature (K)

1400
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SOA RTG Power System
8 GPHS Modules

Item/Converter SiGe-RTG
Hot junction temperature (K) 1273
Cold junction temperature (K) 573
System efficiency (%)* 6.5
Total thermal power (BOM) (W) 2000
System thermal efficiency (%) 85
Total electrical power (BOM) (W,) 107
Number of modules 8
Total PuO, mass (kg) 5.02
Total system mass estimate (kg) 23.24
- GPHs mass (kg) 11.54
- Housing (Kg) 3.1
- Radiator fins (kg) 045
- Converter (kg) 5.65
- Other structure (kg) 2.5
Specific power estimate (W /kg) 4.6

Performance of 100 We SiGe
Thermoelectric Power System

MHW/GPHS SiGe unicouple

F0.22

©0.36
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Space Reactors

m United States

e SNAP 10-A
¢ Completed ; in orbit April 1965
¢ Used SiGe thermoelectric elements

¢ SP100 - project

Started in 1983
Assess potential and feasibility of a nuclear reactor power reactor power system
e 100 kw,
e 4000 kg
¢ 7 years operational lifetime
Technology considered : Thermionics, Brayton, Stirling, and thermoelectrics
Thermoelectric selected later on for further development based on

¢ Lifetime issues, slightly higher mass and lack of technology maturity for dynamic and thermionic
technologies

Significant technology development during SP-100 program
¢ Reactor
¢ Heat transport

¢ Heat rejection

m Former Soviet Union
¢ 35 known Soviet reactors
o All used static conversion systems
o 33 used SiGe thermoelectric elements
e 2 used thermionic conversion

Slide 8



L SNAP 10A Space Power Reactor

™ Completed ; in orbit April 1965

a Energy conversion : Thermoelectric (SiGe materials)
s  SiGe couples mounted between the hot NaK pipes and the radiator
# Reactor power: 39.9 kW
# Mass: 427kg Nk e
m Powerlevel: 500W oeren
m Specific mass : 908 kg/kW Pume
m  Av. hotjunction temperature : 786K o o p:‘;:‘"::l:fm"" -
s Av. Cold junction temperature: 561K §§ AL oL o T e € (bsonn |
a Conversion efficiency : 1.83% Eiiiencn MBI g vols
m  Overall efficiency : 1.6%
a Voltage: 29.8 Volts Tefector

Radiator = | f

//

Thermoelectric
element, SiGer

K- Rk S y Tungsten shoe '
Sy A e ‘
! e % - F Mounting bracket
e - Hot strap
’ ’ insulator
NaK Tube
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SP-100 SiGe based Design Characteristics

System Performance SP-100
Electrical Power Output (kW,) 100
Nuclear Reactor Outlet Temperature (K) 1375
Reactor Thermal Power (kW) 2500
ggver Converter Operational Temperature range 1275K to 875K
Efficiency (%)
Power System 4.0
Multicouple 4.5
Average Radiator Temperature (K) 790
Subsystem Mass (kg)
Nuclear Reactor 700
Shield 930
Instrumentation and Control for Reactor 320
Primary Heat Transport 520
Power Converter 530
Heat Rejection 960
PMAD 390
Mechanical/Structural 250
Total System Mass 4600

@ POWER CONDITIONING,
CONTROL & DISTRIBUTION

(@reacToriac

\ ,
@ REACTOR \ L
\ ol e

—

) y MECHANICALSTRUCTURAL

(@) smieLn’ HEAT
TRANSPORT

Simplified System Diagram

Subsystemz: (D messter

@ e

@) Most Travmpent

(D tonster vun. & Convnt
(®) Powsr Cumrston
@ st Nejornen

@ Possr Crsutering
@ oownsviamanerics

rOWER swuwr 1 WasTs
conomona | RADIATOR AT
F—o
TO LOADS
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m Power conversion assembly
e Made of building blocks

¢ Thermoelectric cells

o Thermoelectric converter assembly
( 6 x10 cell arrays)

o 8,640 cells required for a 100 kW, system
o 5,5m?fora 100 kW, system
o TE cells conductively coupled to hot-side and

cold side heat exchangers heated and cooled

by Li heat pipes
m Scalability

e Power levels can be adjusted

e Concepts from 8 to 200 kW, have been

configured

SP-100 Thermoelectric power conversion assembly|

Power Converter Assembly
(720 TE Cells)

TCA (6 placesl |~ [, Two 10x 6 colt arrays
* 1.5 kWe, two paralis|

Nl
Cold Side
Inlet
Manifold L
.l . '\\/
/ i ¢ h“; !
Hos Side i :.ﬂ Hot Side 154»;'"'“ N
Maniiold 3‘;‘{"?0. " Gore Headers ‘ X
L?Li‘fs:,’ 4«55 8 Couples/Cel

279 26.7 mi
.9 mm TYP
Hot Side pun T ot =
Heat Exchanger L{: = m

: "
2.03 mm - e
1.52mm e Cold HX I
Cold Side L

Heat Exchanger

SP-100 Power Converter
Components

High Voltage Insulator
8 — Compliant Pad

Thermoslectric Module

9 — Compiliant Pad
% 2. High Voltage Insulator

.,”M‘ {{
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S0 SP-100 Thermoelectric power conversion assembly

6000 T e T T T T sy O T I ey T T ey Ty
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@ - _
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i ]
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2000 |- Brayton
N .
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'H- Advanced Thermoelectrics DARPA & ONR effort at JPL

m DARPA “Advanced Thermoelectrics” and ONR “Skutterudites”

.

L g

Focus on TE materials for cooling and power generation up to 600-700°C
Identification, characterization and optimization of some new, promising materials

o Preparation, characterization, and optimization of several families of compounds

with low thermal conductivities, metal-to-semiconductor transition (collaboration
with NRL, RPI, U. Michigan)

m Advanced bulk thermoelectric materials

* 6 o o o

Zn,Sb, alloys

Skutterudites (antimonides, arsenides, phosphides)
Chevrel phases

Spinel chalcogenides and related AB,X, compounds
Layered chalcogenides
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J=L New developments

m Improvement in ZT possible !

Higher efficiency values

s 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 ZT materials
developed at JPL

¢ Skutterudites : CeFe,Sb,, and CoSb,

¢ 2Zn,Sb,

+ JPL/Caltech patents issued and pending

Higher average ZT values

Higher material conversion efficiency
3 Up to 15 % for a 300-975K temperature gradient

ZT

16

14T prn.sm

1'2 o

nMeFe.Sb.,

p-Bi2Shy,Te,

101

0.8 1

0.6 1

04T+

021

0. AT
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

Temperature (K)
0

975K T

675K =
475K o= P-B-ZngSba NNSONN

300k L PBloaSbieles} n-BisTe; g5Seq g5

Load
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Calculated thermal to electrical efficiency values

Efficiency of Segmented Thermoelectric Generator

16‘l""lr"'I""I""l""l"'r
[ ~\Joo°C Hot Side (K)
14 [50LC 975 575 -
— 875 ——475] .
12 | _——g;g—s?s h
< 10
> o
Q0
o
£ OF
T [
4
21
0'.1.1..1....|....|....|....|....'
300 350 400 450 500 550 600
Cold Side (K) 4
Using 1st generation of advanced materials p-CeFe,Sbyy n-CoSbs

developed at JPL
System efficiency depends on amount of heat

oing through TE k] pBZngstg
J 9 9 300K oL PBio.4SbyeTeaf n-BirTe; 955€q o5
II Load Il
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Segmented Thermoelectric Technology

= 1st generation segmented technology

® 2nd generation segmented technology

o  Large AT, high ZT -> high efficiency e Maximum hot-side operating

e Using a combination of state-of-the-art TE materials (Bi,Te,-based

. . . temperature ~ 900°C
materials) and new, high ZT materials developed at JPL
«  Skutterudites : CeFe,Sb,, and CoSh, e Maximum thermal to electrical conversion
e Zn,Sb, efficiency ~17%
+ JPL/Caltech patents issued and pending + Will depend on high temperature materials
e Maximum hot-side operating temperature ~ 700°C ZT in 700-900°C range

e Maximum thermal to electrical conversion efficiency ~ 15%

A
1173k~
A p-CeFey(As,P)4 n-Co(As,P);
973K T™
975K T
p-CeFe,Sbyo % n-COSb3 p-CeFe4Sb12 n-CoSb3
/ 675K 4=
7T Bz & T p-pzngShy
475K o= 4°°3 AT BiTe
300K = PBl0.aSbigTeal n-BirTe; g58eq o5 373K P0I0.4 e n-BisTe; g5Se€( o5
Load 0 Load
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- - nN N w W
o n o (¢, ] o (4, ]

Thermoelectric converter efficiency (%)

(3]

State-of-the-art vs. advanced thermoelectric technolog

[ 2nd generation segmented unicouple ; ! ! !
- rerquires TE materials developement :. | ' 25.900°C
SRS I o - e
[ el é ;.I | . | 25-700°C
- p-CeFeqShrz ;;,*f, n-CoSby E _________________________ . e
: Z é . 25-500°C
[ el 5
L 373k . PPlogaSbigles| 29592005 | . 300_100000
A R 4 N i ol S 25-250°C
[ 1st generation segmented 1 -GoFeySby oSt
""""""""" le usmg fully -5-ZngSiy

. BiTe; unicoup . 4TS} pBio 4Sby gTes | n-BizTey 950,05
- | developed new TE materials > ""“g e
- PbTealloys alloys P . I
[ » » g 2 ; l! SIGQ p ; 2 2 g 2 [} J g ¥ 2 2 2 T 2
0 0.5 1 1.5 2 2.5 3

T
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Projected performance for a 100We RPS ‘

25
B Converter efficiency (%)
W System efficiency (%)
20 1 \mspecific power (Welkkg) | T

- -
o [3)]

Performance projection for a 100We-RPS
[3,]

SiGe PbTe-MMRTG Proposed Stirling AMTEC
segmented
technology
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Comparison of
Radioisotope Power System Technologies

n-CoShy

BioTe; 95Se o5

25
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3 20
88
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2
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Segmented legs fabrication and testing

= Segmented legs fabrication

e 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 foils between the different segments of the legs

*

L 4

*

*

Selected to compensate for coefficient of thermal
expansion mismatch

Diffusion barrier
Should react chemically with both materials to be bonded
Low electrical resistance bond (<10uQcm?)

. Metallic contacts at hot-side

m Bond quality
° Electrical contact resistance measurement
e Microprobe analysis

L
L 4

Diffusion
Chemical reaction and interface layer analysis

Bl gSby sTe, -

Segmented legs fabricated
by uniaxial hot-pressing
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Electrical contact resistance measurements for p-type segmented le

25 ,
: Junction-119 (Test Tempera:ture = 600¢°)
Tc~60°C | 5 i i =
) : : h-sooc
ABiSbTe ! dGFes sC 0o, 53b1z
A : :
A ; ) ‘
N : : :
= & : :
T B— CIVR SR RN SRS SR SO
o] A i i
£ E | 5 600C.
[ \ ' *
.g . . » Series2
z u p ., A Series3
‘0 ' L™ H 1 H
I T S RS DR n EERT LTS PRSP LT T T P P SIS S
2 L s a
: fa, : :
: LI :
e,
! ®a,
: : : : ®u;
: ; : : 'a
0.5 | S S B '
0 "a, (X 6 XXX

0 0.2 04 0.6 0.8 1 1.2 14 1.6 1.8
Distance (cm)

m Low electrical contact resistance achieved (< 5 pQcm?)
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25

-
<]

Resistivity (mQ-cmz2)

0.5

Electrical contact resistance measurements for
n-type segmented leg

Junction-120 n-Type

-t
'

| BiTeSe | § § |
; ; CoSb; | i Th = 600C
a Tc.70C | ; E ;
.................. S..............._...J---..-..._.........!..----...--......-i.......----........L....-.......--......_......-.......-J...........---.._.L_...........-.....
. : E ‘
. |
. i i
___________ '} "'"';"""""'""""i""'““"""""E"'""“ & 600C @ Series2
|
?‘\‘ | , A Series3 @ Seriesd
: by : :
' a, '
.y : :
a : :
' ' \ '
' ' N ' '
.............................................. t-x‘---'-.---<---<
Y !
' Y A '
“ [
N
.
: [ N
. I ‘\‘
e, i Metal
1 ‘7“ {
LIS !
) FURT S S SRS N S S S R TS I DOU T WA S N N S S N NS R R N el I SN TR S N TS T R D S SN NN S S el | I} TR i \:"A.A“.ll.l.l‘;.lﬂ\.;'.lll " . 14
0 0.2 04 0.6 0.8 1 1.2 - 14 1.6 1.8

Distance (cm)

Low electrical contact resistance achieved (< 5 uQcm?)
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Contact resistance result for metal/CoSb/metal le

J-136 Time vs Resistivity
Test Temperature 600°C

oStat0Day m1Day
A3Days x5Days
x6 Days o 7 Days
+10 Days =12Days """
=19 Days ¢ 25Days
a 31 Days 438Days "7

x 40 Days % 45 Days

-
N

« 50 Days -55Days ~---1
=60 Days =65 Days
@70 Days w75Days ~---1

4 80 Days % 85 Days

o
()

x 90 Days e95Days -~~~

Resistivity (mQ-cmz2)

+ 102 Days =105 Days

&115Days ----4

(=4 o

o -]

1

]

i !

L]

]

1 1]

1 1]

[ 1]

1] 1

L] 1

1] 1
'

! 1

' -

: o

1 o

' 2

o . @
1
1]
1}
1
1}
1
1
1]
1]
1]
1
'
1
1
[]
L

e
[

Distance (cm)

m Demonstrated low electrical resistance contacts between metallic

ends and CoSb, for up to 4 months at operating temperatures
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S In gradient electrical contact resistance life tests on
a metal/p-Bi,Te,/CeFe, ,Co, ;Sb,,/metal segmented leg

Junction DGF-98 at 600°C ( after 2 months life tests)
1.8 . . . . . .

16 }

14 ¢

Resistance (mf-cm?)
& = e

o
o

i p-Bi;Te, CeFe; 5C004Sb,;
0 : : + ! !
0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Metal

Distance (cm)
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S In gradient electrical contact resistance life tests on
metal/Bi,Te, 3:Se, ,sCoSb,/metal segmented leg

Junction-169 (Resistivity at 600°C vs Time)

3.5 ; ;
- = E s s s = s
0 day (start) ; : . : . ;
C 28 bbbt 1 day TeTEmRTTTTTTTEEET R - e iy
2 days ' . : : . ' srate
x5 days : : : : : assistlifteg
x 10 days : ' : ' , _‘;ft+ x;l[lll:: i
256 bomoeaas ® Restart System (10 days) _____ V] I [ S T+ 1 _‘!_z_,_ fannny ’: ___________
- +12 days 1: E 5- - 5‘# ::- - :
- 15 days , ' ' sE% 233. i

=20 days
25 days

:fi: ' '
1 tl e i ] 1)
2 e #30days  eeeeAmemceee-geoee- rpi.fz.;z.;t ---;_!.__g__g.gg.ilg.gg. ...... tRRCECTEEEEE .E ............

Gs ! - *f e
£ 435 days . b ppEEiye 2d : E
z s s T LY L s s -
2 : -cfEfIoCeetd it ;gsﬁ : : :
B 1S TS T3 3.7 1 Lo 11 1 prmsonoees AR HE H
g BOSILLHITTT 1L s 5 s s
SR 11 s s e | i
) — PR L — A— — S A— R S—
o | : : : : : .
L LY ' : : I ;
222283 ; i ; : : i 5 -
05 }----- .-_u% ----------- ----------- frmmeennnnes s R A freassene Amommeneas e
CHNE R B R -
0 llll+ ; ' : . ' j | ;
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

Distance (cm)
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R, [ngradient voltage output and resistance measurement result
metal/Bi,Te, ;.Se, ,,/CoSb,/metal segmented leg

Junction 169 (System-9) Junction 169 (System-9

-90

95

-100 ¥

-105

Eoc (mV)

10 §

Model prediction

Model prediction

-115 1o

TH
= Results validate thermoelectric properties of n-type CoSb,
metal/Bi,Te, ;.Se, ,;/CoSb,/metal segmented leg
m Confirms low electrical contact resistance between
TI

segments

| > |

AVAVAVAVAVAVAVAL Slide 26
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Thermal and electrical testing - All skutterudite unicouple

250 0.9
Unicouple # np33
Model (solid lines)
a Tu= 975K 1 98
A A Tc =360K
200 ¢ R..= 12.72mQ 107
~11.5% A Rpess = 12.91 mQ
efficiency L 0.6 =
- 2
2 150 et
E 05 g
o A g
> 3
S 04 &
S 100 s
- 03 0
A
50 T 0-2
[ ]
+ 01
n
0 - 0
0 2 4 6 8 10 12 14 16 18
Current (A)

Further optimized thermal and electrical testing set-up (insulation,
temperature measurements, determination of contact resistance at interfaces)

Demonstrated ~ 11.5% efficiency on a a second unicouple for 975K-360K AT (

in agreement with model prediction)
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A Sublimation studies

—8mm —p
 Uncoated samples

« Additional weight loss and temperature stability
confirmed Sb sublimation in dynamic vacuum for T
from ~ 875 to 975K for N-CoSb,

 Decomposition into lower antimonide compounds

» Appears to be diffusion limited

* Weight loss experiments in progress for p-type

Photograph showing the decomposition of an
uncoated CoSb. sample annealed at 975K for
10 days in dynamic vacuum

Coating studies
+ Ticoated (~10um) p- and n-leg fabricated

« Experimented with Mo coating
* Mo potentially less reactive with Sb and more refractory than Ti

+ Weight loss experiments in progress

N-type Ti coated  Initiated research for alternate coating techniques
skutterudite leq

+ More compatible with batch process for unicouple leg fabrication
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.- R | Weight loss experiments

N-type Ti coated

skutterudite leg

% wt. loss vs time (700C-60C gradient/10° torr)
70
A uncoated qu with fi'éﬁc'iéw
60 | purceeeda | -
% 50 -
2 (]
%, 40 -
'q;, 30 .
52 20 .
10—
O - A T T :
0 100 200 300
time (hours)
Uncoated CoSb, Ti coated CoSb,
Weight loss 27% 2.5% -
After 10 days in dynamic
vacuum
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J. Accomplishments - Unicouple Development

e N- and p-type in gradient (975K-350K) testing of n- and p-skutterudite legs confirm model performance prediction an

voltage decrease after ~ 100 hours of testing

d show |itt|e

OCV (mV)

n and p leg opencircuit voltage vs. time (NP35)

140
120
% N
100
M H—H—H—H—H—H—H—H—H—H—X P
80 A S e B e e e L
60
e DGF182M
40 A DGC99
—¢— model
20 —»—model
O T ! I 1 !
0 20 40 60 80 100
time(hours)

120
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5mm

210 256 um

n or py

\

pe skutterudite

Thermal/mechanical modeling
(University of New Mexico)
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Skutterudite crystal structure

Segmented legs
Advanced TE materials

Materi ion f imizi
Higher ZT values aterials selection for maximizing

conversion efficiency

ZT =02 /p A

Thermoelectric technology development path

4 unicouple module

18 unicouple module

Life tests
System engineering
module efficiency

Life tests
Performance

Skutterudite/Bi, Te, segmented unicouple

Advanced segmented unicouples
Higher efficiency
& mechanical integrity
Preliminary life tests

200W STERPS
generator
System efficiency
Specific power
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Potential applications

A
= Thermal to Electric Power Generation 075K
o Integration with any heat source
« Combustors p-CeFe,Sbq n-CoSbs
« Catalytic reactors
+ Radioisotope heat source
m Waste heat recovery j;:i_: p-B-Zn4Sb3 foa
o Automobile exhaust 300K o PBi0.4Sb16T

+ Supplement or replace electrical power generator
with electrical power generated from engine waste

heat ' [Load}
+ T~ 400 to 600°C downstream of the catalytic
converter Advanced TE Segmented Unicouples

+ ~1 KW power generator
+ Cost is critical (~$100/kW)

¢ Power plants
¢ Geothermal energy

s Solid State Advantage

¢ No moving parts / |

+ No maintenance
o Long life

s Scalability

GPHS -RTG

Advanced Power Radioisotope Waste heat
Generation TE Modules Thermoelectric Generators  Automobile
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