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Power source requirements for worldwide military applica-.
tions include a need for low level power (milliwatts average
power) under conditions of unattended, exténded periods of
time, The energy content needed in such -applications and

the requirement for continuous, troublefree operation led to

the investigation of thé military potential of radivisotope
thermoelectric power sources, with specific interest in a
hybrid configuration using i sealed nickel-cadmium battery.

By using the nuclear particle emission energy of radio- .

active decay, nuclear battery devices have the highest stored
energy density of any other power source. However, the
power output is low being related to the emission half.life
of the isotope.! Attainment of inherently good device pawer
regu'ation requires a relatively long life isutope. Plutonium.
238 (Pu-238), an B6-year half-life aipha (short range)
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INTRODUCTION +25°C meient temperature environment, features a cylin-

drical configuration (Figure 1) with the following physical
characteristics —~diameter 2.2 cm, length7 cm, and weight
133 grams. It can be handled readily from both thermal

and radiation standpoines; having 3 maximum external .

temperature of 46°C in a 25" C ambient and a surface dose
tate of 100 mrem/h. - I

The ‘energy source (1.8 thermal watts) of the RTG is a
3.18 gram Pu-238 in the chemical form of . utonium
dioxide (Pu0),). The specific sintered, dense pellet employed
in this unit has been enriched in the isotope oxygen-16
reducing the ( a, n) reactions taking place and thereby giving

E emiteer, has becume available in practical quantities. It offers
a very low emission hezard and, when properly encapsulated
8 in a sintered oxide fuel form, it provides an aimost ideal
isotopic heat source which is safe to use under all anticipated
o} extemes of huat and shock. :

F ol wed RADIOISOTOPE THERMOELECTRIC GENERATOR
s Description

r A Pu.238 fueled thermoelectric generator, incorporating

g the state-of-the.art technology of pacemaker power sources,

was developed for this investigation by Nuclear Battery
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Cutporation (Contract DAAB07-75-M-4080). This unit, A

which delivers a constant 33 m\W(e) output in a nominal Figure 1. RTG lnside the See-Through Cabinet.
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- tained in 2 small can fabricated from Hastelloy C- 276, 0 high

a lower radiation dose level. The PuO: pelict is first con-

strength saperallor possessing o melting point of 1300°C.
This container, which has a head thicknesy twice that of the

* evlindrical wall to cquilibeate stremes from the kraduat

-type thermopile. The. thermispile module consists of a 14 by -

helium buildup attendant with alpha particle decay, is subse- -

quently placed in another superalloy can. 1t is fele that the
use of PuO: andd its double encapsulution provide an energy
souece for the RTG which is afe against all- credible inci-
dents. Should inadyertent fire or burial occur involving the
RTG. there would be no hazardous release of plutonium.
Further, the source hus the capability.of withstanding termi.
nal velocity impact or the shock from high-powered bullets.
The energy converter for the RTG is a bismuth telluride

14-areay of thermaelectric elements (98 thermocouples).
cach measuring SOR microns by S84 microns by 1.27 em in
length. The N and P thermoelement electrical connections
consist of small metallic strips firmly attached aceass electric
cal insulators which physically separate the clements. Ano.

dized aluminum plates are attached to hoth the hot and cold .

sides of the thermopile. The plates allow for attaching the
eacrgy souece to the thermopile and for artaching the thermo.
pile to the casing. Bismuth telluride has been demonstrated
to operate reliably and in a stable manner for very long
perineds of time at temperatures as high as +240°C
{ 401" ¥, Within this specific unit, the maximum tempera.

ture operation of this semiconductor material is around

+182°C (+360°F) in a 25°C ambient temperature cn-
vironment. Operating at this level of temperature is favorahle
for extremely long life for the RTG.

Characterization

Prior to the RTG hybrid cunf’ iguration mvcmganon. the
RTG was subjected to extensive performance characterization
in accordance with the method for handling radioactive
sources. Digital instrumentation, which measured the back-
ground radiation level, was continuously nonitored and m[n-

tests were perfmmcd every three months during the entire |

duration of this investigation. The RTG was locked up in a

see-through cabinet, Figure 1. with feed throughs to allow
access to power Jeads and temperature sensors. Three iron-
constantan thermocouples weré: atmached to the' RTG tanta-
lum case to monitor the surface temperature. Conf gurammnl
and material considerations suggested not to exceed 80"
(+175°F) RTG surface temperature during long opera-
tional periods. Characterization of the thermal and clectrical
propertics of the- RTG. has heen olxained over an ambient
temperature range from | ~43°C (=45"F) (with RTG
maximum power patput of 73 mW) to +40°C (+121°F)
{with RTG maximum power autput of 16 mW). At this time
of the mvesngunon. the RTG characterization was limited
to -49°C ambient temperature, with case temperature of
appmnmatdy +7R°C (4 172°F). Figure 2 presents a map-
ping of the steady state electrical characteristics of the unit
obtaned in a aominal 4 23°C ambient temperature environ-
ment. Under these conditions the unit produces 32 mA when
short circuited and 6.95 volts when open circuited. The
maximum power point is 55 mW and is obtained at 3.5 volts
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Figure 2. RTG V.1/Power Characteristws.

" and 15.7 mA which corresponds to a kmd :mpedamc of

220 ohms.

HYBRID CONFIGURATION INVESTIGATION

Sealed quick-charge nickel-cadmium cells. (G.E.. 1.2
volts, 130 mAh)} were selected for the hybrid configueation
investigation.

A block diagram of the experimental apparatus is shown,

in Figure 3. Two series connected nickel-cximivm cells were
paralleled to the RTG to utilize the RTG ar approximately
2.8 volts, 52 mW output, in a 25°C ambient temperature
environment. For clarification purposes, two cells connected
in series will represeat the battery in the hybrid configura-
tion. Superimposed to. i constant 280 ohm resistive {oad.
Re. a second load of appeoximately 3-4 obms, R, was

intermittently connected every: twenty minutes for a duration .

of sixteen seconds. The constant load power drain ranged
between 22 and 35 mW, depending on the output voltage of
the RTG which ranged from 2.5 volts at +49°C to 3.1 volts
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at —43°C ambient temperature. The intermittently con-
nected load druined between 1.3 and | 8 watts ut un clectri-
cal current rate in the $90.750 mA range. During the 20-
minute perind the RTG supplies power to bath foad and bat-
tery. During the high drain 16-second period, the hattery
peovides the additional power required by the Inad.

The RTG.battery voltage (V), the current drained by the
load f}y ), snd the current supplied by the RTG (IR} were

contunudusly monitored and recorded, allowing the 'com'?uu- :
and ‘of the

tion of the power Py abiorbed by the loads

powet P supplied by-the RTG during the combined 20-
minute-pluitl Gsskeond cycle. The coulombs Ci received by
the battery duling thé 2(-minute period, and the cotilombs
C: delivered By 1hie'Batrery duning the 16.secund period were
alyo computed from the following equations:

P. [mo x !lu] + ["6 V: X 'L:]

1218

PRH ‘[\700 X \/‘ llR‘] + ["‘6 % V2 X le]
1216

Ciu Llﬁ,-"[_', x 1200

1

C:- ;'Lzl- iR, X116

o

The subscripts | and 2 refer to the 20.minute period and to
the 16-second period, respectively. ‘

- At -every ambient temperature investigated, performance
evaluation of the hybeid configuration was hased on a three-
-week continuous operatior. test. Prior to each test o dischasje
curve of the two series wunne-ted cells was obtained. At the
end. of the three-week tesung period, with the recurded
voltage and current characteristics still presenting the same
initiel values, » second battery discharge curve wus obrained
for comparative purposes. ‘

Minot varistions in the recorded values of the voltage |
and cutrent delivered >y the buteety during the high drain

period were experienced us a function of che ambient testing
temperature. However, fur each test performed at ambient
temperatures ranging from +49°C (4-121°F) down .
~2B°C (~20"F), the results showed a continuous holdiag
of the hybrid-configuration performsnce at the end of every
three-week testing period; this indicated u atewdy state
condition of the battery charge state.

A reduction of the current delivered by the battery during
the 16-wcond high drain period was experienced during the
test ot = 34°C (=30°F) ambient temperature. After only u
few huours of operation st this temperature, the high drain

current recordiag presented a drastic change from the ocigic

nal 740 mA velue down to the 300-3%0 m.\ value. By in-
creasing the resistive lond value or by reducing the high drain
peciod duration, attempts were maue to maintain the opera-
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tional capahility of the hybeid configuration st — 44" ¢
ambient temperatore. However, only a few days of contin-
vous opezation couk! be achieved. The reduced charge acep.
tence of the nickel-cadmivm oattery ut this low ambient
temperature dicd not allow sufficient recharge duriag the 0
minute perind. Therefore, it was realized that to extend the
investigation to environmental temperatuses brlow — 28°C,
wme mean would be needed to. maintain the awkel-
cadmium battery at a-temperatute dhiwe the umbient vulue.
A thermual shunt was then conceived ta recover waxe heut
from-the RTG and divert it io the battery. An alumioum
support, in-a 9 cm diamewe cylindrical configuration and
provided with appropriate longitudinal cavities to kndge the

e Tierep e = sy A

RTG and the battery (Pigute 4), was then fabricated and -

utilized for the completion of this investigation. This thermal
shunt, which maintains the battery case at 4 temperature ap-
prusimately 18°C (33°F) higher than the umbient tempera.
ture, permitted successful performunce of the hybrid config-
aration dowp to —43°C (~45°F) ambient remperature.
The results are summarized in Table 1. 1n veder w sustain
the combined power deain in the temperature range investi-
gated, the RTG must have n power cupabilite 8-20%
(Columa 4} higher than the averuge power takes by the two
loud-.
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The utiliration of the thermal shunt hes also resulted in

more effective RTC waste heat sinking. This has permiteed

the testing of the hybrid configusution and the RT'G per.
formance characteriaation at environmental emperatuces in
excess of +4Y°C (- 120°F). At +62°C ({13°F
ambient temperature, the RTG avrface emperature, TR
was measured to be at +7%°C (+167°F), 3°C lower thun
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the recommended operativnul temperature hmit. The im-
peoved cooling of the RTG alw resulied in impened
tuermopile eleciricul output pecformues. Three RTG oue
put power churacteristics uhtained with the thermal shum
are presented In Figure 8, us a tuncton of the ambiewt
temperature, TA. Foe comparison purposes, an RTG power
characteristic obtained without the thermal shunt, ut an
ambient temperature of +49°C (4 121°F), & alow pre-
sented in Figure 3.

CONCLUSTONS .
The RTG performance in u hybeid configuration using a
sealed pickel-cmlmium battery was sucvesstully characterized

A SN by uqﬁ;

EETICTRT T
it &

' : & NI
0} ‘// \k “ "‘m;_’w‘ X
{/‘ AN

“ . a2t
Tl = 008

....t..-..-.. Lo e ,:. “ t... .....-.J

i w1
Fgure % RTG Vohage: Power Charnctetstin

in u wide range ot ambient wmperntures. The resules ub.
tuined demonsteatend thae the RTG hybewd cantigueation i
feasible fiw powering a pulsed Joad with a 791 duty eypele.
ln conjunction with other inhevent charasteristion of long
life, trouble-tree opestion, this cupalubity makes the K16
hebrid power source n cundudute 5 satisty requitements thae
demund unartended estende.d peeuds of uperation.

The thermal shunt utilizstion should be further explored
to optimiter siee and performanie. Durag ths investigation,
ity bewsibility to establish the practical possibility of such un
uppraach was demonstrated and has unguestionably widivated
the advantapes obtuiinable by recoverimg and ‘wtikising the
RVG rejected heat. - T
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