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FOREWORD

This document is part of the final report for the Operationally
Efficient Propulsion System Study (OEPSS) conducted by the Rocketdyne
Division of Rockwell International. The study was conducted under NASA

contract NAS10-11568, and the NASA Study Manager was Mr. R. E. Rhodes.
The Rocketdyne Program Manager was R. P. Pauckert, the Deputy Program

Manager was G. Waldrop, and the Project Engineer was T. J. Harmon. The
period of study was from April 1989 to October 1992.

ABSTRACT

A preliminary development plan for an integrated propulsion
module (IPM) is described. The IPM, similar to the STME engine, is
applicable to the ALS baseline vehicle. The same STME development
program ground rules and time schedule were assumed for the IPM.
However, the unique advantages of testing an integrated engine element,
in terms of reduced number of hardware and number of system and
reliability tests, compared to single standalone engine and MPTA, are
highlighted. The potential ability of the IPM to meet the ALS program
goals for robustness, operability and reliability is emphasized.
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INTEGRATED PROPULSION MODULE (IPM) DEVELOPMENT PROGRAM
1.0 Introduction

The Advanced Launch System (ALS) Phase B engine program has defined a baseline engine
configuration designated the Space Transportation Main Engine (STME). This standalone engine
has a fixed thrust of 580,000 Ib. vacuum and a chamber pressure of 2250 psia. The engine uses a
gas generator (GG) to drive the liquid hydrogen (ILH2) and liquid oxygen (LOX) turbopumps that
are mounted in series. The combustion chamber is cooled with LH? and the separable nozzle is
cooled with turbine exhaust gas. This engine is shown in Figure 1 and the baseline ALS booster

‘ propulsion module with 7 STME's is shown in Figure 2. Although the ALS program has stated

goals of reducing overall costs and improving operability without degrading reliability, the
selection of a standalone engine concept similar to previous main engine configurations indicates
that the goals may be difficult to achieve.

As part of the ALS Advanced Development Program (ADP) a parallel study was initiated to

etermine an alternate approach to the rocket engine configuration that could be shown with higher
certainty to be able to meet the ALS goals of lower cost and improved operability without
degrading reliability. This study ttled the Operationally Efficient Propulsion System Stwudy
(OEPSS) has determined that an Integrated Prdplilsion Module (IPM) is the best approach to
achieve the aforestated goals. This concept packages the major engine components and
subsystems into an engine element consisting of a single gas generator driving the fuel and oxidizer
turbopumps closeiy mounted in series. The . discharge flow from the pumps is routed through high
pressure ducts to their respective inlet poyrts'ini"z thrust chamber assemblies (TCA's). Multiple
engine elements are packaged with the vehicle propulsion module subsystems including the
electrical power, pneumatic, control monitor and propellant feed systems to form the IPM. The
ALS baseline vehicle has 7 STME's in the booster stage and 3 STME's in the core stage. An
equivalent IPM capability consists of a 4 engine element booster and 2 engine element core. The
engine element is shown in Figure 3 and the booster configuration with 4 engine elements is
shown in Figure 4. A description of the IPM major propulsion module and engine element
subsystems is shown in Figure 5.

Th1s report describes the development programs for the standalone STME (ALS) and the IPM in
sufficient detail to allow comparison. This comparison clearly shows the benefits of the IPM
concept.
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1.1 Advantages of the IPM Concept

The IPM Concept shown in Figure 4 has eight thrust chamber assemblies (T CA's) fed by two high
pressure manifolds. One for LOX and the other for LH? propellants. Four turbopump packages
each consistirig of a gas generator, LH) turbopump and LOX turbopump in a series arrangement
are shown to supply the respective high pressure manifolds. The fuel propellant supply ducting
system from the main vehicle tank to the pump inlet is shown as a single line from the main vehicle
tank splitting into four outlets, one to each of the four turbopumps. Although not shown in Figure
4, the pneumatic (Helium) system, main tank pressurization system (consisting of a single heat
exchanger with plumbing and control valves for each main tank) the electrical power and associated
distribution system and the engine control monitor module are similarly manifolded or their
functions are combined into respective single packages to serve the turbopumps or TCA's. A
comparison of the ALS propulsion module with 7 STME's shown in Figure 2 and the IPM
configuration shown in Figure 4 for an equivalent 7-engine booster, shows a reduction in the
number of turbopump sets from 7 to 4. Also the number of heat exchangers and controller monitor
systems are reduced from 7 to 1. The reduction in major subsystems allows a significant reduction
in the number of lines, valves and flow restrictors required for the pneumatic systems used for
control and purging. Also the number of harnesses and buses for the electrical power supply
system would be significantly reduced. This reduction in major engine subsystems and support
systems allows significantly greater access within the propulsion module comparment as
compared to the ALS 7-engine booster configuration. The reduced number of components and

subsystems results in increased design reliability.

Integration of the major engine subsystems with the propulsion module subsystems requires that
they be designed and tested simultaneously. The integrated design will be strongly driven by
operability feamres such as access, servicing and maintenance. The early integrated testing of the
module subsystems with the engine element subsystems will allow any integration problems to be
surfaced early.

The traditional approach for a new vehicle system such as the ALS is to design and test the stand
alone engine components and complete system independent from the propulsion module
subsystems and them integrate them late in the program into a limited Main Propulsion Test Article
(MPTA) hotfire test program. Any major problems surfaced at this late date will most likely delay
the first flight.
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As stated previously the IPM approach to design and testing requires that they be accomplished
simultaneously. The simultaneous design will significantly benefi: operabiliry and the reduced
number of components and subsystems will increase design reliability (see reliability section). The
other major benefit of the IPM comes from the simultaneous testing of the propulsion module
subsystems with the single element subsystems early in the program. This integrated testing starts
with the component hot fire testing when the module propellant ducting, pneumatic, and control
systems are tested with the gas generator / turbopumps and thrust chamber assembly subsystems.
Component testing is followed by single-engine element testing which again allows the module
subsystems to be integrated into the system test program early and in 2 more complete manner.
The next level of testing is the complete IPM which allows testing of the mult-engine elements
with the module subsystems much earlier in the program.

The development approach described for the IPM offers the added advantage of eliminating the
traditional interface between the standalone engine and the module subsystems thus significantly
reducing the coordination and documentation required. The IPM approach has the potential to
significantly reduce the Life Cycle Cost (LCC) of the propulsion system by reducing the number of
components required, improving operability and reducing the number of hotfire tests. The reduced
number of components and the earlier testing of the integrated systems will result in a safer and
more reliable system. The advantages of the IPM approach are summarized in Figure 6.

2.0 Ground Rules and Assumptions

The groundrules and assumptions used to prepare the DDT&E program for the IPM are essentially
the same as those used for the standalone STME DDT&E program. These are:

» DDT&E consists of 2 sub-phases: Prototype subphase and Full Scale Development (FSD)
subphase

« IPM Developed for both the booster and core vehicles

+ Reliability goal demonstrated for engine element as foliows...
«  999% with 50% confidence prior to first flight
*  99% with 90% confidence prior to third flight

+ Booster and core IPM's for first 2 flights included in plannec program

«  Contractor facilities used for component laboratory testing of certain items and subsystems
such as control / monitor system, valves, pneumatic system components, etc. prior to use
in hotfire testing

+ Government supplied hotfire and IPM's assembly facilities
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« Contractor services provided to support hotfire and assembly operations include: test
article assembly, test article installation into the hotfire test facilities, testing and removal,
data analysis and contractor supplied GSE / STE maintenance.

'+ Prototype sub-phase IPM design close to production design; design update only planned in
FSD program

« Majority of component testing accomplished in prototype program; component testing in
FSD program to evaluate design changes

« 4 single-engine elements tested in prototype program (comparable to 4 standalone engines
in STME program)

+ FSD testing will achieve the following objectives
+  Complete characterization testing of single-engine element
« Complete reliability demonstration on booster module (allows testing of 4 engine
elements for each hotfire test)

+  Complete certification program PFC and FFC on mult engine elements (simulating

booster and core configurations)

The programmatic groundrules and assumptions listed are the same as those planned for the S'I'IvﬂE
program. The hotfire test program differs in that a majority of the testing in the FSD procram is
accomplished with multi - engine elements simulating the booster (4 engine elements) or core 2
engine elements) configurations. This difference is one of the major benefits of the IPM approach.
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3.0 Development Program

The development programs for the STME and the IPM are presented in the section. The
development program for the STME is based on the NASA program plan and schedule in effect in
mid 1990. NASA has changed the plan and schedule several times since and it is still changing
today. The development program plan and schedule for the IPM has the same start to completion
period, but some of the activities are scheduled differently from the NASA mid 1990 STME plan
and schedule. These two schedules are shown in Figures 7 and 8 respectively.

3.1 STME Development Program

The STME development plan and schedule is shown in Figure 7 has 2 subphases: prototype
engine subphase lasting 71 months and an FSD subphase lasting 108 months with the 2 subphases
overlapping by 54 months. The planned prototype subphase design effort will produce an engine
configuration close to the production design. Full Total Quality Management (TQM) techniques
will be applied to the design to achieve the objective. The overlapping FSD design effort will

_ basically update the prototype design based on data acquired from the prototype component and

engine hotfire testing.

The protorype hotfire testing consists of 60 to 70 major engine subsystem tests, including the gas
generator, fuel and oxidizer turbopumps and thrust chamber assembly, and 120 complete engine
system tests. All component and engine system hotfire tests are conducted in static test positons
with facility provided propellant feed, electrical, and pneumatic systems.The FSD component
hotfire test plan provides for 40 to 60 major engine subsystem tests to verify changes to the gas
generator, fuel and oxidizer turbopumps and thrust chamber assembly. The engine system hotfire
test program includes 622 tests to characterize engine operation, demonstrate the reliability goals
and complete the PFC and FFC certification tests. )

The combined prototype and FSD engine system test program plan and schedule is shown in
Figure 9. As shown a Main Propulsion Test Article (MPTA) hotfire test program is planned to
start approximately 6 1/2 years after program start and 1 year prior to the first vehicle launch. The
MPTA test program planned as 12 hotfire tests of a 7-engine cluster is the only testing of the
'STME with the vehicle propulsion support systéms such as the propellant supply, electrical and
pneumatic systems. A significant problem surfaced at this late date could delay the first flight. The
DDT&E program for the STME is planned for a total of 960 equivalent single engine tests. A
breakdown of these tests is shown in Table 1. This testing will be accomplished with 65 new and
4 rebuilt engines. A breakdown of the engine hardware requirements is shown in Table 2.



Page 12 4/4/91

IPM Development

- | _- _.,,_- :é - _ ﬁ I :- Lo :
| o _ LR | Bl noo ; oo
992N SVIB I ! I 'l |l 1 o ] D
\. x:_:m.v—'— ' wojsiA() wuAplondoy
JHUOH BB [[SMHD0Y 'el
L ) P PSR | DA ISR R 1
HEH| _ on_ml_ ) suwBoid UBIdo|BAa(} PAAUBAPY )
_|l Bugso | euBu3y S _ ]
Bupse | ombuz adhojoiy ;.._
_
—4 Buyso | uouodiod (1S4 _
1:__.,:: Jwouoadiiog E;.:.o_;_
-
| 0[quIoSsY g qu | '0INd01 BIGMPILE (1S 1_ puuy Buo’y _
~ 1 |
O[QUILYEY § (U] 'VINDOL | GINMPIL}Y vdhjololg _
ﬂ WodopAO() SRES601| PHY GIBIIGIBN ||_
noddng qu.g pru uBso() wowidopanq Bjuog i) _
Lan Lidd
| [ B voddng qu_j puu uBiso( 0dhidnoi| _
yand HAOdd
_‘ sLliop g0} - WwuiBoigg wowdoeas( OudS |In _
_‘ squiopy | £ - wwiBoy ouifiug edAiololy l_
Bupse) -
¢ euBug-jiny . A
div
¢ ayBil4 _
cnupemurenmwcnuwvnuwvnuevnwremw vielelvlvielelrv]ete|t v zlL|vi|EeC)
20 AD 10 AD 00AD | 66 AD 86 AD L6 AD 96 AD G6 AD v6 AD | €6 AD ¢6 AD 16 AD 08 AD
20 Ad 10 Ad | 00 Ad 66 A | 86 Ad 16 A 96 Ad | G6 Ad v6 Add €6 Ad | 26 Ad 16 Ad 06 Ad

J71NAAHIS ANV NV 1d NYHOOHd LNINdOTIAIA ANLS




VL -2l0-SWVI6

=

IPM Development

Page 13 4/4/91

mw uw_Dmumn_ HOJSAI(Q) SUARL@WDIOL
[LUORBIBY [|]BMYOOH 'A‘
T oompon'va | 11 1| EEEEEEERAEEE
: ”v_s_uom 18} L ERC U D ” : o P .
S L ; : AN N
. bupse) Weuieja a_._?m 0N ;.& 5 B : ." RN B
S A m .é__s_aga_ﬂ : : S
m . : : o c_a_._ma& : : I Pl
::._.._.an__'mrs_m.:_a ‘G101
_ ::‘_?.e.m-_:e:ea_:_ﬁ :w_
[ ol mandusy staoi | | 2P| i
.e_,_s.ﬁg ) _239:_o_..é‘m..m:_ﬂ_;_.,__,_m_m_es: s__sc g ,_.:m.w._.._.,_,"m_ . S P
: b::.omm( .z_« :m ,_ @:Sci c..ﬂ\,»_..n_.r_i...c._l»._mﬂmf,: _ :
TAdag Qe FiTE UBRe 0 __.3.__%._%9.esw.__i. T w 3 I P
m m BRTVAREEE N
: : o Do HVANE
- TuneiBolg) usltidajape(] 8BS 1IN oL
SRR I S i O T Giaifoig 80K2i0)
Pt A A N IR 2
e e O i N O T O VO T O S S O . i
Ve Ve Vi |vieigib [viEie k| vigie | vikigit[vigieil | bikigih ) viBiail
Ol 1A 6 1A giA LAA 94A GaA VA g 1A ¢iA L JA

JINATHOS 8 NV 1d WyHH0Hd LINIFNJOTIAIA W/d AILVHOILNI

LE

LOd DIy T

Fy

SN

wiy Ty R

I



) | D | R B ] DN ] S B | b B I e bl

{9210 SWIib
: , m u~—=mu~n._ ' HOISIAIE MUAPIOYIOY)
. , [HUOPULENUY [JOAMOOY '4‘
o 5 I I [ I
<t m popdi oy T Y ] oy
M p LA D N —
<3 2 R /72 I 1 DNl S so
H W v poddng 4 M..u.. " M\._..M.& " _...___ .c_._: o:h._. w1 |01 ..o_. <_a..=‘ T 19 D48 .=<_.
by voo | coo a 200 _ 100 915 0 ISW ot
W M HOOMASO) |
a ]
NS "l Bunse| ewfuy (1S _
R B _ Aunsn| owfuz odhojoly _
L el ﬁ - —
15 — Assy ounBuz oquIoAeQ) (1S4
| o o o - -
wnnfy soubay soufe)y
£ oy £ 105 ]
e nist YiaN
S R, I _ , ,
S ) . . |INSEY
\.. ||||| , Alquiessy eufiuz Jusindojoan(] (1S: - Il_ oty odAooz)
st ou f,_:._ o _a_z _:: _3,_ Y00 _ €00 _ 200 _ too _
Y woos] €nn | i | soe] sor ] von ol
uuos | oty Juvor] ueas | € 1ol
DIQILIOSSY PU QB4 '0IN30) | BIUMPIBH (S |— pue’y Buo) QS J
" oiqwessy g qu '0ndoid siompiej{ adhiolol) _
B B _ [
SUNOp 801 - W iBoig JuauidojpAn() 0juas iny _
_ SqIIOW 12 - wieiBoi auBug adAioiold _
sy
) owfluyg W ; ]
01 on \i/ d1V
201 2 I 1501 embuly .:.f i
s8I 1504 US4 c“_ﬁ“ﬂ__w_%““u
QmeQﬂvaaneanvnNPQONvQONwQﬂNvachmNPvan
<0 AD 10 AD 00 AD 66 AD 86 AD L6 AD 96 AD 66 AD v6 AD £6 AD ¢6 AD

20 A 10 A4 | 00 Ad 66 A | 86 Ad | 46 Ad 96 Ad G6 Ad | V6 Ad €6 Ad | C6 Ad

JTINATIHOS ANV NY1d 1S3L dS- ANY AdAL010Hd JNLS




89 -210-SVI6

Page 15 4/4/91

IPM Development

I gyl

UOIB|AIQ PUAPIENO0Y

[BUORELIBIL ||OMYOOH 'A‘

096

02 (seuibus Q1 x g) sibil
25 (sauBua 9z x sisa) g) voueidadoe auibua by
0zl (seubud Q. X s15981 21 weiboid v 1LdN
92 (seuibua g} X S1s8) 2) soue)deooe v | diN
229 (044 8 D-Id sepnjoul) Juaidojarep AS
0zl weifoid adAyo101d

pauue|d Jaquinp - asod.ind

S1S3.L LNIINdOTIAIA NFLSAS FNLS

N

Al

il

(0" S B | R ]

D

1Ay

(|



Page 16 4/4/91

IPM Development

e
69 ZHO'SWI6

i

*

e 1l N BN il ]

¢ J1avl

_ | J o |

u0)S}AK PUAPIINIOH

JEHOPEL YL |[BAMNIOH 'A‘

(spiinges ¥ ‘mau G9) 69

|B10 L

9
0¢

NSO

(adfyojoid | ‘QSH €)

.v
2
Z
(splinged ¢ :mau 1) 81
4

soledg

(2) si1es 8|oIudA
wielboid 1gbijd

soledqg

8109
181s00g]

Weihoid v Ldil

saledg

O44

O-d

aseyd-qns QS
aseyd-qns adAj0j01d

eihoig yuauidojanaq

palinbay JaquinN

uonesijddy

SLNIWIHINOIH INIONA LNINJOTIAIA NS



i

o

f

e ‘”N‘ m
RiRit

il

i

gl

‘Hﬂ
i

o

it

il

1" 1

0

(i

fi

Ll

Page 17 4/4/91
IPM Development

3.2 IPM Developn{ent Program

The IPM development plan and schedule shown in Figure 8 also has 2 subphases; 2 prototype
engine subphase listing 72 months and an FSD subphase lasting 60 months with the 2 subphases
overlapping by 27 months. This schedule has approximately the same number of months for the
prototype subphase (71 months for STME vs. 72 months for IPM) but the overlap is reduced from
54 months to 27 months and the FSD phase is reduced from 108 months to 60 months. By
delaying the start of FSD until the prototype single-engine element testing is in progress the design
update will have a larger hard database available which will reduce risk in the FSD design. The
approach to designing the IPM in the prototype phase is the same as in the STME approach, that is,
produce a design close to the production design. Full TQM techniques will be applied to achieve

the objective.

The prototype hotfire testing of the IPM components consists of 60 to 70 major subsystem tests
including the gas generator, fuel and oxidizer turbopumps and thrust chamber assembly. The
major difference berween the planned STME component tests and the IPM component tests is that
the IPM engine element components are tested with the propulsion module subsystems including
the low pressure inlet ductin'g' to the turbopumps, the high pressure ducting to the TCA's and gas
generator and the control / monitor systems to the extent possible. The propulsion module and

engine element subsystems are described in Figure 3.

The prototype subphase engine element testing includes testing of 4 single-engine elements
integrated with the module subsystems including propeliant ducting, control monitor system, and

pneumatic system for 120 tests.

The FSD component hotfire testing consists of 40 to 60 major subsystem tests including the gas
generator, fuel and oxidizer btur;bojm‘mpswa;ha'TCA”s and their respective propulsion module
subsystems to verify any design changes resulting from testing in the prototype program. The
integrated engine propulsion module component / subsystem test plan is shown in Figure 10. The
prototype single engine test schedule is shown in Figure 11 and the test objectives are shown in

Table 3.

The FSD integrated engine propulsion module systém hotfire test plan is also shown in Figure 11.
As indicated, 2 single-engine elements are planned for hotfire testing. The single elements will be
tested with their propulsion module subsystems as described in Figure 5 to the extent possible.
The objective of testing these single engine elements is 10 verify any design changes resulting from

. the prototype program and characterize the operation of the single-elements in preparation for the

multi element testing to follow. As shown.in Figure 11, both 2-engine element and 4-engine



Page 18 4/4/91

IPM Development

SN D B DT I D R R R B _ _ | b
el ¢lO-SIVI6 .
O —. ux:w H L HOPSJAY) DUAPID§IULY

JEUDHBLIIBINI [[BMNI0Y '4‘

(‘jeu) Bupisay

CEEFI TR RN NA . S Do e|npol uojsindoid

..m_.szga a_a___m :mn_ P Pt P i \e_._?_m peiaiBeiu)

S 1t EREEE I (1eu) Bupisey

DIEEID - Punsepeddjoiong | ¢ o : wetuel3 ec_a:m

I P Do oy 9_..25 _,a__aoi,__ : DD (L T L X0 _...8 sen)
S P 2ol . bBupnpuy hssy g | . Aquwessy oBeyoud Jemod
P o o _ 9__.3_.38 -Bupse) adhrnd | 2| poc SR S A
Dol Do N R T ] D A oo Do
A Pt P RN S TTITIIE I A ,,m___sm..ms_me > I - P
Pl Dol o . |.Bunsey as. oo adhoogl ARl Ko sndoqn
R Pl Do : Spun g S 2__52____%“_ X01: ¢ .>_a._._o._a< ._:.n:%.s__.:
SRR A o _i_|mserasal |t LIUILY RS A N
oo Do - et M —_— >_ : 5 Do o b
SRR R Lo (T i Tokev ebeer| Tt T[SRSVECBBOL| i i fquiesaey ) 66
Do P P w | o 3oH (1S o s__s;s_o_n_ N >_J=a.= A
.?wﬁ.gsu__.o:.w m
SEEEEE NN Rl RN
Pl Pl PR I ST () .o.o.n_ : oo fiddng Jemod {eojiioe|3
Do Pl P : * SO, ;3 ” %w?s____mﬁ (& . bus WD ‘johu0d
o Pl P _co:oa_:oa 1Sy &:o:oa___g aa;_a_oi Pl :

_ . Tueibolgy Em:io.o>m3 /82 m__;u_.f o . \V
T i L ] obad | G|
A N N N IS e IB05] 6aKIBIOI
P WA ._.uwWWW:M:.....:WMW:.
: ipuoves . ;¢ .mwv.mi" P L P P I . dLv

| ﬁ.oimr big:g: [viE:e:l ViE:c:k [v:ieig:l [vie:g:h vm N; vigig:l[viE:gib|{bieigit
, or; 6 4A: _m:>m ) QIA: ‘GAA: é;m ‘CAA: ‘CAA: P LHA:

NV1d LS3L NILSASANS/ININOdINOD IN/d AIALVHOILNI



e 19 4/4/91

IPM Development

g
=

Pa

62 20SNI6 .
—. F uw_—._m: ..._ VOJLIAID sUARURBOY

[LUOPELNIBNI] [BMYO0YH 'A‘

. ST ST ] ] ewemwenw] | E
o9 SN I WeWsIINW | € guopjsoq :
N0 Pl : 11| (as4d) wei3 ejfuig 0] !
O it TR 1 1 |(oiond) "weig eiBuis |1 | P
we3 {wie)g fuvegl -} 1 , oo
“Buneey edAjorold | S S R K
sfvd Jemod s yD |+ 5iegy P P SR
- A(quiessy edkjo1oig: - oo P P
T OUT0Ic] OMMPIBI] (8. . | IGNOSEY B AR RII0L] ONIMPIIH § i N A
..... EEEEEESIEEEEEESERE NN EEEN RSN
URIHO1C| WetudojeAs(] 6[BIG-I(N:f L R Pl Lo SRR
Db [T T T veibaid edAoioid.
A Lo R Lo Co o R R R
: EE Dol P Pl P P Pl PoEd
vieeil ) vieieit [Vig: il |viCiaih |VviEiei k| ViEigil[viEigil| viEigi!
OLYA; A B T 9aA: | iGAAL | ivaAD | iEAAD | igAD | LA




| [ i ] ' 1 1
Py oy oD Ow e e llm I i | i 1 ) 1 | _ o B
1 . i I lib

vl -2I0SIVIB .
£ 31avi A A
- _ JHUOHEIB | JOAO0L 'A‘
28
5-g|s1seL 062 [0¢ |0¢ oz loz |oz |02 |62 |62 |0E |0E |0E |OE
i Ol 04
Ay Ol Odd
G G abueyolau) dwo)
0¢ |02 | | Alngeljey
0} |0l |0} |O} (O} BuimoJty |
0¢ |0¢ 0¢ |02 0c al
oL |0k |G [0} (O} |4 18bUBLOXd 1Bd}|
¢ e € |E [€E |E ajes |le4
lc o ¢ ¢ |é $S8l)S 19A0
oL o1 lol lot lov oL (oL [OF [OL) |0} O} S
oL (oL (Ol | Buijequiin
oz loz |ol log log |0t |OF [0k |OL |G |C Lonein(
¢ |c |8 |8 |¢ Anaels
oF |Gt oL |S§t |2 |¢ oL |0l |0} | ‘uoaiaus BunelrsdQ
ol lot lot lor {oL |01 [oL 0L |OF (O} {OL |O} aouBWLIONBd
0L |0} oL |g |01 [S |G |0} |OC umopinys / Yels
oL (O} - lok s |ok [ |§ |OF |O¢ uoniub)
e lz 1t le lz |t |z |+ |v]e g |+ | seamoslqoisal
(awarg v) (uBudy3 ) Bunss fuyse| juswie|3 8jfuig
181500¢) 8109 juatue|y ejbuig ' .
wieibold as: adf1o10.44

XIHLYIN 1SAL W/ d A3 LVHOALNI



{0

frr

T

i

[t

{

v
[
3

g

1
[

(i

U

LR EI | 141 . F

[

TR

Page 21 4/4/91
IPM Development

element testing is plar{ned. The 2-engine element is representative of a core stage which lifts the
payload into orbit and the 4-engine element is representative of a booster stage. The system hotfire
test matrix planned for each of these configurations in the FSD program in shown in Table 3. As
indicated, 50 single engine element, 60 2-engine element and 60 4-engine element tests are planned
for a total of 170 tests. Table 3 also shows the planned test objectives and number of times each
objective will be tested. It should be noted that in order to achieve the objective the number of
times shown will require that multiple objectives be accomplished on each test.

Table 3 shows that a total of 290 system hotfire tests are planned for the combined prototype and
FSD subphases for the IPM development program compared to 780 system hotfire tests planned
for the STME Development Program (Table 1). The reason that the number of hotfire tests is
significantly reduced for the IPM program is that multiple engine elements are hotfire tested during
most of the program, thus exposing more hardware to the hotfire environment for each test. Since
a test setup for a IPM multi engine element configuration is only slightly more complex than the
setup for a standalone STME hotfire test a significant reduction in test setup costs will be realized.
Also, since the IPM development program tests the multi-element configuration to the extent

_ shown, there is no need for a separate Main Propulsion Test Article (MPTA) program as required

for the standalone STME program. This results in a reduction in the amount of hardware required
for the IPM development program. A comparison of the engine system hardware required for the
STME and IPM development programs is shown in Tabis 4. The total number of system tests
planned for the IPM program including the first 2 flights is shown in Table 5. The preceding
discussion show that the IPM hotfire test program is a more efficient approach to propulsion

system development because:

+ The propulsion module and engine element components and subsystems are tested together
thus uncovering any design problems earlier.

» Each multi-engine element hotfire test eprses more hardware to the hotfire environment
thus requiring less test setups to complete the program. i

+ Since multi-engine element testing is the zflajor part of the system test program a separate
MPTA program is not necessary thus reducing the amount of hardware required.

«  The test objectives are accomplished with significantly fewer hotfire tests (see Table 6 for

comparison).
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321 IPM Reliabilitv

The ALS program has established a single STME design reliability goal of Reng = 0.999 and a
demonstrated reliability goal of Reng demo = 0.99. The IPM program will have the same design
and demonstration reliability goals, but the IPM approach should result in significantly higher

design and demonstrated reliability values.

3.2.1.1 Design Reliability

Table 7 shows that the IPM has a significantly higher overall reliability based on the fact that the
number of major components and sub-systems are significantly reduced as shown in Table 8. The
component reliability values shown are based on failure data from the J-2 and SSME engine
programs. The reduced number of major components and subsystems plus the fact that the IPM
design will employ the same Total Quality Management (TQM) techniques planned for the STME
design effort should result in quantified IPM design reliability greater than 0.999. Another
potential reliability advantage of the IPM (booster configuration) over the 7-engine ALS is in the

_ consequences of a catastrophic failure. As stated previousiy 2 significant advantage of the IPM is

greater access and therefore improved operability as a result of the integration of the propulsion
module and engine components and subsystems. The resulrng reduced number of components
packaged in essentially the same envelope as the ALS propulsion module not only improves
operability but allows for installaton of blast containmen: features which could not be reasonably
provided in the ALS propulsion module. The ability to provide a physical safeguard against
catastrophic failure will reduce the catastrophic factor in reliability and will increase system
reliability. As shown in Figure 12 for a camastrophic factor of CF = 0.05 (used for ALS),a 7-
engine cluster would have a system reliability of Rgys = 0.9947. With a capability of blast
containment the catastrophic factor could be reduced to CF = 0.02 and the system reliability of the
engine cluster would increase to Rgys = 0.9967.

2.1.2 Demonstrated Reliability

The ALS STME reliability demonstratior requirement is Reng = 0.99 with 90% confidence. To
fulfill this requirement, a binomially based, reliability demonstration program 1s planned that
required 230 equivalent mission hotfire tests without 2 failure. An equivalent demonstration is
require for the IPM.
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A baseline ALS booster vehicle configuration is a cluster of seven, independent engines with "one
engine out" capability. Since the demonstrated reliability of each of the engines is Reng = 0.99,
the booster propulsion system reliability, with one engine out capability, is Rgys = 0.9947. It isan
objective of the IPM development program to demonstrate the same system reliability, 1.e. Rgys =
0.9947.

The IPM configuration consists of four turbopump sets and eight thrust chambers, with common
propellant manifolds between pumps and between thrust chambers (see Figure 4). This
configuration enhances reliability through a reduction in the number of generally higher failure rate
subsystems (turbopumps), and configuring them in a redundant pumping arrangement. The eight,
as opposed to seven, thrust chambers arrangement utilizes equivalent sized thrust chambers to give
an approximately equivalent thrust condition (i.e., equivalent single engine out). To ensure full
pumping capability and no propellant loss through a failed pump, the integrated system does add
approximately 21 isolation valves which adds complexity.

In order to determine the required IPM reliability demonstration program some assumptions were
made. First, the majar engine subsystems were assumed to be similar, generally bell-nozzle, gas
generator cycle type hardware, to the STME. The assigned reliabilities of the components used
were the same as that established for the ALS STME components based on the ALS single engine
"reliability goal of Reng = 0.999 and the analysis of failure data from the J2 and SSME engine
programs. Second, the assignment of reliability allocations assumed no hardware scale factor
effects. The allocations are based on rocket engine component types, and the same reliability
allocation is assigned for the smaller, single engine components as they are for the same type of
hardware on the integrated modular engine system. The capacity of the latter system's
turbopumps, for example, would be approximately 2.3 times greater when considering the
reduction in numbers (4 vs. 7==> 1.75 factor), plus the additional reserve capacity to
accommodate one ou: of four pumps out (3 vs. 4==> 1.33 factor) capability. However, in actual
size the IPM turbopumps are only approximately 20 percent larger than the STME turbopumps.

Finally a catastrophic fraction (i.e., the fraction of failures whose effects may be uncontained and
catastrophic in magnitude) of 0.05 was applied, which is consistent with the ALS requirement and
data from 1,391 engine tests and launches during the Apollo era. The catastrophic fraction causes
the propulsion system reliability to decrease as the number of individual engines or components
increases.

The analysis showed that the same clustered engines, booster propulsion system reliability of
0.9947 can be achieved with IPM engine elements having 0.9855 reliability. This level of
- reliability could be demonstrated to a 90% confidence level with a series of 158 equivalent mission
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tests without failure. This analysis is illustrated in Figure 13. The ground testing of this integrated
system configuration could be accomplished with a single-engine element, consisting of two thrust
chambers and one set of pumps, which is a representation of all the major subsystems of the
system or with a 4-engine element IPM in which case only 40 equivalent mission tests were
required. Completing the reliability demonstration with 40 test setps is a significant cost
reduction compare to the 230 test setups for the STME.

Another reliability advantage of the integrated system approach is the significant gain in operating
robustness. The integrated system can withstand failures in each of it's three major subsystem,
namely oxidizer turbopump, fuel turbopump and thrust chamber subsystems, and still maintain an
equivalent engine out thrust level. The clustered engine system can tolerate only one major

subsystem failure.
2. Flight Certification

The flight certification program for the IPM is the same as that planned for the STME. The
_ program consists of Pre Flight Certification (PFC) and Final Flight Certification (FFC) test series.
The PFC is scheduled to be completed approximately 6 months prior to the first flight and FFC is
scheduled to be completed 6 months after first flight. Each test series consists of 10 tests each on
2-engine elements. The objective of the PFC program is to certfy that the engine element design
has matured sufficiently for the first flight. The objective of the FFC program is to certify that the
engine element design is ready for production and operational status. Since the test series requires
that 2-engine elements be tested, the respective program can be conducted with 2 separate single
elements or with a 2-engine element IPM or 4-engine element IPM where only 2engine elements
are designated as the certification test articles. As indicated on Table 3. The 2-engine element IPM
has been selected for the certification programs. This selection results in the lowest cost test
program because only 10 test setups and 2-engine elements are required to complete each
certification program. If 2 single-engine elements are used, 20 tests would be required. If testing
is accomplished on the 4-engine element configuration the program would still require 10 test
setups but 4-engine elements would be required. Another advantage of completing the certification
test series with multi-element IPM, not only do the engine element components and subsystems get
certified but also the propulsion module subsystems including the propellant feed, pneumnatic, tank
pressurization, electrical power supply, and control monitor systems will be certified. A
significant benefit compared to the STME certification programs which are accomplished with
standalone STME's with facility support systems.
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