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MODULAR THRUST SUBSYSTEM APPROACHES TO SOLAR ELEc_rrmc PROPULSION MODULE DESIGN

dames B, Cake, G, Richard Sharp, Jon C, Oglobay, Francis J, Shuker, and Ralph J, &:wcsky
National Aeronantles and Space Administration
~Lewis Resenrch Conter
Clevelund, Ohio . 44135 :

Abstract

. 'Fhree approaches nre presenied for packnmng‘ the

: elemenls of 1'30.cm {on thrustor sulisystem Into g modu-

Iar thrust subsystem, The individual modules, when
[ntegrated {nto a-gonceptual solar electilc propulsion
madule are applieable to o multimission set of inter-

+

" planetary flights with the Space Shuitle/nterim Upper

_Stuge as the lnunch vehicle.. The amphasls is on the

structural and tl:emml lntegra»ion of the cnmponents irfo .

the modulrar thrust subsystems. Thermnl control for.tie
power processing units is eliher by direct radiation
"throug, | ‘nuvers In combinution with heat pipes or an all

" heat plpe systam,- “The prupell'mt storage and feed sys-

tem and thruster gimbal system curcepts are presented.
The three approaches tre compared on the basis of miiss,
cost, testing, lnl.er[aces, smelchty wliah[lity, and

Infroduction -

During the Advinced S;_}stums Technology program -
conducted by NASA up to 1974, spucecrifl system design
studies werc undertaken(d ) which n part focused on

- - the 'i'nf.e'grn_tiun of i soln_ﬁ:_'nlqctric-prqp‘u'lsldt'i._(SEl".)' By 8=

tem into Inf.erf:lﬂnetary épncecrnﬂ;.' The spaoecraft de~ .

' sipn philosophy adopled by the Jet Propulsion Lahort 1tory'

was to physieally separate and house the SEP systems {n

a’SET ‘module and thic spiicecrail engmecx_mg_'mcl support §

systeins In a mission module, (f The clemehts of the -

: : thrust subsystem (30 cm jon thrusters,. thruster gimbal . -
© systeni, power progessing units, and propéllant storage

and r.hsh:ihuucn) ware indlvndually inlcp;mted into a SEP
nicdule,’ :

A contmumg lask at the Lowis’ Resmn:ch Center his
been to define the cr[tic,ul f,eclm_ologyelements of the.
thrust subsystem iniérfnces and evalvate their solution,
As part of this task, studics of various appronches to

: _-ipackngmg the: Blement& oE the t.ln.usl: subsystem and: mLc- S
_ grating them inlo 2 SEP module have boen performud -
" ’In addition to deliningthe inler[ace for Lhe Hirist sub—

sysipm, those sttuiles have provided bnsellne ln[oxma-'
“fion: i'or sysi.ems and missinn :lnnl.yses

" ... The coneept of pack'lging f.he elements of the thrust

x i:suiasystr.zm -t ‘mofiles and in’ fiin’ puck'tgmg the" modulcs :
" Info a SEP module was fiist prcsented by Shaxrp, () 'I'he

use of a modular thrust subsystein in ati on-going serids

' - of BEP spncccm[t would rocrue many benefits. A qunli—
fic'xtiun tast program for the t.hrust modules could ba:.
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developed that would .mﬂ@lop 4 multimission sot, Do~
cause essentially identical modules:coulil be used lor
‘Sevoral on-poing missions, only a flight deoeplance tast .
program would need lo be performed on the 'modules ta

be used for ench mission, 1t would thérefors be poss(blo
lo usc the [Hght spares of ofic mission as the flight units
of the fallowing mission thus effestinEd Taiigs. 668 s
suvings, Nelinhility of lh(l follow on misslahs \wuld ba™
greatly enbanced sinue virh:ully 1dentfr:.ul l'ﬁrdwam would
he ubed : R

In. this paper, a compurativc‘ deseription of three

- approuches to o modular thrust subbystem Ie given, in- o
'-_cluding the Thrust Subbys;em Module sresented in Ref, P

Alsa, some nspects of the integration of the appronches
into 0. coneeptunl SEP module are defined. - Deseriptions

. of the thruster and the powar processor are widaly avail-
" -able inthe lterntire, Tn this piper; subsystem daserip~~ ..~

tions nre presented only for the thruster glmbal system

. and propellant stqra'ge_ahd:clisf-r-_ibut!_nn_s}',rstem cuncepts.___

Finally, the henefits of tI:c_:-modulaf"l;llfust subsystem
eonoept are reviewed and the three approaches to the
motule are compared on the basis of mass, cost, testing,

) __Intclfaces with the spacecra[t s[mplicuy. m'xintuinabil- P
Ity, and reliﬂbility :

SEP Module Designs . .

-I‘unctlonal -md Conﬂg:':umllun Requhcments

The SEP module has Lhe pxlmnr_v [unctions of’ gener-
ating and distribuling photovoltaic po\vqx to-the pawer ' _
processing mits, converting the power into n directed -
I.hmsi providing control torques with fon thrusters about.

 the t.ln:ce principal axes of lhe spacecraft, and stm g
< and dlst.nhutmg mﬂrcury “propeliant {o e 30 6mifon. 7

Lhmsturs, For eurrent m1ssions under considemt[on,'
u totel of six.or eight thrusters and:power procedsors 15
requived. Tigure 1(a) shows sullcma’t’ically o sidp-view

ola ‘slx {hruster SEP-module using the JPL.assembly . .

: npplonch. ’l’he t}nustcw are arr'mg,ed fn: paha to form
~o1 2= by 3-mutrix of thrusiers: when \Pir.'.wud Trom the bot- '
-tom ol lhe SEP module ‘Ore of the ﬂitractiw_ fontures

of the'i— by n~thiuster conflgurnﬁon ‘digeussed in Ref, 3 .

. was that the number of thrusters in the ussembly may he o
'ﬂ'_'inurensed or- t!Eﬂ'l‘e.!.EBd wmwut chmlg'mg' the basic design = oy
‘caneept of the SEP modile,” Holever, to accommadate

“the change in the: number of:thrusters and power prowa—

sors; changes are requi_red in the longths of the thrust

-« agsembly, power assembly, and SEPM ndapter structure, ., -
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. Flgure 1(b) shows the modular appronch to the SED mod-
" ule which Intogiates the thruat subsystem compoiients In
_the vortiea! directfon and retains the basie conliguration

concept of the JPL npprogelt, The growih fealure of the

SEP module is enhanced by using the modular thrust
subsystem approach, -bacausa to Inerense to an cight
thruster configuration, only the desim of the Inlerince
truss is affeetod and not the Individual modular thrust
auhsystems

Figurae 2 ) shuws the ulemunf.s of the SEP mndule [llh-
aussed hereln,  The solar aredy system has a beglnning
of life power reguirement, depending upon thoe mission,
of balween 1B.and 25 kW, ‘he solar arrvay is a foldout
design extended vin n deployable masi and Is based on
- the enrvent-technology typificd. by the 25 k\W SEP:Selar -

Array Sysiem deseribod In Ref, 5. The Inlerfnec truss
‘1B n .structural interface between the modular thiuat sub-
syafems, ‘the golay array system, ond the rest of the
spacecrall, . Power disiribhution components and - BEP
~module contrel tnterfice unit are locuted within the i
interface truss, Because of thelr mission dependenecy,
attitude control sensors and electronies nnd resetion

control components narninlly considored n 1:'111. of the

SEP module aroe not consldored in f.]us paper,

: Desl'gj | Bcguife‘inunts

The design -rhquireme’nts for the medular thrust
subsystems and the SEP module have been specified to

- envelop a pxmetary multimission set curyently under ..

‘consideration, Those missions include Tempel I and
Flovit rendezvous, Suturn, Jupiter, and Mereury or-
biters, and a L A, U. solar observatory,  Table I Usts
the thermal envimnmﬂnt which bounds the. veguirements

- foiUic mission scf, Itis assumed that ihe fon thrustors

are; quuli[ied for f.lmse envimnments and that the thras-

-+ fers can be thermally tsolated: [ton_l the. vemainder-of the -
niodular thrust suhsystem “The worst case condition for

the power prodcessor thernial control system desipn is
the 80° ¢ solar array lemperntum ehcountered hetween

0.8 and 0: 85 A, U, for tiig Mevdiry orbltel inission. AL

1 A U. the golar array temperatme is 50%C wiili o
' sola.r array tilt angle of zero degrees, Bet\veen 1 and
0.85A. U, the selar array Lempemtura inerenses to

#8026 and the  atray power increnses. From.0, 8616
0.3 A il, the solar array f:empemture 1s held constant’

- ata0® © by gradually tilting.ihe array to.an onpleof 80®
" at 0,3 A, U, Thus, the array output, powcr ‘befween 0, 85

“be 0:8 4008 c:mstnnt Permitting the. array temper&—'

- _tum o incruase to its design linut of nppro‘nmal‘.ely
;-_HU C: by using a d[[[erent zu'my tll program- (’M-o tilt
‘ .m:(] 3 A, T.) would result in an anr:eusnd array output

power level for heliodontric distences belaw 0, 85 A: u.

“Pable II lists the assumptions cmiployed in fho thermal =

" control system dmaign Tor the worut casu condition of
0.5 AU,

The !uunch lond vequirements of the Shuitle/Irtarim
Uppor Staga Immeh vellole were used {o determine the

struglural- membor sizos for tie modular thrist Gubsys-.

tems and the SER moedule, These launch load require- -
ments wora mullipiied by an ultlinate (1, 4) and yteld
(1. 1) faclor of sul'(.ty to ponarale the ull.[nmte and Himit

- destgm lotds shown? .n ’l‘m.!e 118 Por the purpose of :

mintmizing mnpl!l‘lcnt[t;r s'of the Shutllc/IUS induced
mechanienl vibrations, @ mininum allowable structural
{requency of the spacceraft of 5 115 war Impesed,

Madulny Thrust Subsvslcmb

“'Tha thmt. mor.lulul thruat hubsystums which huve

boen studied ave compared in Fig. 8, The TSSM consists _

of one 30 em thruster and g{mbnl systam, a power pro-
cesgor, - o propellant Sf.ﬁl‘!lbe and-distribution system and

- ‘modular: (Hermal control syatefn and support strudiure,

The BIMOD cunsists of two thrusters and pimbal sys-
lams, two power proceasoi‘s, it comimon thermal conirel
system, and n common structure, The BIMOD concept
amplays u single refiote’ fjr'opéllrmt storage systém, The
HYBRID niodule consists of tve thrasterd and power _

_ procassors, . structure and thermnl control system © ©

identienl lo the TSSM nppronch, Lut uses a remote pro-
paliant storsge sysiem similor to the BIMOD eoncept,

. Delnils of edeh of the modulnr thrust subsysiems

*are glvenin Pig, 4. The power processing units of each = -~
- ‘approach and the propellant tapks of the TSSM are lo-

caied near the fop of the modyle so that when integrated

. _with the 1est of the spacccml’t the lnrge masses are con-,

centited: ne.n the fotal spaecerift center of mass,. The-
stLuef:utc for all ihvee approiches is a light-weighf. truss

5 ccmstructed of graph[te réinforcod plastie (GRDP)’ Lubes

which are ineerted Into GRP end fiitings, Tho i_hrusler

- gimbal system concopt is diseussed in a‘later seation of
the puper.- Each TSEM has an_individunl propeilant stor-, :
. pge-tank: while the BIMOD and’ []YBRED appronches uL[hze s
. central’ pmpel]zmt tanks, The domtls of the propcl]m:!
storage and dist¥ibition- systems ‘for the thr oo nppmuchcs o
inre d[seussc:l Ina latcv scction. B '

The thermnl conh.ol syslem l'or tho 'I'SSM and-.
HYBRID conccpts conglsls oln cnmhinution of Tguvers,

fyariable conduchmce heut pipe: system (VCHPS),

mdmtor fin; and multilayer insulntlon For normal- )
spacecrn.tt Opera[.!on tiere is no solar incldenee on fle

: r'zdiaﬂng fnce of the Pru, ‘Heat that cannot be radiated. B
“to spucc dzrec.tly thnough thc 1ouver system is. conduntcﬂ

by henL ‘pipes te an adjacent space facing’ 1'1dlalor. As..

shown in Figs; 4(n) and {c) iwo heat plpes-ive altached
- lo-cach VOHPS seddle, wilk Lhe second heat pipe of each _

1
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snddio being retlu:;&kmt. An exploded view of the power
processor and thermai contrel systom for the TSSM and
HYBRID is low:y In I‘Ig B, : :

For llm BIMOD uppronch, the iwo power processors
are muated to o common lixut pipe system and are intorior
_to two remote single slded radinters, There nve no lou-
. vers In this. appronch because the radiating rlungus of tlic.
power procesgors are not exposed direetly lo space, An
cxp‘lntlc;l view of the BIMOD thermal assembly is shown
in Fig, 6. For the BIMOD assembly, the high heat dis-
sipition flanges of the powor progessornra bolted di-
rectly to the heat pipe evaporator snddies, Figure ¢

shows three heat plpua on cach of the two heat plpe gad-

“dles. The A3 nind A4 modules of Lthe PPU contitin the
litge thermal dissipation components of the power pro-
cessor, with lhe highest heat dissipation components of

+ U A an or nenr:heat pipe s__ac]dle__lA of Fig, 6. ‘Becausc.
of the inverted ortentation of PPU B fts high thermul Us-

sipatfon companents of {he- A3 and Ad mndulcs are now
Ineated on or near hent pipe saddle B, Wiih (iis avianta-

. tion, the heat londs golng Into each of the two heat pipe =
" gnddles ate uqual when both PPUs arc oper: ating:” TFig-

ure 6 illustrates t[mL one heat pipe of saddle ‘B and two
- heat pipes of saddle A are extonded to-the one hent pipe
radiator. The remafning three lieat p[pcs zuo unppcd on

. - the near side of the PPU hut extend to-the radialqr on the

fnr s[de oE thc mndules

In the BIMOD con[Iguntion, the PPUs aie unnble to '
radiate any hedt direclly to space and, therefore, thie
tofal heot iond musl be dissipated by ihe heat pipe radi-
ators,. This requires that the heat pipe radintor.area:-be.
laiger than in the ' TSSM. Asa desiim margin, the vadi-
ator Ieng‘i_.hs for all three approaclies are 25 perechi -

larger than the 'r_cqit[i‘ud length caleulaied when using the

72 perccnt radiator c[l'iciencjr shown in Table 1L,

) SDI‘-' ‘\Iodulc Cou[lg,rumhons

) 'L‘he SEP module conl‘igumtwns employlng ﬂm 'rssmr,
BIMOD and HYBRID uppmnchcs are shown in Pig, 7.
The ontiguration chesen for illustration contains cight
7 “thrusters. 'The m'ijbi elements: dr the SEP modileare.

“the packuge of’ modulivy thetat suhﬂystems the. mteri‘ucu i
truss between this package and the rest of tha: spucecm.ft -

and the solar array which attaclies to the Interfnee trugs.
-+ The: dxstance between 1dJucent thruster- ceniexl[nes is-

-*0; 61 micter: * Tlie ¢cenbral propcllunt tanks fortie BE\IOD !

sand HYBRID are.shown, supported in the inte1t‘acc trugs,

“Althclugh ot shown on thesa [‘ig’ures severil- con‘l')anents. .
. are mournted witl-*n or on:the interfase fruss: ’I‘_hese in- .

-glude a raw power distribution assemhly whidhi distiib-
utes, Lhc raw soler array pO‘-\'F}. 0, inchvidunl BOWEL pro- -

o _ccssors a plmeglﬂatm nssembxy which con\fcrts ﬂae

" Input array voltage: of 200-400 volts to a reduced bus
.voltage for the spicecralt engineering systems; ond a

- control Interface unit which is used for control of the

thmst subsystom,

I‘iguve 7 showa the nttpeh points between the 'I‘SSM
BIMOD, or HYBRID and the interface truss, and also
indlentes a set of four launch adapler support points on
the interfnee truss, Using the 'I'SSM configuration, Figs,

-8 and § show the end and side views of tha stowed SEP

module. The centerlines of tho launch adaptor towor are
shown on thezo figures, “The lsunet wdapier, which bolts
to the TUS-spneeeralt Interfree, supports the entire

- spreceriiit, ‘with the exception of the solay arrays, at the:

suppcr’t noints on the Inlerface truss nenr the conler of

- ‘mass ol {he nssombléd spaceernft, A spritig-loaded tale--
scopling section of t]m solar array duploymunt hooms hms

been provided io :Lvoid.tmnsfen[ng spngecralt Inunch -
loads io the stow=ul soler array structure, This destgn

'and support approach provides n savings: u the mass o[

the structure of the SEP module and Inunch uduptur

’l'he sepiration of the spaceernlt from thc' TUS [s ae-
complished by fivst firing the separation devices at the
Tnunch adapter fower support polnts shown In Fig, 8.
The four lnunch adopter tower segments then plvot abont

. ileir hinged bnses in Towar pelal fashlon to swing eledir
ol the dpigesreall, Ad i adapler lower Bwings clear;

the solar array deployment hooms Emmediatcly extend

- aboul 2 inchas to thetr staps, thus loaving the spncecv.lft
" ‘dtiached to the TUS only at-the solar array blanket con-

ttmment box (Flg. 8).  When the- separation devices at -
ihe salax arzay/IUS {nlexracc are fived, the spacearaflt -

- cnn ha salely sepurated from the IUS ustng small c]ectlon
_sprmgs ot the solnr amay/IUS intmfﬂce

When the spucecmﬂ. is n sufe distance l'mm thie IUS,
the solar array deployment.boom lock (Fig, 8)1s re-:
leased, allowing the solar array booms to swing 80° and
Inteh In ‘the (inal daployed conflgumlion. The fold oul

solar-arrays can now be deployed tn thelr normal manner. B
e Becausc the telescoping hechon solm army ‘hoonis huvu .

e:.tendcd to solid slops, uley provide incrensed siil[ness,

; thamhy mcrensmg- lhc tolal solar nrmy systom. ~mt ural
quuency

A muss study 1‘01‘ the modular r.hntsl. suhsybtem ap- -
.puosch to o SEP module was Trecently ;;res.on}ed in Ral, 76,
THE mass comparison giveh in Table TV for 4 SEP-mod-.

. ulw using 8ix thrusters and an 18 kW solar array shows
_{hnt thers: 15t negligibla mass differerice bativeen’ thie -
 TRSM, BIMOD and HYBRID uppmu.ches This some- -
“ Gunclusion holds when' comparing the. Lhree -lppronuhes B
to n SEP module t.ompmsing eight thrustms with a 25 Icw o
~ solar array oreight thrusters swith-1i 18 kW solax avvay,
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Subsiyston Desgriptions,

Thyuster Glmb:il—Syatém )

. The Tmetional requivements of the thruster gimbal -
system for the modular thrust subaysiems nre (o dlvect
e ndivdual thaust veelors in two txes such thal tirec
axis altitude control and spnosoraft réorientalion control
{g provided by iho fon thrusters, und to provide o mount-

‘ing base and intexfnee Lictween the thruster and thrust
. subsystem truss, The truvel ongle and slew role re-

quirements for the bwo axig gimbal system aro currently *

under review foy the SEP planetary mission opportunities
boing considered, Flgure 10 defines the gimbal angles

N andg’ g which arc rolations nbout axes noniinally par-

* allel fo two of the spuceevaft principal axes. ‘The travil
mngle In each axis I8 the sum of the angle to direct the
thrust vcnt_br ihrough the spaceeriift centor of mass nnd -

the il_dr.liuonnl angle vequired for thrust veetor gontrel,

- By arbitrarily ddding a 5% anplo for thtust vecior con-

trol to the approxtmate angles for pelnting the outbourd o

{hruster of an clghl: thruster SEP module through the
center of mass, the gimbal angle requirements assumed
area lotwl angle In the o divection of 70° unr.l atofal
*anghe i the divaction:of 202,

Figure 11 bhOWS the cnnceptual grimbal systam integ-"

foeing will the 80 em throster, The two linenr actunlors
and 4. eross pin hinge or gimbal pivot provide tim thrus-
- fer gimbal divections in two mutually orllm[,onnl uxes,

U iphose. componnnf.a are mounted on o th¥uster. mounting

‘bracket which is gitached to the mounting pads on the

“sides of the thruster and to standoffs at twn of the [our
ground sereen mounls on the back of the thruster, The
two _jnckscmw type actuntms .aru chl\_fe_n hya stuppur?-
motlor=gearhend nssembly, -

“varsnl joint at’ boll ends for: comphmlce A gulde pin

“ that ta attached {o he lhmster mounting frame rides in

. the slot of .4 supporl. bmc!mt that is mownted-to the, lower
. truss of the module, One of Wie ndv'mt.nges of-this Bys~ .

tem:is thnl the dreangement of the actuators,. prosé pin -

hinge snd guide pin provides stiffngss in all divections &
thusg eumihaﬁm'g the necd fm:.'pi_n_ pullen ﬁestrninl;-dui'ix)g

luimeh, “The atatic md dyrenic Taunch loads ave carried
“indhe x direution by tha.two actualors and llie cross pin

' htngo, in the - y dllectmn hy the t‘.hrust wusilua inthe
eToss: pin’ lunge and in the % dl:r:ection by the cross pin :

“hinge und the suppuxt brvaicket, The e - Indicator sys-
~tem conmsts ol twe resglvers that ave attnched to the

- -grogs ping of the hmge and pmmde divect roadout of lhc
v and g giinbal angles, Tha fexible plopellnnt t'eed
.51_1.me isa co[lcd spring tilie; L

A g,ood thermal desipn is: prowded by the 1inea.r ae-
" tuntor glmbal system because the uctunlms are plnced R
A thcxmal bmr{en -could be pluced. .

behveen tho thtusters und the lower truss of ench module boili systems.,

fiehind thie thrusters,

- 8 am lon thyusti=y

The acluators have u unl~ -

‘tanks for spme missions,

* and thereby the gimbat actuntors would be losated within

tho controlled thermal! environment,

" I'he gimbal system concept is o derivative of the’
v grmbal syetem deshmed, l'aluicatud,
and tcstod at the Lowis Resenveh Contor,

Propellant Storape and Distribution System

Tha Munetionsl requlvements of the propeliont slorage
and feod system are Lo slore the redquired meroury pro-
pellant Tor the lfotime of the mission, 10 isolate tho pro-
pellant from the thruster dtirlng inunch so that the dy-

- nami¢ envivonment does not have d detrimental effect on

tha oparation of the Wirester, ond to supply the propellant

- to the thrustor within a piessure range that sutisfies the.

raquiroments of the thrustor vaporizors,

As mentionad pré{.{lously, the 'I‘SSM.:;ppronch cun}' _'

: _tdlns & complete propellant storage and distribution sys-

tom within ench irodule, ag.cdmpared lo the BIMOD and.

S HYBRID izppronpljes which employ central propeliunt
-~ tanks in the Inferfnde truss soction of the SEP module. °
“Phe gchemntle of the propellunt storage and tistribution

system concopt for a EESM Is shown in. Fig, 12, The -
Tedd 1nes are 1, 16 dentimeler in dinmator. - Field joints

. are plaeed in-the system to make the assambly/dis-
~nssembly of L_he syslem more convenient,

The Intching
velve serves the purpose of Isoluting the merelry pro-
pellint from the thruster vaporizor during the laumeh en-
\rironmenL The meroury pwpellnm. and nitrogen gas ﬂll
vailvos of the sysu.m are brought ta'tlie outside wall of -

 thie TESM to_pmvide far convenient filling of the systam

after nssembly of the module fnto the spucecraft. - A sys-
tem of externul valves and lines will be necessary 1o un.
and drafn the system, - This'hardware is-envisioned as =

_ ground support equipmont which.will interface wilh the
" expdsed propellant and gus {1l yalues of the TSSM
_ .-system e

r‘igure 1‘1 shows the schcm:u:c Iur tho S)rstcm con-

copt. spplicabla o the BIMOD or HYBRID thrust subsys- . -
. toms,
) .thc mtc.rf'xce truss stores 1.hc propellant.for all of the .

For this llp[)l'oﬂuh a1 contral pmpellnnt tank In
modales, Although only ane tunk i5 Shown In the sche—
matie, "lrade studies may ‘show the desirability of two .

Tho d[slrlbution systum inter face be=

fems are the {icld joints between the manifold and the:

=i two propellant foed lines oy each module. For g ap-
'."pmnch, the mn valves far the single tank m'e brought o
. 'Lhe extenox wﬂl or, the intm'mcc uuss

Considemhon mus!. be g'iven to tlm 1etlunduncy oE
(I a lhmsf;er ina TS‘S‘\T fmls cand- the

- g-,'*ﬁROBUGH3HJH.‘Y OF THE L
GmAL PAGE I8 R0OF.

'Plnpellun't lines [rom the lank B
faedu propellunt manifold which is: nlsa contn;ned in the
- intorfpee tiuss,

Lo tween me,'ixmﬁerf_aCe, truss. and the mq_d_ulm Lhm_ls_!. subsyg~




c.omercury propellant;

. propellant loading does not contaln some contingenoy,

. there would be Insufficlent propetlani in the remnining
'L8SME to complete the mission, The posstislity of in-
erenslng the system rellabillty by plocement of an intor-
conne.tg valve notwork between lanks is being studled,

A storage lank using a nitrogen gs oxpulsion tech-
nique to supply propellant fo the thruster has boen so- -
lectad for all npproaches, The meorcury propéllant vol-
ume of the storage funks Is determined by the nominal
propolldit londing for the mission, contligency fov Inimceh
window nnd thyuster utilization, wid the propellant utli-
“zation of the tanks, l[nesi.;'und components of the.systerh,.

The gus volume is determined [rom the operatlng charae-
teristics of the thruster vaporizci:s. “The maximum op~
erating pressure {8 that which will cause the mereury to
Intrude-the porous plug of the thruster vaporizer and re-.

sult in the vupori?cr not fm::.uunlnp;. Based on past lest-

Ing; the infruslon. pressure is about 52 N/om>. () Adg-

ing u snfety [actor for uncerininties such as the pore size

of the: ‘plug, weld eracks, “and neceleratfons the maximum

~ operating pressura soeleeled is 31 N/em?, The minfmum
“6pornilag pressite is determined from the partial pros-
sure of the mcrcury'at an operating temporature of the
vaporizer: Il the pressuie is too low, -the llquid/vapor
interfnco could move away from the vaporkzer anid vupor-

- izer control would be Iost, ' The minimum operating

. pressure seleoted s 10 N/c:m2 These pressure llm[ts

- curmspunr.l to a blowdown range ol' HE 1

'Ilm_ storage tank desim selected Is shown in Fig, =
“:Ad(a), “The lank design is d dexivativa of the approach~
employed for the SERT II z.pncecmff: & An elusiomeric
. -bladder separates;the mercury propallant volume Trom:
the pressurized nitrogen ‘gas volume, The tunk coniains
an internal Uner which supports the biadder during the
Inunch environment and thus minimizing slosh effects.

.. The Uner holes permit the pressurized gas to pass .
thrdugﬁ the liner and move the blndder, A storage tank:

. of the same oitside dimensions cnn:l.ia" employed for

somé nlssions. which do not requive the full sphere of - '

support liner-is medifled as shown.in Fig, 14(b), sa thal

only the velume of vequii-ed inercury is support‘ed Ty the -

linor, - This dancept mlnlmiacs glosh efchis dur nir the'
. Vlmu:ch environment

_ -The uhllzuuon o[ thc propellu.nt in the storugu and
. [cmd systems descnbed is: uppra\Im'ﬂ:ely 98. perceni
Some of the mereury. is trupped by the ribs of the bladder

. .which are ddsighgd Lo prevent the bl'ulder fram blocking

the exit orifiza of the tank, For the Bix mjssmns under

: consideration four of-the- missions can be 1ccumpli5hed g
wilh a propellant Ioud[ng of 732 kg and the. remaining two
can be accoimplished with a’ propeltanL Ionding of 1500 kg’ o

Table ¥ lits the mquired tank inmer sphere dinmeter-

~: Tfor:the (.wo_:_pl:opv_al_lunt_ capaclilés whm_us_mg—__indlvidunl, S

three approaches

"tnnlcs fn the TSSM or one centml tunk in the DIMOD op
¢ NIYBRID appronch,

Deslgn/Dovelopment- Comparison of
Modulnr Appmrwhes

The 'TSSM, BIMOD, nnd IIYBHID ﬂpprauulms to the
SEP module have boen compured using n number of orf-
terin, The BIMOD approgch has g slipht ndvnntugn aver
the other Lwo :lpprmnhcs hecausa IL ;

A1) Hus n slightly lower t_'ccurrlng cost,

(2) Requires n less complex life tost In o thermal
vaenum environment, : :

(3) Is marginally ensior to maintuin,

(1) Resulls in ¢ loss sa avare vibratlon and acoustic

'responso of the power procussms.

{5) Does not requive the sirich meclmmcnl tolerances - -
attendant with louver Interfnces, :

(6} Offars greater configuration ﬁexxijiluy;

- A8 ghowtn in Table IV, lhe differences tn the mass apong

the.thrde approaches = within thet accuracy of the mass-
study, - Comparing the mliuhllity of the approaches on
subjective basls indicates that they are very similar,

" Cost” "

The relutive hawdivare costs of the three modulay
concepls for the modular approach to the SEP module are
given in Tible V1. It was estimnted that the BIMOD
would be nhout 10 peweut less expensive thin aither the

--_HYBRID or fwo TSS8M=, MosL of this difference’{s caused

by (llffemnces in the thermal control sysl.om*: The
BIMQD does nol use-loyvers and employs 25. percert
[(.wm hoat plpc systems when compnred to two 'I‘SSMs or

: - 'l‘lmlmul Testing
‘However, -the shape of the bladder © -

.. Thevre are some major tcsung dlffcroncus bcthcn _
the TSS\T BIMOD and HYBRID npproachus 'I‘wo cita-

Lories of thérmat Lusting are gnvisioned az pnrt of ihe
o ._dt‘_._ve_lppment of any of the modilar thrust subsyslems

The First type of tost would be a thermal vacuum Mie fest
of the‘poiver processors In the thermitl conliguration of -
the module; and the second type would be-the Flight 'qunli—- '

fieation test program of .the individual ‘modular thrust

'_'iubsystems, C’onslderai.ton should not anly be g‘iven to
the test eomplcxii.y inher: cmt in each modular approach, T

btk nlso 10 the l'ncllity opcmt:onul costs

For tha, Ll:ermal vncuum lifc testing, auxilinry Goole LT

lng loops etin ¢ used In the heat plpe saddles for all
Rather thin using auxiliaty cooling




‘loops, the Elight qualification test program might also
test the heat pipo systems In the gravity fiold, The Leah-
nlques required for testing n similur syjitem for the
‘Communientions Toehrology Sntellltu hl;\'a beon demon-
strated a!, Lowls Rcsumch Ccntcr

One of the deslgn mqulremenlb of thc modulm thrusl

subsysten which may greatly simplify the thermal analy-
s1s and the qualifieation leve! lesting Is whether the radi-
fittrigr surface of the motlule 15 subjocted to 0 solar inei~

dence angle during any partlcul.'ir mission,
tlons would need to be individually anilyzed for oth the

“TSSM nnd HYDRID npproaches. This 18 hocouse the  *
thermal absorplince of the louvor sct varles depending
on hoth the inefdonoo {or cona) angle and Lllu"nv;imulh {or
cloek).angle of {he sun witl: rospect to louyers.. For the
BIMOD npproach, the solar ahsorpiines of tho heit pipe
- radiator {s doependent only on the incidence angle and not
.the azlmulh angle, thus greatly simplilying the lhermnl

almlys[s

. Meclmnlcul Intml‘ucns

The 'l‘SSM nnd IIYBRID ench have !ouvel interfnces.

Thie Bu}."[aces_. ut (hese intorfices muist be kepk very flat -

“in-order to avoldbinding tho louvers:. A tighter surface
- Hntuess roquirement would tend to raale PPUs used i -
tlie HYBRID or 'ISSM costlier than for tha BIMOD,

Vibration ‘I‘msno.nsa. -

! e HYBRID or TSSM and the BIMOD employ simi-

lar-graphite truss construction and Llhe fon-lhruslers ave
supparted in a similar manney for all tiees appronches.
Similnrities also exist regurding the use of multileyer
nsulation for tharmil colitrol,
sume that the vibretion responses of thiese similar sreas
of the' modulny convepts’ wonld be aboul equal; - The pri-
mary -design differences between the HYBRID or ’FSS_M
"'and the BIMOD are in-how ihe PPUs gre Integrated Ihto
the structure, The DPU's for the HYBRID or TSSM are

i nountéd’ s[ngly to n-heat pipc systam as shown in I‘igs

A(n} and (¢). -For the BI\[OD ihie’ PPU's pre mounted
. back to buck fo a common’ Ilcm. pipe system (Fig 4(b)).

. 'llms, “for thie BIMDD, the two PPU basoplates and the

nqmmqn__hg:'tt pipe system combine to.farm a vory stiff
Interniilly Felnforted strietare. Sinea the PPU stiue-
ture for the; BIMDD is. sliffer and since the PPU's in the
" BIMOD site relnﬂvely isolated from dimct ucuu:.uc ax=-

* elintion a5 compared o the TSSM or UYBRID, the PPUs -
' , AW et wih o henis. duscrihcd Herein rcpmsent vinble oplios to the - o

" in the BIMOD shauld have i less severe vibrition and-
S ncoustic responsa to the lpunch environment,

L Ma‘ntainnbihw

Dx‘pludud vmws 01‘ both the TSSM :md the BH\IOD are
e sl_:_pw_n in Figs. .5 & and B; __1(25.13'.3$=t_1vely, ‘A Lypicnl ‘mu.in—__

Thase silue

Teiwould be safe to as=-~. - wall balanaed. spaceoralt,

Lenanca opcmuon might be the replaecmont of one of the
circult modules of the PPU, To do this on the TSSH-IL

“would he necepsary to romove the louvers, the propeliant

tunk nnd Its support strueiure, e thruster support
Btrueture and the PPU {rame, The eircult module and 1S

" bnek piate could it be electrionlly disconnected and tin-

bolted [rom the hest pipe gaddles und louver aupports
structure nnd repluced, *This procedure would be Feé-
vorsed for renssembly, ‘The procedure for the HYBRID - -

" would be similar with the cxeeption of pmpe[l'zmt tank

removal slncc 1 contrnl propollnnl. tlmlc i3 used,

For the BIMOD, the pwm.dum Eur replacing o PPU
ciranil module in the PPU momted nesrest lo the thrus-,

Aters would be diffarent lhan for the PPU miounted furihest
- from the thrusters,

. For {he PPU mounted nearest ta Lha
thrustors, the thiustor support struature and PPU outer

_-[rame would need to be removed before tho eircult mod-

ule and its back plate couldbe ‘vloetrfenlly dIsconnccted o

i unbolted, Only the PPU outer framo would need Lo
“-ha remdved [rom the PPU furiliest [rom the thruslus in

ordel to sorvice o RU module. :

'[‘hus for one PBU only, the BIMOD should ba Bime

“pler’to servwc

o 'Oonfigu'rut'ion- Flextbility

The mechanjeal Integralion of tha modutar thrust

 subsystems with the interface truss of a SEP module has -

been digcussed herein, One of the remaining unknowns

18 thie voquired interfice hobween the tiuss and the pay-

lond, On the basis of totnl spaccerit confipuration, the
icentral propelldnt tank appronches. of the BIMOD ind - - .
HYBRID appeai to offer more flexibility in arriving ata - -
After defining the pnylond

mass nnd volume, the overall dimension of the Intczl‘nce
truss muy not satisly the mquiremcnts of the uger, An. -

~ gllernate nppronch to-a standard interface truss {s to

sumdurdize on central propullant tank sizes and there- -
maining compononts within the interfnce truss, “The

- truss. struetule could Lhen he made missluu dupeudent

il nocessary, and sl rolnin {lic basic: dus[gn featuros of

- serving to. integrate the modular throst subsystems.into. =
ilie SEP modula’ and to provide supporL pans fora luunch
aduptm mwm :

Concluding Ramnrks und necommcndnﬁnns

'l'he Uuee appmuclms to the niodulas thmat auhays— .

design and development of & SEP-miodule, ‘Ench uppmnch '

L has satis[{ed .sét of Tequirements Toi ! number of Tep- -
. resentative plmuc!my missions,

woquired on a-given mission may he changed from alx to
-eighl without affecting the design of the individunl mad:
Only the interfnce t:rusz. between: thc mudulur '

ulag

The number of thristers B



2 Sharp, G, Righerd; Cake, James E,

" thrust subsystenis tnd the puylond need be chinged to

accommeodnie the growth of the SEP medule, And, the
concept of o stondnrd. modutny theust subsystem is con-
gistent with the conwept of n slondard ST madale for o

. _numbcr of nigsiops ond the attendunt. objncf.ivc of mini-
mum development cost,

The design study has concenirated on defining the
mechanieat/thermal interfnees of the powor processor

- and lii'ru_stcr. The suecessiul 'Elight performunes of the '

heat pipe system on C'TS has again demonstruted that
this technology I8 rendy fov applicalion lo & SETP modulo,
With the use of a heat pipe/louvers or an all heat pipe *

“thermal system,’ ihe muss pennlty for the millimission: -

thermal destym is smnll, beoiuse only the vidfalor

. length, hent pipe length, and.ihe size of a lightweight

gtrueture nre uffected, For this reason and beennae of

. ti:a basle atroctural design approach, itis believed that
-3 compnrlgon woultd indieate that the ‘modular uppmtu.h

is competitive in terms of mass with the assembly or
Individual integration npproach, Continued interinea

" definition is required for-the elements of the propellant .
- storage and distribution System and the thrister pisiibal

system. Finnlly, the BIMOD is ih¢ recommended dll_n[ce

i'qr furthor destg and development 28 the. modular Vi.hrizrst )
. subsystem, '
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TABLE [, - PPU THERMAL
DESIGN REQUIREMENTS

| Mercury | L A, U | Jupiter

" Hon, W {measured
at full power). _ T B
"BPY effieiency, poreest. | 91710k Gl osdg )

TABLE 1L, - PPU 'L‘IILRMAL CONTROL

’ SYSTE\T ASSIH\[I"].IONS -
|-Solar avray tempumf.uru DC', ‘ 80
Radintor Lcmpmutuw “c . b510]
"7} PRU bageplate femperature,“°C | 51
Solar array emittinge. . 7 0,80
| Louver onitttange = fully-open * I % 65
(wlcre npplicable) o
Radigtor emittmee i oo 0,88
Riidiator el'l'[cicncy' percent S ez
Radiator view [aclor to spnce - - .88 |
Tadintor view factcr to soloyavray | 0,37
Louver view factor fo-space . . . .1 1.83 | .
' (whcm npplivnhle) e e
Louver view [tetor Lo solm array 0,17
(where nppl[cnble)

o I .-‘L_s"su'mc_-_s a:iilt.anglc_ of 80_0. at _D.-_S A, '_ PEL
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TABLE V. - PROPELLANT TANK SIZE REQUIREMENTS =

" Ipropellant-| - Applicable | Iner tank sphere diameter, em -

. mass, ~migsions

g rssM | BIMOD, HYBRID

738 Tempcln rend, Esr o | 46,7

. Flora rend. (6 module) ' :
| Saturn ovbiter |
1 Jupiter orbiter =

11500 | Meroury ovbiter | 29,7 S N
Out-of-ecliplic (8 module) -

TABLE VI, - SEP MODULE SYSY'EM RELATIVE
. RECURRING HARDWARE COST COMPARISON . .

o " Module type’ o
| .System .- - . wSsMx2- | BIMOD | ...
et o frvBiaD Rt

Thruster ~~ . | 0,141 | 0,141 .| .
Gimbal system S o1 {018

Priopellant systeny -~ | 0197 7| 5009

PPU .. ool e L 615 .
Loyver systeins B N =T TR [ N

| Heat pipe systems” | -~ ,105. .| org -

PPU frame structure | o021 ). 014

Truss structure = | ,042 | 025




SOLAR ARRAY AXES SOLAR ARRAY AXES

AN / /SEPM ‘/ INTERFACE
PP PPU
PPU POWER PPU PPU PPU MODULAR
ASSEMBLY THRUST
SUBSYSTEM
THRUST
THRUSTER | THRUSTER|THRUSTER ASSEMBLY |THRUSTER | |THRUSTER| [THRUSTER
(a) JPL assembly appreach, (b) LeRC modular approach,

Figure 1. - Comparison of component integration approaches to a SEP module,

<
(= #]
]
N INTERFACE TRUSS
SOLAR ARRAY SYSTEM STRUCTURE
1825k THER MAL CONTROL
" ENGINEERING SYSTEM
CCMPONENTS

MODULAR THRUST SUBSYSTEM

POWER PROCESSORS (6 OR 8)

THER MAL CONTROL

THRUSTERS AND GIMBAL
SYSTEMS (6 OR 8)

PROPELLANT STORAGE AND
DISTRIBUTION

STRUCTURE

Figure 2. - Definition of SEP module.



SPACECRAFT  p— PROPELLANT TANK ——.

/
/
‘ /¢ POWER
\ PROCESSORS1

-1/ THERMA

STRUCTURE

L IHRUSTER 4 GIMBAL

|

LAUNCH VEHICLE

(@) TSSM (TWO SHOWN). (b) BIMOD,
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l'/
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(c) HYBRID.

Figure 3, - Comparison of modular thrust subsystems.
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Figure 4d(a). - Isometric view of TSSM.
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