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SAFETY TESTING PROGRAM FOR TH:Z GALILEO MISSION
RADIOISOTOPE THERMOELECTRIC GENERATOR

Theresa A. Cull
Los Alamos National Laboratory
Los Alamos, Mew Mexico 87545

I. INTRODUCT1ON

Radioisotupe Thermoelectric Generators (RTGs) are devices
that convert the heat created by the natural decay of a radioiso-
tope directly 1into wusable electric power. Because they are
rugged, light weight, and compact, and because they contain no
noving parts and do not depend on the sun for power, the National
Aeronautics and Space Administration (NASA) decided to use RTGs
to power scientific instrumentation and communication devices
aboard interplanctary spacecraft. These power units are called
upon to perform reliably for multiyear missions into deep space
where the incident sunlight is negligible.1 RTGs were used for
the Apollo Lunar Surface experiments, the Viking Mars Lander, and
the Pioncer and Voyager probes to Jupiter and Saturn. A history

of RTGs in space 1is shown in Table 1.

As the space program ecvolved, so did the design of the RIGs.
Table 2 lists the RTGs that have been used in the past and the
RTG that will be used to power the NASA Galileo mission to
.‘lupitor.2 Lach RI'G is comprised of two major components; a heat
source that  provides thermal encrqgy from the alpha decay of
2]ﬂl’u, and a thermoclnctric converter which converts the thermal
cenergy into electric power. The heat rource tor the Galileo RTG
is A& modular unit called the General-Purpose Heat Source (GPHS).
There are 18 GPHS modules in ecach GPHS-RTG.  Each module contaings
about 713144 Ci of 2'ml’u (600 g 23“!‘\10?) and generates about 250
watts ot thermal enerqy (wt). The rAtnl thermal energy ot ecach
GPHS-RTG (4410 VV‘ } results in about 28 watts  of electrical

cnergy (W ) at the beginning  of mission, Two GPHS-RTGH are



required to power the Galileo spacecraft.

11. DESIGN

The major design requirement for any space nuclear power
system is to minimize the potential for interaction ot the radio-
active materials with Earth's population arnd environment.J Al
previous space power systems were launched on expendable launch
vehicles (FiVs), so the desiqgn emphasis for the GPHS was  on
surviving the most severe FEIV accident environments (launch  pad
explosion and solid propellant fire) and on surviving accident
cenvironments resulting from spacecratt failure (reentry and land

impact) .

To protect it from the ablation, thermal shock, and thermal
response of reentry, the GPHS (Figure 1) has a Fine-Weave Picrced
Fabric* (FWPF) qgraphite composite acroshell, Within thoe
acroshell are two FWPF graphite impact shelis (GIHs) to  provide
impact protection, cach of which is insert~d in a carbon-bondoed,
carbon tiber (CHCF) sleeve tor additional  thermal insulation.
There are  two  © l“l'll()? pellets  in cach GG encapsulated  in
high-temperature iridi l;lll-(\ 1loy shoells  designed to contain the
tuel attoer accidental impact. The oxide form of  the tucel  wars
chosen to overcome incompatibilitics ancociated with carlicor  RTG
fuce] lol'm."..'I Fach  capsule containg o tritted vent that al low:s:

. . . 2R
the helium gas, that s generated during the decay ot i'u, to

(3]
)lh

cncape without releasing any of the 7 puo

The thermoelectric converter (Figure 2) s approxamately 114

em A% in) long and 42 em (Modh in) oin diameter, 1t include:n  an
outer  aluminum case,  which serves an the main support strucetare
Al ineweave iercod Fabn e U D ogqraphite compoii b, A prodhinet ot

AVCO Systems: Diviciaon, tol Lowell St Witmington, MA oo,



tor the thermoelements and the heat source stack; axial and
midspan heat source supports; 572 silicon-germanium thermoelec-
tric vcouples; and multifoil insulation. The thermoelectric
couples are supported in a cantilever fashion from the outer
case, and the couples in turn partially support the insulation

packet.

[1T1. TESTING

Prior to tlight production, the GPHS design was subjected to
A series ol engineering experiments that simulated the potential
cnvironments originating from an ELV failure. When the decision
was made to use the GPHS-RTG tor the shuttle-launched Galilco
mission, the response of the GPHS-RTG to potential shuttle
accident environments had to be analyzed. NASA provided a
document, called the Shuttle Data Book, which included basic
descriptions of  the space shuttle, mission summaries, and
possible failure scenarios, as  background information tor the
satety analysis ot the (‘.I"HS;—R’I‘(‘..L) The RTG contractor, thoe
ceneral Rlectric Compiany (GE), was required by the Department ol
'nerqy (DOE) to prepare  a satety analysis roport (CAR)Y for the
GIPHS=-RTG, and a safety  test program was developed, supplement ed
by o salety analysis program, to provide data ftor the SAR. Since
the test program was limited by time and rosources, the  analysin
program  encompassed  the  broad  range ol postulated  accident

cnvironments that could not be tented.,

M. INTTIAL TEST PROCRAM

trior to  the scheduled  May 19860 Taunch ot Galileo,  many
tensts were conducted on the GPHS-RTG to astiens the abibity ot the
GEPHG modules: to o contain the  plutocia in potential  accoidemt
cnvitonments, AU that time, o liquid-fuelaed Contaunr rocket wasn
to bee the  spacectatt propulsion unit and wonld  have  heen
transported with the pacectalt in the cargo bay ot the pace

Sttt be oabiter. A Launch explogion, tueled by the space shutt e



and Centaur propellants, could have expossed the GPHS5-RTG to high
overpressures and to a field of high-velocity space shuttle
tragments. The following accident environments were cderived from
the Shuttie Data Book:
Prelaunch, Launch, and Ascent Phases:

- Explosion overpressure

-~ Projectile and fragment collision

- lLand or water impact

- Liquid propellant ftire

- Solid propellant fire

- Sequential combinations of the above

Orbit and/or Flight Trajectory FPhases:

- Reentry

- lL.and or water impact

- Postimpact environment (land or water)
Some ot the tests tha:c were conducted to determine the responsc
ot the GPHS-RTG to these environments were (1) explosion
overpressure tests, (2) tragment tests, (3) solid propellant (ire
teuts, and (4) bare c¢lad impact tests. The results of thesc
tests are discussed below. Where it was not possible to provide
complete containment tor plutonia-fueled heat sources, a simulant

2138
tucled (depleted ”U(),,) heat source was tested.

1. Explosion Overpressure Testss

Nine explosion tests were  conducted  at Sandia National
Laboratorios - Albuquerque (Sandia), in a 22-ftt-diameter  shock
tube, to determine  the oftect of  explosive overpressure on the
l‘.l'll::—-lc'l‘(:.h At the highoest overproessure testoed, 2212 psig, the
capsuloes did not release any  fuel when exposed to the  explosive
averpressure alone.  However, the tests showed that tne graphite
i oconpletely stripped trom the capsulens at overpressures greaten
than aboat YO0 psi, leaving  the  bare capsulesn vulnerable Lo
cnboevuient collbisions  with  explosive-qgeneratod  space  shatt e

fragqments o Lo dmpact with hard Harth sartace:,



2. Fragment Tests

Several fragment tests were also conducted to simulate the
collision of explosive-generated space shuttle fragments with
GPHS components. In one test series, 3.5-mm-thick space shuttle
alloy plate fragments were explosively propelled flat-on into
bare capsules at velocities up to 1170 m/s.7 Capsule breaches
and fuel releases were minimal. In another series of tests, the
flyer plate fragments wure propelled edge—cn.8 One fragment
struck a GPHS module at 918 m/s causing a total fuel release. A
bare capsule was impacted in a separate test at 142 m/s,

releasing about 25 percent of its fuel.

A series of bullet-type fragment tests at Los Alamos
indicated tnat an 18-g (.50 caliber) aluminum-alloy bullet
fragment would have to impact a GPHS module at about 555 m/s to
initiate a capsule br.'each.9 A 3.25-g (.30 cal‘ber) titanium
Lualtoet fragment, representing a titanium bolt used in the
spacecratt mounting ring, would have to impact a bare capsule at

about 425 m/s to initiate mechanical failure ot the claddinq.lo

1. Solid Propellant Fire Tests

Because solid propellant tires are more severe than  liquid
propellant tires, a GPHS impact assembly (GIS) and a bare capsule
were coxposied in separate tests to a 1005 minute single proximity
solid propellant tire. Damage was minimal in both cases and  no

tuel was released.

4. Bauce Clad ITmpact Tests

To detormine the  response ot bare capsules to impacts oon
ditteront  surtacesn  (steel,  concrste,  qgranite,  and  sand) ot
ditterent velocities, we conducted a sories of bare clad  impacet
tests in a0 gas-gquan at Lon Alamos:, Fucloed  clad:ss that Wi o
fmpacted at S4omSn ageinst Kennedy Space Center concrete did o not

broeach.,  However, olads impacted a9 m/Zs against hardened steeld



released a small amount of fuel. Impacts cn sand at up to 250

m/s did not result in clad breaches.

B. EXTENDED SERIES SAFETY TEST PROGRAM

As a2 result of the Challenger 51-L accident in January 1986,
the launch of Galileo was postponed, the liquid-fueled Centaur
was replaced with a solid propellant inertial upper stage (IUS),
and the spacecraft trajectory was modified. The changes prompted

1

a reevaluation of mission accidents and the initiation of an

extended series safety test progranm.

The replacement of the 1liquid-fueled Centaur resulted in
significantly less severe explosion environments at the GPHS-RTG
location. However, the trajectory modification resulted in a
more severe reentry attitude for the GPHS-RTG. The primary
concerns in the extended series test program were (1) the
interaction of the GPHS~-RTG with large, heavy-walled solid rocket
booster (SRB) fragments, such as would be generated in a SRB
motor case rupture, and (2) the inadvertant reentry of the

spacecratt during the modified trajectory.

Before evaluating Zhe interaction of SRB fragments with +the
GPHS-RTG, the velocity and orientation of the fragments, when
they rcach the GPHS-RTG location, must be known. A series ol
tests was conducted to evaluate the interaction of SRB  fragments
with orbiter structural components. 12 The roesults showed that

tragment velocity decreased  significantly (up to 40 percent)

atter penetration ot the orbiter scoction(s). The oriqginal
[ragment rotational rate and direction were also reduced and, in
some cases,  coliminated by  the  interactions, and  rotations  in

other directions were usually initiated.

A sorices ot large fragment tests was conducted too determine

the response ol the GPHS=RTG to the Tacqge fragment envivonment



Four tests, conducted in the Los Alamos gas gun at velocities up
to 120 m/s, demonstrated that no fuel release resulted. A
l.4-m-square (56-in-square) SIB fragment was propelled on

rocket sled (at Sandia) flat-on into a half-length GPHS-RTG at
velocities up to 212 m/s. No fuel release resulted from the
impact. 1In an edge-on impact at 95 m/s, only the forward fueled

clads were breached.13

IV. ANALYSES

Three SARs, a preliminary SAR (PSAR), an updated SAR (USAR),
and a final J3AR (FSAR), were issued during the development,
fabrication, and initial testing of the GPHS-RTG.14 An updated
FSAR was 1issued after completion of the extended series test
program. The SARs contain failure sequence trees (FASTs) for
each mission phase which include information on the postulated
accidents for that phase, the probabilities of those accidents,
and the response of the GPHS-RTG to those accidents. The top
level FAST for phase 1, the ascent phase, is shown in Fiqure 3.
The SARs are used by the Interagency Nuclear Safety Review DPanel
(INSRP) to make an independent evaluation of the risk of the
mission. The review process for each mission containing a RTG is

shown in Figure 4.

V. CONCIUSION

Approximately ten years of safety testing, analysis, and
review were involved in the safety verification program of the
GP'HS-RTG, making it the most extonsive program ever conducted (ot
a RIG. The tirst use ot the GPHS-RTG will be to power the

Galileo spacecratt, currently scheduled for a shuttle launch in

Octoboer 1989,
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SNAP-3aA
SNAP-1A
SNAP-9A
SNAP-9A
SNAP-9A
SNAP-19B2
SNAP-13B3
SNAP-27
3NAP-27

SXAP-C7
SNAP=-27
SNAP-19

SNAP=-27
Transit-
RIG
SNAP-27
$Nab-19

SNAP-19
CNAP-19
Mifw
MHw
VW

MHEY

A v

Sponsoring Agency

and Spacecraft

Navy-Transic <A
Navy-Transit 4B

Navy-Transic-5BN-1
Navy-Transit-5BN-2
Navy-Transit-5BN-3

NASA-Nimbus-B-1
NASA-Nimbus-TI1
NASA-Apollo 12
NASA-Apollo 13

NASA-Apollo 14
NASA-Apollo 13
NASA-Pioneer 10

NASA-Apclio 16
Navy-'"'Transitc"
(TRIAD-01-1X)

NASA-Apollo 17
NASA-Pior.eer 11

NASA-Viking 1
NASA-Viking 2
AF-LES 8
AF-LES 9
NASA-Vovager 2

NASA-Loyager 1

Table 1. History of RIGs in Space

Mission Type

Navigational
Navigational
Navigational

.Navigational

Navigational
Meteorological
Meteorological
Lunar

Lunar

Lunar
Lunar
Planetary

Lunar
Navigational

Lunar
Planetary

Mars

Mars
Communications
Communications
Planetary

Planetary

Launch Date

June 29, 1961
Yov., 15, 1961
Sept. 28, 1963
Dec. 3, 1963
April 21, 1964
May 18, 1963
April 14, 1969
Nov. 14, 1969
April 11, 197G

Jan, 31, 1971
July 26, 1971
Mar. 2, 1972

April 16, 1972
Sept. z, 1972

Dec. 7, 1972
April 5, 1973

Aug. 20, 1975
Sept. 9, 1975
Mar. 14, 1976
Mar. 14, 1976
Aug. 20, 1677

Sept. 5, 1977

Outcome

Successfully
Successfully
Successfuelly
Successiully

achieved
achieved
achievec
achieved

orbir
criyit
crhit
orbit

Mission abortad: burned up on reentry
Mission abortecd:; 1eat
Successfully achieved orbit
Successfully placed on lunar surface
Mission aborted on way to moon; heat
source returned tc South Pacific Ocean
rlaced on lunar surface
vlaced on lunar sucface

Successfully
Successfully
Successfully
bevond

Successfully
Successfully

Successfully
Successfully

operated

rource retrieved

to Jupiter and

placed on lunar surface

achileved

orbit

placed on lunar surface

operated

Saturn, and beyond
Successfully landed on Mars
Successfully landed on Mars

Successfully
Successfullyv
Successfully

achleved
achieved
operated

Saturn, and beyond

Successfully

operated

Saturn, and beyond

to Juoniter,

orbit
orbit
to Jupiter,

to Jupiter,



Tasle 2. History of RTG Development

raracezars 3NAP-33 SNAP=3A SNAP-19 SNAP=-27 TRANSIT- MHW-RTG GPHS-RTG
TG

vIgsIoN TRANSIT & TRANSIT-38N PIONEER APDLL TRIAD VOVAGFR GALILEO

3ovd BOWER 2T JALE $5.3 73.4 35.5 158.0 292.0

TR RIS, W I

THERMCELECTERIC PyTe ZN'IP PhTe IN/2P PbTe 2N/ PbTe 3IN/3F PbTe 2N/3P SiGe SiGe
MATERIAL TAGS-8

=238 FUEL METAL METAL pMCY OXIDE MI- PMcP PRESSED PRESSED
il CROSFHERES OXIDE OXIDE

CONVERSION 5.2 5.1 6.2 5.0 4.2 6.6 6.6

w
o

2.3¢ 2.6 4.2 5.2

< 12§ 2.2

aSeg:n:i:g-:f-Hiss‘o:

Tl hisAan Ma®.

Zluccnia Mclivhdenu= Cermer (Cermet: a heat-resistant alloy formed by compacting and sintering a
~eza. and a ceramic substance).

“The SNAP-IT Spacifi: Power is calculated with the mass of the fuel cask included.
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