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SAFETY TESTING PROGRAM FOR THZ GALILEO MISSION

RADIOISOTOPE THERMOELECTRIC GENERATOR

Theresa A. Cull

Los Alamos National Labo~at.ory

Los Alamos, hew Mexico 87545

I. INTRODUCTI”UN

Radioisotope Thermoelectric Generators

that convert the heat created by the natural

t.ope directly into usable electric power.

(RTGs) are devices

decay of a radioiso-

Because they are

rugged, light weight, and compact, and because they contain no

moving parts and do not (Iepend on the sun for power, the National

Aeronautics and Space Administration (NASA) decided to use RTGs

to power scientific instrumentation and communication devices

aboard interplanetary spacc~raft. These pawer 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 l,unar Surface experiments, the Viking Mars Lander, and

the Pioneer and Voyager probes to Jupiter and Saturn. A history

of RTGs in space is shown in Table 1.

As the SpEICC

‘1’able2 list~ the

R1’G thmt will be
.,

program evolved, uo (lid the design of the RTGs.

I!’1’Gs that have ken Ilscd in the past and the

used to powel- the NASA Galileo mission to
~

~lupit,er. l’:achl?TG is compri~ed nf twn major compnnent.s; a heat

:;ourc(.t.h[lt.providca tllcrmal cnerqy from the alpha decay O!
2W3,,L1,

anfl (a t.hcrrnoo1~!ct.r ic cc),nvcrtL=r which convcrtc the t_hcrTllill
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required to power the Galileo spacecraft .

11. DESIGN

The major desiqa requirement. for any space nuc”l[’ar pow(,t’

system is to minimize the potential for interaction of t.hr t-,\l!io-

dctive materials with Earth’s
.)

population ,111(1envil-onrnent. All

previous space power systems were launched on ex~enditblc 1,lllllL”ll

vehicles (F.L,VS), so the des iqn emph,isis for the G1’II:;W(l:: 1)11

surviving the most severe E1,V ,~ccident environments (I,lun(!h ~),1(1

explosion and solid propellant tire) and on survivirlq ac:~:i(lont

environments resulting t’rom spacecraft. failure (rcent.ry (Ind I1111(1

impdct) .

~1’illt.wt.,lvl,I’il,l(”(,llI’,1111 il. 1 1)~ll,lll]lili~l.~lmll,l:iil(,,,1 1111111111’1III

A\’I’(J::)’:;1,,111:;I)ivi::i,ill,.’(II I,{ IwI .11 ::t ., idilltlil},ll{~l,, MA Ill!!!!,’.
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tor the thermoelements and the heat source stack; axial (In({

midspan het~t sour~-e supports; 5-?2 si 1icon–qerm,~n iurn t.hermoelc(---

tric couples; and multifoil insul.~ti(>n. The thermoelc~.tri~.

L’ouples tire supported .in a cantilever fashion ~rom the Otlt(’t.

L.ti se, ;Ind the L-oLlples in turn p,~rtially support. the insulciticjn

p,]~.ket.

[11. TEs’rINc

l’rior to flight production, the GPI{S desiqn W,IS suhject~(l to

,~series of rnqineerinq experiments thi~t simulat.od the pot.rnt i,ll

environments oriqinat.inq from an F,IIVtailllre. When the d~t:ision

W(l:;Ill(l(ict.o USQ the CPt{S-RTG ior the shutt lC!-launched GilliIC’CI

mission, tb.c? tesponsc of the G1’I{S-RTG to pott?nt. iill sh~:tt I(J

(Ice.idcnt en.~ ironmcnts had t.o be anClly7,ed. NASA prov ide(l ,1

cioc:ument, L-alled ttle Shutt lC Da t.a Hook , wh ich i ncl udcd b(l:;i(.

(](~:;~-ri})tion:; o ! thr Sp(lc:c! Siluttlc, mission summl~r ics,, ,111(1

~][~::sihlt~[(Iil(lr~’ :.;(.en(ir io.s, ds b;~~kqroun~l inform,lt.ion for ttlf!

b)
:;l~l(’ty ,~nllly:;i:;01 the (;I’II!;-R’I’C. ‘l’h@ R’I’G c.ontr{ic:tnr, t11(’

(;I’ll(*l.(l1 1.:1l’c.tr icy(’omp;lny ((;1,:), wII:;reqllircxi by t.hc l)cpi~rt.mc’nt. ()1

1:111’t”(ly!II(JII:)tc) }JI-LI}~,Ir.(~,] :;(~l(~ty ,tII(~ly:;i:; r(’}~ort (::fi.!t)f01- t],,,

(;l’1l::-l{’I’(;, 1111(1II :i,ll(’ty tf’::t~)f.()(lr,lmW(I::(l(Iv(’lo~)(I(!,:;ll]q)l(’m(’llt(’(1

l)y ,]:;lll(’ty,~llllly:ji::l)ro(]rl~m, to ~)t”ovi(l(”(I,lt,]for t“tI(B::Al{. !;il)(”~,

tt). * t (~:;t l~l-()[l].,]mw,I:; Iimit{~(l t)y t im(’,In(irI’:;Oill-ue:;,ttl(’ 1111,lly:il!:

~ll”()(jl”!lnl(11)( ’olll~),l!:!: (’(1 t tl(’ 1)1’()(1(1 r(lllrj(’ [)1 ])(l!; t (11 ilt (~(1 ,1(’l”i(lf’llt

IJIIV i tollmf~llt :; t IIrlt (’0111(1 Ilot t)(’ t f’::t (’(1.

A . I PI 1’1’ I AI, ‘1’II:!; ’I’ l’1/()(:i{AM

I’tiol (II I 11(’ :;(’1,l’(llll (’11 MIy 1’)11(,1(11111(”1101 (;,II i II I(), Illlllly

II,: :(!; L41’ 11’ (“(111 (111 (’1(1(1 (Ill !llf~ (:1’11::-.1{’1’(; to .i:;:~f’:~!~ tlil~ ,Il)ility (II 11111

l;l’1 1:; 111(1! 11111,:: 10 (“ollirlill I 1111 I)lil to, ii] ill l)ol IIIIl icll ,11”(ifl~,llt

IIIIV i t (111111(11)1 ::. At 111,11 t imf’, ,] I illlli[l--lllllll’~l(’1*11111111111(.P.111W,l::

1,1 ),,, t 1111 ,:ll,l(’1lll! 111 IIll)l)lll::i(jll ~lllit ,11111 W(llll(l II,lvl’ ]1,,, ,1)

11.III;;l~,II !I,II ‘will)III(* :l),lt’1~1’l,lflill tIll’,.,1111()1,,1} [)1 ttll, !:11.11”1,

::111111 III IJtl)ill’1. A 1,11111(”11 (’xl)l,~::ioll, 1111’ 11’!1 1))’ 1111’ ‘;ll,l~”l’ ::111111 11’
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and Centaur propellants, could have expased the GPHS-RTG to high

overpressures and to a field of high-velocity space shuttle

traqments. The following accident environments wel”e derived from

the Shuttle Data Book:

Prelaunch, Launch, and Ascent Phases:

- EXplOSiOil overpressure

- Projectile and fragmerit collision

- I,and or water impact.

- Liquid propellant fire

- Solid propellant fire

- Sequential combinations of the above

Orbit and/or Flight Trajectory Phases:

- Reentry

– I,and or water impact

- Pc)stimpact environment (land or water)

Some O! the tests tl]~i: were conduct~d to determine the respon:;c

0! the Gr’tls-R’l’G to these environments wer~ (1) expl oc ic)]l

ovcr}~ressure tests, (2) traqmcnt. tests, (1) solid propellant. [ire

t~’~t.:;,,~nd (4) h.~rc CIlad impact test.s. The results 0! t.hcsc

t~’:;t,::~Irc (1isc-ur,:lecibelow. Where it. wds not. pos:;lble t.o provitlc’

(.:~ml~l(’t(~~,.(}nt,linm(’nt !~t- ~)l(ltc>l)ii~–[ll~l(!d h~iit sourc:es, ;I :sim(llt~nt
;!!n

t11P](:(1((i(’pl{’tL”’(i (J()) he(it.nour(:c w,I:-itc:;t~’ci.
;?
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7-. 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
“7

up to 1170 m/s. Capsule breaches

and fuel releases were minimal. In ~nother series of tests, the

flyer plate fragments
a

were propelled edge-en. One fragment

struck a GFHS 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

indicated tnat an

fragment would have

initiate a capsule

bllllet-type

18-g (.50

to impact a

b~:each.
9A

Ldl Iut. frngment, representing

fragment tests at Los Altimos

caliber) aluminum-alloy bu 1let.

GPHS module at about 555 m/s to

3.25-q (.30 cal’her) titanium

a titanium bolt used in the
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released a small amount of fuel. Impacts cn sand at up to ?50

m/s did not result in clad breaches.

B. EXTENDED SERIES SAFETY TEST PROGRAM

As a 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

a reevaluation of mission accidents
11

and the initiation of an

extendea series safety test program.

The replacement of the liquid-fueled Centaur resulted in

significantly less severe explosion environments at the GPHS-RTG

location. However, the traje(-tory modification resulted in a

more severe reentry attitude for the GPHS-RTG. The primary

conc~rns 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 SRI]

motor case rupture, and (2) the in~ldvertant reentry of the

spacecraft durinq the modified trajectory.

Heforc evaluating Lhe interact ion of SRL3 fragments with th~

GPHS-R’1’G, the velocity and orientation of the frdqments, uhrn

t.hcy reilch the GI’lIS-RTG location, must be known. A serie:; c1I

tests wds c:c,n(~uut.ec~ t.o ev,ll:],it~ t.hr interd(:t.ion of SK13 fr[lqrnc’nt:i
12

with c)rt)iic’r structurill umrnpc)nerlt :;. ‘1’}1(3rusul t.s shuwpd thilt

tr;~(jm~”rltvvlo(:ity (l(’(-r~rl::r[i:liqniIit-rlntIy (up t(1 4() p(’t”(:ont)

,llt(Jr })~hllrt.t-(ition o f t Ilc? c]r”l) i tc’r sc’(-t. ion(s) . ‘1’hc’ oliqinlll

I r(l~Jmerlt r.r)tllt ioll,ll r-fit (2 ,IIIIi (1 i r“(n(.t ion wf’r{’[lI:;(Jr(’(1[1[.t’(1,111(I, i11

:;[]m~~(’,l:;(l:i, CII imitll~tt’(lI)y tII(’ il~torc~(’ti(]l]:;,1111(1 rc)t(lt i(]ll:; it)

ott)c’l- (IiIc’1.tion:; w~’f-t’U:;u(iI1y illiti(ltl’tl.

A :;(,ri(~:;of I,llfl(’Il“,l(llll( ’111 tf’!it !i W,l!; (.011 (111( ”l( ’(1 IIJ (1{’t(’llllillf’

t II{’ rf):; )OI):;(*1 01 till’ (;l’1l!; -1{ ’1’(; 1[) Ill{’ lli,(jiIItli(lnl(’l)lt’llvi101111111111 .
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Four tests, conducted in the Los Alamos gas gun at velocities up

to 120 m/s, demonstrated that no fuel release resulted. A

1.4-m-square (56-in-square) SF.B fragment was propelled on a

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. In an edge-on impact at 95 m/s, only the forward fueled
13

clads were breached.

Iv . ANALYSES

Three SARS, a preliminary SAR (PSAR), an updated SAR (USAR) ,

and a final SAR (FSAR) , were issued during the development,

fabrication, and initial testing of the GPHS-RTG.
14 An

updated

FSAR was issued after completion of the extended series test

program. The SARS contain failure sequence trees (FASTS) for

each mission phase which include informati~n 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 Figure 3.

The SARS are used by the Interagency Nuclear Safety Review Pane 1

(INSRP) to make an independel~t evaluation of the risk of the

mission. The review process for each mission containing a R’I’Gis

shown in Figure 4.

v. CONC[,(lSION

Approximately ten years nf sar~ty t~stinq, itnalysis, anrt

r~~vl~.wWCK-CI involved in the saf-ety verification proqram 01 the

(;l’1[!; -1{ ’1’(; , m,lkinq it the most. cxt.~’nsive program cvc?r condu~:tctl for

ilI{’l’(;. ‘1’hct irst. lIGC’ 01 t.hc GI’IIS-1<’1’C w iI1 t)(?to })OWC”r ttl(.’

(;(lIi1L>() :;]) fl(”e(:t-,l f t., currently scheduled for a sh~ltt. 1 c 1 ilunc:h i II

()(”t ()})(.11” ]’)11.’).
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Table 1. History of RTGs In Space

?cxer
s~~r~e

SXA?-2A
SSAP-3A
SS.W-9A
SSA?-9A
SSA?-9A
SliA?-19B2
SSA?-:313
SSAP-27
;S>.?-z:

SXA?-:7
5y~p-27

SS.4?-L9

SS2-27
7ransit-

RTG
SSAP-27

SSAP-19

ssAp-19
2SA.?-L9
?GG
.?!W
yj:;

w“ “.-.-

Sponsoring Agency
and Spacecraft

Savy-Transit LA

!~avy-Transi.tLB
Savy-Tran!sic-5BS-l
Savy-iransit-5BS-2
Xavy-TransiE-5BS-3
SASA-Simbus-B-l
SASA-Sinbus-111
sAsA-Apollo 12
SASA+IO11O 13

sAsA-Apollo 1:

MSA-Apollo L3
?iASA-Pioneer10

XtiA-ApCl~O :6
Xavy-“Translt”
(TRIAWO1-lX)
?L~A-Apollo 17
SASA-Plor.eer 11

SASA-Viking 1
NASA-Viking 2
AF-LES 8
AF-LES 9
WiSA-Voya&er 2

XASA--,Oyager 1

?!ission Type

SaviBational
saVigaLiOnai

sav~gaclonai

.Savigationai
Navigational

~eteorolo~ical
Yieteorological
Lunar
Lunar

Lunar
TLunar
Planetary

Lunar

Navigational

Lunar
Planetary

Mars
Hars
~o~unicatiofis
Communications
Planetary

Planetary

Launch Date

June 29, i961

YOV. 15, 196;
.Sept . 28, 1963

Dec. 5, 1963
April 21, 1966
Flay18, 1968
April 14, 1969
XOV. lf~, 1969
April 11., i97fi

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

April 16, 1972
Sept. i, 1972

Dec. 7, 1972
April 5, 1973

Aug. 20, 1975
Sept. 9, 1975
14ar. 14, 1976
Flar. 14, 1976
Aug. 20, 1s77

Sept. 5, 1977

5ut ccme

Successfully achie.-edorbit
Successful:: achiev?d crLlt
SIlccessfully ack.ie.:cc’crblt
Successfully achieved orbit
;~issio~ abartz~: burned up on reentry

~~sslon aborted: .~eat rc;urce retrieved
~,~ccessfullv achle~’ed ~rbi~

SuCCessfuilj.’placed on lunar surface
}{ission abor~ed on wday to moon; heat

source returned ic South Pacific Ocean
Successfully placed on lunar surface
Successfully !>laced on lunar suzface
Successfully operated to Jupiter and
beyond
Successfully placed on lunar surface
Successfull:l achieved orbit

Successfully placed on lunar surface
Successfully operated to JuUiter,
Saturn, and beyond
Successfully landed on Mars
Successfully landed on Mars
Successfully achieved orbit
Successfully achieved orbit
Successfully operated to Jupiter,
Saturn, and beyond
Successfully operated to Jupiter,
Saturn, and beymd
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‘>.e SSA7-Z- S~Ec~f!: ?wer 1s calculated wlch the mass of the fuel cask included.



FWPF

A

~J
g;”Jc8p ~p,.=

9 ,/ iNSULAllON IMPACT SMELL

(ii

l’1!; :1?(,I . ‘1’11(, (;C*11(,III -1’111 IMI,.1, Ill, !lt :;,11111”(’ (~il’ll:;) .



ALuMUU OUI El
SMELL ACSEMBLV

I

GLNERA PIJWOSL
IIFAT SOURCF



,00436

-G-XCIOI!NT

.W4M

“-w
I 1.s1 x 10-s

e+’

--

0
;RAs”l

L AMMtO
..— —— .

0 m x Id

0.ss x Id

oVCIUCLE
●nFAKUP

—— .—-.

/’

D’-–Iv

l’1l!,lll, . \. “[”1111 iIh VIil !.11 11111. I .11,111,,11, ,, I I,., ! (lAI”l ) 1,,, ),1,.,,,,. I (A.,, ,.,11 111),, ,,, )



Radioisotope Thermoelectric
Review Process

Generator

m

President

w

fety Analpis

Cent ractor)

=-—.-=, ==------ -r.-=== =-- =-.-==:~ :~s.’--. --- *=4-+-“= -4---.- =--- T. .-. -=----- ----- - -- ”..- ------- ..-.:- ----


