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‘1’he Galileo Retrc>propulsic)n Module (RI’M) has performc!d excellently
c]uririg Iiearly seven years, of Galileo mission operations. ‘1’he RPM
Was> provided by the Feclera) Repub]ic of (;ermany to NASA Lc) -provic]e
ciirected impulse to the [;ali]eo ~,pacecraf  t_ cluri ng al 1 phases of
t.hc! Ga] i ] eo mi ssion fo] ] owing Inert-i al [Ipper Stage (I LJS) jett. i son,,
Gal i 1 eo i s an ambi Li ous , j Ilt erriati onal j nt. c?rpl. anatary mi ssi on t.o

the p] a]iet, Jupi Ler c:orisi  st-i ng of a Jcwian atmosphere c: entry probe
and a Jupi Ler orbit, er. A VHEGA (Venus- I?arth-l;arth C;ravi Ly Assi st )
i nterpl dnetary t-raj ect. ory was ut. i li zecl Lo obtain sufficient.
orbi t.al energy to reach Jupiter . A first, i n p] anetary
expl orati on, t,he Galileo spacc!craft uti lizes a clual -spin design,
for opt 5 ma] sci ence return. l’he release c)f the probe in July,
1995 occurred c1 s PI annc!d and t hc! c)rbi ter became the fi rst
art. i f i c:ia] sate] Ii t.e of an outer p]ariet- ori IX!cemher “/, 3995. Th i s
paper clocumer”lt. s t. h c? in- flight. per forlnaIICc!  of t,he C;al i leo
prc)pu] s i on system since July, 1993, Lhe c:ut off elate for the last
c!c)nf erc!nce paper (Al AA 93- 211 ‘/ , “]ni tial C+al i l.eo Propulsion System
11-1- F] i ght. Character izati on, “ q’. J . Harber, F. A. Krug, and H. M.
Frc)i devaux ) .

~ ‘he! C~a] i 1 cm RPM is a pressure -rqulat.ed 1 iquid bipropel lant,
system, ut. i 1 i zi ng c2arth--s Lc)rable, hypergol ic: prc)pe] 1 ants. I.L is
mc)unt. ccl C)n Lhe spinning port-i on c) f the orbi ter; hence, 1“1 O

prc)pe] 1 ant management clevi ces C7re nec!ded. ~’he fuel is
mc)nomethyl hydraz i ne (MMII) and the oxi cli zer 5 s ni trogen tetroxi de
with 0.64% nit, ric oxi cle (MON- J ) . Hi gh- pressure he] i um gas i s
st. c)recl i n t,wo pressurant tanks ancl is prcwi decl as needed vi a a
pressure regul at, or t,o the f our propel 1 ant tanks, twc) ~!ach of



oxidizer and fuel . The propellant tank pressures were controlled
Wi t hin the relativ~ly narrc]w range of about 1 “/.2 - 18.5 bar, fc]r
c)pt-j mum thruster operati on, from sliort.ly after 1 aunch unti 1 the
final regulator isolation on March 14, 1996.

~’he RPM contains 12 1 O-N thrusters, 6 each on two boom-mounted
thruster clusters . These thruster-s are useci for at~i t.ude c:ont. rc,l
c) f the dual - spi n spacecraft- an c1 fc)r sma 1 I. interpl anetary
t.raj ec:t. ory correct-i on maneuvers ( l’CMs  ) and, I“lc)w c)rbi t trim
maneuvers (01’Ms) . The 1 ateral. Lhrust. ers 1,1 H and I,2B’ are used for
1 at. eral veloci Ly i ncrements in ‘1’CMS/01’MS, and the PIA and P2A
thrusters c~re used primarily for precessi on
marleuvers,  .

(balanced turn)
‘l’he I,-thruster coup] c may be u~i 1 i zecl as the back--up

P-thruster couple and vice vc!rsa. l’he PI A t.hrust, er may al so be
Usecl t o impart a Posz, (+2’, ) ve] oci t.y i ncrement. (al c)IicJ Lhe
spacec:raf t. ‘ s spin axis) . There+ clre four negative Z-t.hrust.ers, two
primary (ZIB and Z2B) and two backup (i’,l A and Z2A) . These are
used i n ‘1’CMs/QTMs for NRGZ, ( -Z) vel c]city changes . Fi na] 1 y, there
a r c! al so four spin t.hrus~ers, two primary ( SIA and S2A) ancl two
backup ( S1 B ancl S2B) . l’he S-thr-ust.  ers are usecl LC) control spin
rate t.o the! nominal 3 .1.5 rpm, ancl t. o spi n up t. O / down from
approxi ma~e].y 30. 5 rpm, the rnanclat. eci spin rate for probe rel ease
an c1 for the ma i n engi ne firings. use of the main c!ngi ne
(described be] OW) recpi res the higher spin rate to (cent.ri fugal ly)
f urni sh suf-f i c:i-ent 1 i qui d propellant to the propel lant. Lank c)utl et,
pc)rt s and to maintain spacecraft. at-t-i tude duri ng t_hese I argc~
maneuvers .

In addi ti o~i to the assortment c)f 1 O-N thrusters, there i s cjno 400-
N rocket engi ne used for large AV maneuvers . Four 400- N mai n
engine burns have been executed by the orbi ter. The Wake - Up I\urn
(WUI; ) rc:presentecl t_he first. in-flight Lest. of the 400-N engine
components and was 1 imitec] to a clurat ion of two secc~ncls . It.
C) CC: Urrcd iIi LJuly, ]995, Lhree clays bc!f. ore the f i rst pro] ongecl use
c)f t,he rimi n, engine . l’hi s Inaneuvc,  r, t.hc? Orbiter Def ] c?cti on Maneuver
(C)I)M)  , cli vertecl t_ h e c)rbi t,er frc)m a Jupi t.er - entry t.raj ectory
short. ] y following probe re] ease . T’he Jupi ter orbi L insertion
(JO1 ) s] c)wed Gal i 1 eo down sufficiently to al 1 c)w gravi t ati onal
c!apt. ure by Jupi Ler on December ‘/ , 1995. Pi na] 1 y, Lhe Peri jove
Rai se Maneuver (PJR) occurred c]ur i ng March, 1996
apc)aps i s ) , i ncreasi ng the periapsi s c~r~~i(~w$i ~~ou~~of subsequent,
~Jupi t.er, for the purposes c)f radiati c)n damage mi t-i gati. on.

L

Operati on of t.h~? Gal i 1 ec) 400-N engine brought. very cli f f erc,nt
c:hal 1 c!nges to t-he propu] si on system given the six year “in- f] ight”
wait. time bofc)re it, s first use. ~’he correct, operati c)rl
ha rclwa re

of a]l
componc!nt-s was part. i al 1 y veri f i eel, c omponent,s

include latch va]ves,
whi ch

a pneurnat  - i c engi ne va] Ve, an e] ectromagneti c
pi ] Ot, va]v<?, prc)pel]ant.  f j l~ers, oxidi ~er ~lrld fu~)] ch~c:k v:l]ves
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a~icl the pressure regulator. Fig. 1 rc:presents the flow cli agram
that was developed LCJ accomplish these checks. In c)rder t. o
mi nimize the adverse effect. of a valve failure (stuck open c)r
st, uck closed) , two in-flight tests were performed prior t.o t_he
f i rst nominal burn. Before pressuri~, at. ion of the pilot valve, the
400--N latch valves were ccmmnncled (operlec3/cl osecl) 25 times. Al 1
actuclti ons were successful Ca s i ndi cat. ed by Reed swi tches. I’he
functi on of the pilot valve i s Lc) pneumat. ical ly actuate the engi~le
valve, whi ch starts a burn. A two- second wake- up burn was
performed to verj fy the engine valve ancl pilc)t valve open/close
function and alsc) final ly corif irmccl t.hc open stat-e of the 1 atc:h
va] ves during the burn.

A major effort during the preparatj on of the 400-N burns was put
in the development of aut c)nomous> c)rl- board fau] L prot, ectic)n
rout. jnes to avoid missiori critj. cal i rnpact. s f rc)m ma] functioning
propul si on system harclware cluri ng a burn. Potent, i.a] i nterndl
hel j um 1 eaks h the pilot valve were guarded against. by moni Lorj ng
t_he he] i um tank pressures and COUI d have been rni t.iqated by firing
a pyrovalve and thus closi ng t-he open pilot valve port. ( “he] i um--
10ss” protection) . ‘1’hi s wou 1 d have requi reel subsequc!r-lt engi r~e
oper-at.i  on vi a the 1 atch valves on] y, an opc!rat i onal mode whi Ch WaS
t.cstc!cl i n German ground Lest-s. l’he “ over-pressure” al gorithm
checked the propel lant tank pressures agai nst. an upper 1 i mi~ . 1“ t
WOUI d have i sol ated the pressure regul atc)r vi a a pyrcwalve i.f a
1 eaki ng pressure regul ator WC)UI d have raisecl the tank pressures
above a +set 1 imit . A “1 ine–pressure” protecti on was imp] emented to
shut CIOWII the engi ne i n case the propel.1 ant. ] ine pressures dropped
below a specif iecl limi t., caused by plugged filtc!rs. Nomi na]
changes i n tank pressures requi red t. h e mai ntc!nance of the

Lhreshol ds, especially for the! “helium--loss” prot, ecti c)n . Ri sk

assessments, fault probabi Ii Lies and the c:ritical  i ty of a given
marreuvcr for the mission led to the clec:i si c)n that. “he] i urn--l oss”
protect. i on was to k used for al 1 three 400- N maneuvers, the
“over-pressure” protection for C)I)M and I’JR and the “ 1 i ne- pressure”
prot. ecti on only for E’JR.

‘J’he i n- f 1 i ght. charac; teri zati on of the R1’M i s nc)w ccm~p] ete, havi r]g
compl et. ed the f i nal. 400-N engine burn ancl i SC)] ated the pressure
regu] at. or . I,ess than ten percc!nt. of the usabl e propel] ant- 1 Oacl
remai ns, on-board the orbi ter; howevc!r, this s] i ght. amour it. <) f
prc)pe] 1 ant i s suf fi. ci ent (wi t-h margi n) LC) execute the nc)lnir-lal t.wo -
year, c! I even -orbi t tour of Jupi t er. The’ en t. i r e s ys, t. em has
pc!rformed well within speci f i cat ions. ~ ‘he or-l 1 y known hardware
fai lure in t-he RPM is the failure! of fc)ur of the t.we]vc! 10- N
thruster temperature sensc)rs (non- essential sensors, which, by t-he
way, were added j ust. pri or t.o 1 aunch ant] whc)se n~ount.i ng procc!dur~
was never flight. quali fied) . I,OSS c)f these sensors has rloL had a
s,ic~ni  f i cant impac:t on i n- f 1 ight c)perati  or-l at all ! s)i IICE! c;luster
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temperature measurements offer sufficient, redunclancy.

Though not indicative of a complete hardware failure, there also
has been a significant linear drift noted on some of the Gali]c?o
tank pressure transducers. in fact, the transducers with t,he
worst. drift rates are now out of specification. }Iowevc!r, thE?
appl icabi lity of the specificat.ic)n may he in question given the
age of these sensors, due to the numc?rous launch dc?lays which
cle]ayed the Galileo mission for a number of years.

Perhaps of more interest-, t_hc?rc? is evidently s Omc? hardware
degradation that caused highly restricted flow c)f helium Lhrough
t,hc! oxidizer and fuel ch~?ck valves during 400-N engine firings.
Analysis of the launch prcssurizaticml clata suggests that. the full
required ilc>w of helium through eac:h check valve (c)f up to 0.16
cJ/s , necessary for 400-N c!ngilie burns) c:ould be? easily support.ecl.
‘1’herefore, Lhe inability of t.hc! chec:k valves to provide the
requisite helium flow, especially with first. the c)xicli~.er a~id thc?n
fuel check valve being affected, suggests that. N1’0 may have, over
time, caused s orne harclware degradation in the oxidizer check
valve, a~icl possibly in t-he fuel check va]vc.

Other eviclence suggested that, the oxiclizer check valve miqht have
]o~~ its reseat pressure or even became stuck-opc!n; ilowevc!r,
unknown absolute tank pressure values (due t-c> pressure transducer
clri ft-) c:loud this determination. Mc>reover, Lherc! is gc)ocl data
pc)s~- PJR, fol lowing regulator i sc)lation, t.hat- suggest. that the
oxicli zer check valve must be c:losed. T’he uncertai nty i n the state
c)f t-he c)xi di zer chc!ck valve! 1 evi ecl a part-i CU1 ar cha] 1 ~?nge c)n i_he

f] ight team between ODM (July, 1995) and post --PJR (April , 1996) ;
namc!]y, t.o keep tank pressures ancl Lc!mperatures nearly constant. t.c)
avoi c1 any chance of c)peni ng t-he fuel c:heck valve and forci ng
oxi di zer vapor ( and any condc?nsed N’I’C)) i I“ILO the MMkI Lubi ng al”Ic] MMH
t anks .

The? prc!ssuri zati on systeni was clesigned to ho] d the tank pressures
constant during a large (i . e. , 400- N engine) propel 1 ant expu] si oli.
l’he pressure regu] at. or perf c)rmecl perfect-ly t.hrc>ughc>ut. the
manc!uvcrs. As indicated by t.hc! he] i urn an c1 propel 1 ant tank
pressures, the reconstruct.  ecl regu] at. c)r c:haract.  eri st. i c (clc)wnst. ream
pressure vs . upstream pressure ancl he] i um f 1 C)W rate) ref 1 ec:tecl t,he
prc - 1 aunch ground measurerncnt.s, wi th the caveat Lhat- t-he absc)] ute
1 eve] of the clc)wnstream  pressure i s uncle t.errni r-lab] e and may have

shi fted over time. However, rc!st, ri c;tc!d he] i urn f 1 C)W t,hrc)ugh  Ll”le
check Va] VE~S resul Led i n 1 arger than anti ci pat ed press, ure clrops i n
both the oxidizer and fuel tanks .

‘lLhe oxidizer check valve showed a flow restriction during al 1 400-
N engi ne maneuvers,, hav i ng a charac:t. eri sti c: sirni 1 ar t.c) a f i xcd



c]rifice. Although the reseat. pressure could he zero (depending on
the assumed downstream pressure, which is unkncjwn due to pressure
transducer drifts), t,he data showed an existing cracking pressure
ancl evidc?nce of a nominal checking function. From Fig. 2, which
represents t,he pressure drop across t,hc! check valve vs. the helium
flow rate on the oxidi zer side, Lhe check va 1 ve performed
repc?at.  ab] y for t-he three maneuvers. ~’he downstream pressure is
c:alculat.ed  from th~? LWCJ (out. of three) oxidizer tank pressure
transducers which show no relative cirift. t.o one another, and the
upstream -pressure is derived frcm~ a pressure regulator model based
c)l”J groul-ld  tests arlc] ili–f]ighL dat,a. in this scenario the c)xidizer
c:heck valve has 10SL its reseat. pressure!.

~’he fuel c:hec:k valve performanc~? was ciifferent in each maneuver.
Fig. 3 illustrates this remarkable change in characteristic. At

OIJM it showed the highest. so far observ~?c] cracking pressure, then
operled wider t_harl rec~uired (“cwershcmt”)  and eventually delivered
the required helium flow rate at- a riorni.nal pressure drop. At JOI
the check V:l]VE? showecl a nominal performance (regarding cracking
pressure and pressure drop at. full. helium flow) . At PJR iL was

flow resLric:ted s,imi 1 ar t.o the c)xi di zer chc?ck valve’ . IIowever, the
flow rest.rict.ion was evc!n higher than on t-he oxidizer side and the
characteristic inclicatc!s  that. t,hc! check valve was slowly opening
throughout Lhe maneuver rat-her than being a fixed orifice. l’his
caused the? fuel tank prc!ssure Lo decrease Throughout the burn and
end up 1 .5 bar lower than predic:t. ed.

‘1’hc heat transfer from the liquid propel. ].ant Components and t,he
tank walls into the ull age gas was> sigrlifi.  earl L during changes in
temperature and pressure. l’he po]ytropic; coefficients calculated
fc>r the helium Lank dep]et. iol”l as well as for the -propellant tank
b]c~w-. down phases ciemonstratc?d this. Tl_Je low helium t,ank outle t-.
temperatures (as low as -23 Oc) caused no concerns for the
prcjpe] 1 ant. cornponen~s  because nli xi ng wi Lh the ul 1 age gas, arid the
abcwe merlti OIIC?CI heat Lransf <’r sufficiently 1 imi Lc!d Lhe Cc)ol. ir-lg
of fec:t. on the gas. i n the propc?l 1 axit- tanks .

Prc)pel 1 aIIt. vapor i s r-leg] i gible i rl LYJe fuel tanks. On the oxicli zer
Si de, th~ pO]y LrOpi c: COC?~f i Cient. dUT-ing b] OW- C~OWI-l was ] Ower (11 =

3 .1 8) compared to Lhe fuel tank (r-l = 1.4 ) clue t.o the condensate on
heat of N’I’O vapor. Post burn, after the helium flow fill-up was
c:cm~pl etccl, a s] ow vapor pressure bui]. dup caused the oxi di zer talik
pressure t.o increase f urt.her ccxnpared to the fuel si cle . Vapor
pressure effects wc?re even apparent. clur i nq chanqc?s i n Lank
t emperaturcs after prc!ssure regul at. c)r isolation, whc! r e the
vapori zati orl/conclensat.i c~n heat. c) f N’I’O i ncreasc!d Lhe
heat. ing/cc)ol  i ng time constant of Lhe oxidi zer t-ank comparecl t.cj the
fuel tank .
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A Lot.al of twenty-five trajectory Correct.  icjn maneuvers (TCMS) ,
including ODM and JO1, and s)ix orbi. t trim maneuvers (OTMS) ,
i nc] udi ng PJR, have beel”l ex~?cut. ec] on the sPa~e~raf~ to date
(through mid-August, 1996) . Acce]c?rometc!rs  were not used for
clei_erli~i ni. ng thruster f i ring cutc)f f for Gali lee) 10- N 2’CMs/OTMs  .
‘1 ‘}”1  e thruster burn times were determined a pri ori via ground
software, then uplinked t.o Lhe spacecraft. In contrast, all three
primary 400-N engine? maneuvers were terminated once the prc)per AV
had bc e n obt, ai necl, using a ~;o.ca] ]ed acc:e] eromc?t.~?r cut-off
(c:c)nverse]y, the WUH burn- time was speci fiec] a priori , s,imi lar t.o
10- N ma~ieuvers ) . Thi s was necessary due Lo the high CC)SL of
unclerburns  or overburns for OI)M, JO1 , and PJR.

l’abl c 1 (two pages) represents an abbrevi ated ‘1’CM and OTM summary
wi t.h respect t-o the RPM. 1 t, must. be emphasi zed Lhat t,hi s tab] e
represents, the! TCM and 0~’M c?xecuti on errc)rs cletermi ned by
navigatic)n, which include error sources external LO the RPM. l’h c!
clesi gnat. i ons AA/z and AV1, represen~ the i nertial vel ocit-y c:hange c)f
the spacecraft. i n the axi al and lateral di rec:t-ions, respec~ively.
~’he 1 ast- I_hree columns> of ‘1’abl e 1 reprc!sent  the execution errors
i 1-

1 I O-N TCMs/0~’Ms, whi ch Cc)nsi sts of errors i n predi cti ng tank
pressures and prc>pe] 1 ant. i n] et temperatures, spac:ecraf  t, poi nt, irrg,
RI)M thruster off - nominal performance!, etc. Fc)r ODM, JO1, and PJR,
the f i na] cc)] umn ac~ual 1 y represents the acceleromc?ter cal ibrat. iorr
c!rrc)r.

From Tab] e 3, the errors in de] ivered AV to the spacecraft- n-lay be
sec!I-l t.o be wi ~hi n three percent, ( three- si gma) . RF)M rc?constructi  on
c)f ‘1’CMs/01’Ms has provi decl a brc!akclowrl of t-he error sources Cluring
al 1 maneuvers . Posz maneuvers had t-he 1 argest average
reconstructed errors i n early mis,si on ~’CMs , due to the
c)verperformance of t-he Pfl A thruster. Software database changes
have been made t.o account- fc)r t.hi s c)verperf ormance, whi ch has
i mprcwecl Lhe
i mprovemen t. i n

in adclition to
perf c)r]nance i n

accurac~y of POS7, TCMs/01’Ms , Not-e al so t.klc!
t,he acce] erometc?r cali brati OrJ between ODM and JOI .

analyzing L-thruster, Z-thruster, and +P IA Lhrust-c!r
~’CMs /(XI’MS  , the RPM mi ssi on opc?ra~i ons t.<? aIn ha S

analyzed P-t,hrust-er, Z- thrust er, and S-t, hruster performances
cluring bal anced precessi on, unba] anced precc!ssi on, and :,pi n- rate
ch :1 ?“I<;  e maneuvers, respectively. The S- t.hrust.ers  appc?ar to be
cwerperfc)rmi  Iig VS7 . ground Lest. levels by 2-4%, wliile the p -

Lhrust. ers are overpc?rforming  more si gni f i cant] y, by 6-”/% . g’his P-
t.hruster overperformanca  i s c) f lit. t.le cons ~?c~uence for t}le
prc!c:essi  c)n maneuvers, si nce they are used in a closecl loop contrc)l
mode by the Att. i tude and Arti CU1 at ion Control Subsyst. cm (AACS) .
Simi 1 ar] y, the A-branc~h Z,--thrusters  have been used for a total of
si xt. een unbalanced turns to date (mid--August., ~ 996) , with an
avc!rage cwerpcrf ormance near 2 % for Lhe coup] e. ~’he cause for the
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general trend of 1 O-N thruster c)verperformance vs. grouncl tests,
roughly between -1% and 7%, iS StilI nOt. known.

The RPM mission operations team has analyzed t-he 400-N thrust
performance duri ng the three major burns . A grc]und--basec]  software
mode 1, whi ch was al so used for the maneuver PI anni rig, takes the
t ank pressure t.e I emetry a s i nput. and calculates the thrust
profile. Because the absolute tank pressurc!s are uncertain due to
the drifting oxidizc!r trariscluc:ers, the analysis presented here is
basecl on t-he assumption thaL the oxidizer pr~!ssure is t,he average
c)f the three transducer readings. ‘1’he 400-N engine underp~rformed
by 3% vs. t-he model with little variation for the three maneuvers.
About. 2.4% can be attributed tc) lower than mocle]ed propellant flow
rates. A check with ground-test ciat. a suggested a sma] 1 correction
dc)w~iward of the simu]atecl specjfic jmpulse of about. 0.6%. By
taking these corrections i nto accc)unt for the clesign of JO] and
P~J R , t-he average thrust, was off by 0.2% (for LJO1) ancl 0.8% (for
I’~J R ) ccmpared-to the precli et-i ons. ~’he 1 arger errc>r c)ri PJR was
mai n] y due t,o the flow rc!st. ri ct. ic>n i n the fuel check valve and t,he
resu] Li ng 1 ow fuel. tank pressure.

Hesi des tracki ng t,hruster  performance, the RPM mi ssi. on operat. i ons
team j s cogni zant of the RF’M-rel ated spacecraft. consumabl  es .
rl’hese i nc] ude t-hruster and 1 at, ch valve c:ycl es, prcpel 1 ant
cc)nsulnpt i on, press urant gas, ancl prc)pe] lant remai ni ng. ‘J’he usabl e
propel 1 ant. remai ni. ng i s probably the moat crit. i cal consumab] e C) I-I
the spacecraft since it i s likely to be the 1 i fe - limi~ing resc)urc:e
fc)r the mission (al thc)ugh racli oi sotope therrnc)el ectric generator
[ R’I)G] power output decay and accumul ated radiat. i on damage from
JUpi t-~r arc: contenders as well ) . However, i t shou] c1 be not. eci t_hat
the Gal i 1 eo propel. ] ant margi n, defined as the propel 1 ant remaining
after the complet. i on of t-he nomi nal mi ssion at. a ni nety - percerit.
ccmf i dence level , has improved from -58 kg at 1 aunch LO 43 kg
( i ncl uding 13 kg of project- manager resc!rves ) . ‘l’hi s has been
accornpl i shed through C? XCC!I 1 ent. navi gat. i on, the selection of a lC)W
clel t,a-V tour, and Lhe shi f t of the Ganymc!de - 1 arri val date earl i c?r
by c)rlc? C;anymede orbi tal peri od.

‘1’abl e 2 reprc?sent. s a consumab] es summary wi t.h respect Lc) t-he RI)M
t-c) clat-e (8/22/96) . A not..eworthy change j n ~’ab] e 2 vs. t.hc!

c!quivalent- table in the! pri or Al AA conference papc!r i s the
i ~icrease  of the 10– N thruster al ) OWC!CI valve c:ycl es, from 2?3000 to
35000 cycles per thruster. ‘1’hi s was accomp] i shed with addi ti OI-Ial
expc?ri E! I-l CC! gai ned from grc)und testi ng. RPM consumabl  G usage! has,
been wi t.hi. n expectati ons, arid t-he prc)spects for positive
consumabl e margj ns remai n excel 1 c?nt. , c?ven f cjr an extended mj ssi c)n.

l’he RPM analysis team j s responsi b] e f c)r Inai.rlt,ai ni ng propel 1 ant
tank pressures wi thi n ( somewhat. narrc)w) acc:ep~abl e ranges for 1 O-N
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t:hrusLer operation. This represents a part -icu]ar challenge on
C;al ileo, since excess R1’G powc!r is aut. oncnnc)usly  di ssipat.c!cl  i n the
RI’M celiLral body to maintain RPM temperature insteacl of being
radiated direc Lly to space. IIc?nce, the tank pressure control of
the RPM is a corrlpl. ex, int_eracLive proc~?ss involving t.hc? pc>wer,
thermal control, and RPM subsystems . }Iowever, this process has
been simplified somewhat. with a re-engineeri.  ng effort. that, only
al lows a few distinct. “power modc?s” t.o be used during the orbital
tour (with no loss of science) d-ata) . ‘1’his, combined with t,he
isolation of the pressur~! regulator post- PJR March, 3993, has made
the task of propellant tank pressure and temperature prediction
much simpler. However, the tank pressures currently encountered
in the Galileo rnissic)n (particularly on t.hc! fuel sicle, with a
~ev~?r~ fuel check valve restriction in PJR, immediately prior to
regulator isolat-ic)n) are largely out-side! of well -tested regimes,
both in-flight and on t.hc! grc)uncl. Suf f icient ground-test.
experi ence and ever-accumulate ng in-flight experi ence, though ,
suggest that &pressure regulator never nec?cls t.c) brought back on-
) i ne, even by the ti me of propel 1 ant depleti on.

I n sjummary, the Gal. i 1 eo RPM has perf ormc!d vc?ry wel 1 duri rig a
c:hal 1 engi ng seven years of mi ssi on operati ons . An exterisive
character zati on of the propul sion system is now compl etc?, wi th
routine use of the RPM anti ci patecl f c)r the bal ante of the Gal i 1 eo
ncmi nal (and even possibl e ext-endec]) mi ssi on.
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TCM/C)TM SUMMARY TABLE (MANEWR EXECUTION ERRORS)
-—.- —. ______ —

TCM/OTM DATE (S) MANEUVER Avz AVL %ERR %ERR %ERR
DESCRIPTION

m/t3 m / e AVZ Avh TOTAL
——.— —————-—.——_

T’CM- 1 11/9/89- IU3MOWS LAUNCH
11/11/89 E{IAS & 1ST 15.6 1,74 +1.7 +3.5 +1.7

VliNUS TARC;EIW —-— . . ..—.——
TCM-2 12/22/89 2ND & F’lNAI, 0.16 0.72 42 .2 +2.1 +2,1

VHNLJS TARGET POS2,—

1’CM-4A 4/9/90- ]ST F;AR’I’H-1 ---- 24.7 --- -2.3 -2.3
4/12/90 TARGIW PART 1——.-——— —.- . . . . . . .

TC’M-  4J3 5 / l l / 9 0 - 1ST EARTH-1 ---- 11.3 --- -2!.4 -2.4
5/12/90 TARGFH’ E’ART 2 — ..— .. ——

1’CM- 5 7/17/90 2ND I!ARITI-1 0.”/2 0,59 +2.5 -0.2 +1.4
1’ARGYT.—. —. —... —— - .-. —— .——

TCM- 6 10/9/90 3RD EiAR1’H-l’ 0,48 0.20 +0.8 -1.6 +0.4
e TARGET ———

T’CM- 7 11/13/90 F’INAI, F:AR1’H-1 1.09 0.66 +1.2 +1.3 +1.2
~’ARGF:’11..—— . — — — —_ _ _ _ —

1’CM- 8 11/28/90 1’CM-7 CLE;AN-UP 0.02 0.05 +1.2 -0.6 -0.4
TCM Posz—————. .-

1 ““--”----

.—
TCM- 9A 12/19/90 POST F:ARTH-1 ---- 5.29 --- -0.2 -0.2

CI,E:AN-UP-. . . .—— ——_. —-.—— ——
TCM- 9B 3/20/91 GASPRA 0.20 2.27 +0.5 +0.6 +0.6

TARGET PAR1’ 1 POS7, —
1’CM- 10

.
“1/2/91 GASPRA --- 3.65 - - - - 0 . 9 - 0 . 9

TARGEW PART 2.—
1’CM- 11 10/9/91 GASPRA TARG131’ 0.09 0.34 +0.4 +0.0 +0.0

CIJE:AN-UP TCM I’osz——
l’CM-12 10/24/91 GASPRA TARGET 0.02 0.21 +0.6 +0.2 +0.2

CI)EAN-LJE’ 1’CM— — — —  _ _ _ _ _ —.- -———.———_
‘l’CM- 14 8/4/92- IST KAR1’H-2 0.41 21.0 +2.7 +1.3 +1.3

8/7/92 1’ARGHT-—————— —. .———— —
1’CM- 15 10/9/92 2NL) EARTH- 2 0.40 0.61 +0.4 +0.8 +0.6

TARGWI’

T’CM- 16 11/13/92 FINAI, EARTH-2 ---- 0.89 --- -0,5 -0.5
TARGJiT —.—. . . . -— .—— ——. -

TCM- 17 11/28/92 E?ARTH-2 TARGJiT 0.02 0.02 +0.0 +0.0 +0.0
CI,F:AN-UP TCM—.— ——. —- . ..—

TCM- 19 3/9/93 F’INAI, IDA 2.12 ---- -0.3 --- -0.3
TARGI?T —.

1’CM- 20 8/13/93 IDA TARC+RT 0.07 0.61 -0.3 +0.5 +0.4
CI,FAN-UP TCM—.——. —

TCM- ?,2 lo/4/93- FINA1, PROBE ---- 38.6 --- -0.2 -0.2
10/8/93 ENTRY TARGET—. _—. —— -. ._ —- ——.. ——— -- ._ _ _. —- —---— -.—



TCM/OTM SUMMARY TABLE (MANEWER EXECUTION ERRORS) [GQ133

—--— .—.—,

TCM/OTM DATE ( S ) MANEWER
DESCRIPTION

. ..- . . . . .—— —

‘1’CM-22A 2/15/94 F’ROEIE 1’ARGET
CIiFiAN-UP  T’C!4.——.— -_

T’CM-23 4/12/95 PROFIE TARGET’
CI,FXJ-UF’  TCM.—

T’CM-25 7/27/95 WAKE-UE’ BURN &
(OIJM)__ .(-//24 wuB)__ ORBITFX LIE~-._

T’CM-26 8/29/95 1ST & FINAI, ODM
CL,F?AN-UI’ TC’M-.-——————

I’CM-29 12/”1/95 JUPITER ORF1l’L’
__(.To]) 3NSERTION—.— . . .—— .—

01’M-  3 3 / 1 4 / % F)13RIJOVE  RAISE
(PJR) MANEUVER———. .——._—

07’M-4 5/3/96 1ST GI T’ARGE’I’
CL,FSAN-UF’ OTM-. .——

O’I’M- 5 6/12/96 2ND G1 1’ARGET
CI,F!AN-UF? OTM.——-. — .—_

0~’M- 6 6/24/96 FINAI, G] TARGE:l’
CI,E?AN-[JP OTM—

O’I’M- ‘1 6/30/96 lS’11 F’OST-GI
CL,EAN-UF’  01’M—— . ..——.—.——. —— ---— .—. — ..—. ——

OI’M - 8 8/5196 G1 TO G2
APOAPSIS OTM

— ..__—_ .—

Avz AV L
%ERR %ERR %ERR.

m/a m / s Avz AVL TOTAL
———.—— —-- — — _.—.—.- ————
0.09 0.04 -0.2 +0.0 -0.1
Posz — .-———

0.05 0.06 -0.3 +0.0 -0.1
POST, —

66.27 ---- -1.3 ---- -1.3

.———

0.86 0.44 -0.8 -0.2 -0.6
—. ..—— — . _ —. . . . — _ —

644,4 ---- +0.1 ---- +0.1
..-— —_— ..—. —

377.1 ---- -0,2 ---- -0.2

:: ~ -~

—.—
0.45 1.17 +0.3 -0.1 +0.0

— —z.. _.— —-- -.—.

0.18 0.50 -0.1 -0.1 -0.1
Posz

0.06 0.48 +1.1 -0.4 -0.2
Posz.—. ..— — — _——_— ___ .—___ .__— __________

0.58 ---- +0.3 ---- +0.3
E’C)S7,——.—. —.—.——.——— ..-.————..—

0.24 4.61 0.0 -0.5 -0.5
-. ..— .——-. . . .

.-—_____ .= .

,—..  —— ___ .—-,_ .—————.—————.. ._—..-__ _ .

AVERAGE 1O-N MANEWFIR FXECU~’10N ERROR c +0.1%
—. —.— _____ —.— .—___— ——_— ——.. ______

‘ - z

.

S~’ANDARD I)EVI”A1’I”ON = t 1.0%
--—..

Dl?MONSTRATEI)  3 SIC;MA D131,1VERY = -2.9% ~’O +3.0%
—.... --= .-—-. .._—. -. g--.,--—=-  ___



.,

RPM CONSUMABLE SUMM.?_RY AS OF 8/22/96

—.— ——. .—_=——-,  _. ~ ——_... _——. .
RPM Consumable Used Lifetime %Used—.—. . . .. —.. ——. -_ _ _ _ _

-—..——. — — — — — _ _ _ __ _ __

7,1A ~’hruster Valve (~les)——-——.. _— 2260 35000 6.46%——. ___
Z2A Thruster Valve _(gygles) 2267 35000 6.48%— —
PIA Thruster Valve (c~cles) 11433 35000 32.67%—. .— ..-
F’2A Thruster Valve (c&cles) 10517 35000 30.05%—— ———.._ _ _ _ _ _ _ . . — — _

l,lB/I,2B Thruster Valves (cycles) 15310 35000 ____~_3.-l4%_———-———–.--.——– ———.——-——
SIA Thruster Valve (c:ycles) 2034 35000 5.81%

SIB ‘1’hruster  Valve (c~cles) 255 35000 0.”/3%———— ___ ______ .—.
S2A Thruster Valve (cycles) 1867 35000 5.31%

S~~ Thruster Valve (cycles) 255 35000 0.73%. . . .. —.-— ___ ____ _

11-Rranc;h Latch Valves (cycles) 525 4000 14.88%-. — —
A- I~ranc~h  I,atch Valves (cycles) )035 4000 25.88%—.. -_ —-—————_
400-N I,atch Valvc?s (cycl. c?s) 30 4000 0.75%-— —.-— -.

Oxidizer (kg N’TO) 515.95 571.3 90.31%-—.. ——.. —-... _.
~ue~ (kg MM}I) 31.5.46— — — - 353.7 89.19%.—— .- . ..— — .- —._ __ —— .—..— _ !

Total propellant (kg~_______831.41 925. O_ __, 89.88?.
I

::--------------------------:-1::=:7=::::1:’-’=

Propellant Usage Breakdown (kg)


