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ABSTRACT 

Over hlie past. severa. years, there has been an increased awareness in the ne- 
cessit.y for rocket, engine healt,h monitoring because of the cost* and complexity of 

present. and fut.ure systems. A current, rocket engine system, the Space Shut,tle 
Ma.in Engine (SSME), combines a limit.ed redline syst,em with closed-loop control 

of t.he engine’s t.hrllst. level and mixture ra.tio. Despite these features, 27’ t,ests of t,he ^ 

SSLIE ha.ve result,ed in major incidents. In t,his investigation, a.n SSME tmnsieul. 

model was 11sed t.0 examine t,lie effect of variations in high pressure t~urbopump 

~)erformmce on va.rions engine pimmet.ers. Based on ana.lysis of the responses, sev- 

eral new paraniet,ers are proposed for further investigation a.s power-level specific 

redliues. 

Introduction 

The objective of this effort was t,o analytically investigat,e a set of paramet,ers 

and t,o select, ca.ndidates for the development of power-level specific redlines which 

could indicate Space Shuttle Main Engine (SSME) f ai ure earlier than the current. 1 

det,ection system. In recent, years, t,here has been increased act,ivity in the area of 

rocket engine health monitoring and controls driven by concern over the safety and 

maint,ainabilit,y of the SSME and fubure engines. Wistorically, limits, or redlines, on 

critical parameters ha.ve been used t,o minimize catastrophic failures of expendable 

liquid rocket. engines on launch vehicles such a.s the Atlas a.nd Tit,a.n. Although the 

SSME is reusa.ble a.nd relatively more complex t,han previous engines, its fa.ilure 

cont.rol system employs ouly basic redliues combined wit,11 controller limit logic, 

redundmt, sensors a.nd controller voting logic. 

Desl)it,e this fa.ilure cont.rol syst.elil. sever-a.1 SSME t.cst, firings llal-e resllltetl 

irl conip1et.e or pa.rt.ia,l loss of an engirie. .Fortyfire firings have Ibeen classific>tl as 

failures, a.ud 27 have had sufficient sel-erit,y to be la.bellecl a.s nla.jor fa.ilures (ref. 1 ). 

Alt.hough this represent,s a small percenba.ge of t,he more flian 1200 test. firing.5 

t.o clat,e, t,lie t,ime and cost. impacts have been significa.nt., amounting to several 

hundred million dollars. Due t,o t.he t.ime, cost. and safet,y fact,ors involved in rocket, 

engine opera&on: many investigations are underway which a.re a.ttemptming t.o provide 

improvements t,o t,he current. st,at,e of rocket, engine hea1t.h monitoring syst,ems. 

Some efforhs have focused 011 t,he existing sensor set. while ot,hers have focused 

on t,he rlevelopnlent. of new sensors. The existing sensors have been used in t.he 



development. of a. Survey/Acquire Fa.illrre Det,ect.ion (SAFD) algorithm to det,ect, 

failures during the st,ea.dy state operation of the SSME (ref. 2-4). When t.est,ed using 

da.ta from a limit,ed number of anomalous test. firings, SAFD signaled a shutdown 

earlier than the redline cutoff. In the area. of sensors, specialized bearing and turbine 

blade monit,oring t,echniques have been developed as part. of the SSME Alternate 

Turbopump Development, (ATD) program (ref. 5) and advanced sensors have been 
inrplemented on a rocket. engine hea1t.h monitoring laboratory t,est, bed (ref. 6). 

Spcct,rometric techniques have also been developed t,o monit,or the SSME plume as 

a nlea.ns of indicat,ing engine failure or degradation (ref. 7-S). 

In t,his study, a transient model of t,he SSME was used to examine the effect of 

varia.t.ions in high pressure turbopump performance on modeled paramet,ers which 

are also sensor measurements. Based on the analysis of the responses, several new 

para.met,ers a.re proposed as promising candidates for power-level specific redlines 

which, in t.he event’ of failure, could result, in earlier engine shutdown. The effect. of 

variations in high pressure turbopump performance on system behavior was inves- 
I i,ga.ted for two reasons. First,, these t.urbopumps are line repla.ceable unit.s (LRTTs) 

which exhibit. a wide ra,nge of accept,able performance. Second, t.he test. hist,ory of 

the engine a.ntl failure analysis reyort,s (ref. 9-11) indicat,e t.1la.t the high pressure 

turbopumps deserve a. high priorit,y in SSME hea1t.h monit,oring effort~s. 

Background 

SSME Description 

The Spa.ce Shuttle Main Engine (SSME) is a reusable liquid hydrogen and liq- 

uid oxygen fueled rocket, engine that supplies thrust through a two stage combustion 

process. The engine consists of t,wo similar subsyst,ems, each comaining a low pres- 

sure t8urbopump, high pressure turbopump and a preburner, as shown in figure 1, 

which supply the oxidizer and the fuel t,o t,he main combustion chamber. In the first, 

st’a.ge of the combust,ion process, each preburner produces a hot. fuel-rich gaseous 

mixture t,ha.t, is used t,o drive it,s respect.ive high pressure turbine. The second sdage 

is a. cont’rolled bum in t,he main combustion chamber that, produces the engine’s 

t.11rust. 

The SSMJ? conrpol1ent.s are highly int,erdeperldent.. The low yressrlre pu~llps 

provide t$lie necessa.ry pressure increa.se bet,ween t,he propellant t.a.rlks and the high 

pressure puinps a.nd are driven by t.he low pressure Qurbincs. The high pressure frlcl 

pump supplies hydrogen t.0 t,he va.riolis cooling circllits t.hrougliolrt the engine. The 

heat,ed hydrogen is then used bo drive t,he low pressure fltel t.urbine a.nd t.o s11pp1.v 

frrel t.o t,he preburners a.nd t.o t,he ma.iu combust.ion chamber. The high pressure 

oxidizer pump supplies oxidizer t,o the main combustion cha.mber and t.o hhe low 

pressure oxiclizcr t.rlrbopump t,o drive it,s t,urbine. The high pressure oxidizer pump 

boost. st,age, or preburner boost, pump, is fed by t,he high pressure oxidizer pump 

and supplies oxidizer to t.he preburners. The fuel a.nd oxidizer preburners are used 

t,o drive t.heir respective high pressure t.urbines. Therefore, t.he performa.nce of ea.ch 

component. ha.s at, lea.st a.11 indirect, effect. on t,he operat*ion of t.he overall system. 
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The ront.rol system commences closed-loop control of t$he main combustion 

chamber pressure a.t start +.74 seconds and closed loop control of the mixture ratio 

at st,art, +3.6 seconds. Thrust control is achieved by using t#he error between the 

reference and actual main combustion chamber (MCC) pressures to drive the oxi- 

dizer preburner oxidizer valve (OPOV). The fuel preburner oxidizer valve (FPOV) 

is used 60 control t,he main combustion chamber mixture ratio. This control system 

allows the SSME t.o be a t,hrottleable rocket engine with an operating range between 

63 a.ud 111% of rated power level (R.PL). At. 100% RPL, the SSME has a vacuum 

t,hrust. of 470,000 11~s and a chamber pressure of 3006 psia (ref. 12). 

Current Flight. Redlined Parameters 

Redlines place performance bounda.ries upon critical parameters which, when 

exceeded, resultJ in engine shutdown. The SSME 1la.s seven start, confirm and five 

fight, redlined para.met,ers (ref. 13). Experience and engineering judgemem ha.ve 

heen responsible for t,he redlined parameters selecbed, the t,ype and value of t,hc 

retlliue limit,s, and t,he implemetation of t,he redlines during flight, a.nd ground t.est 

firings. Some of t.hese redlines ha.ve been in pla,ce since t,he beginning of SSME t,est- 

ing while ot,hers have been established in response to failures. The five flight redlined 

pa,ra,met,ers, all of which monitor the high pressure turbopumps, are summarized in 

t,his section. 

The high pressure fuel turbine (HPFT) discharge temperature has an upper 

limit, redline set, a.t. 19GO”R and is init.iat.ed at, start +5.04 seconds. This limit was 

established to prevent turbine bla.de stress rupture due to t,he high temperatures 

experienced during operation. The limit, was based upon the maximum t,emperat,ure 

t.1la.t. t,he blade could wit,hstIand at, 109% R.PL wit,11 a 100”R margin of safety. 

The High Pressure Oxidizer Turbine (HPOT) d isc rar e em erature, has bot,h 1 g t* p 

an upper limit, redline of 17GO”R. a,nd a, lower limit redline of 720”R.. The lower limit, 

was set t.o prevent, icing conditions which could cause loss of t,he preburner oxidizer 

valve cont,rol. The upper redline wa.s assigned to prevent, degra.da.t,ion of t,he 1lea.t 

excha.nger based upon it,s life capa.bilit,ies for temperatures up t,o 1SGO”R.. Limit. 

tnouitoriug commerrces a.t. st,art. +2.3 secouds for the upper limit, and at. st,art $--3.S 

seconds for t.he lower limit.. 

The high pressure fuel t,urbopump (HPFTP) coolant, liner pressure has an 

upper limit, redline that, varies with t,he operat.ing power level; t,hus, it, is a power- 

level specific redline. This varying reclline was est,ablished bo prevent, buckling of t’he 

HPFTP coola,nt. liner which would result. in hhe rest,rict,ion of l.he coola.nt flow; limit 

monitoring begins at st,art fij.04 seconds. The limit. is ba.sed upon ground t.est da.ta. 

and provides a. minimum safet,y margin of 100 psi. This power-level specific redline 

limit. is clet,ermined by t.he following linear fun&on of ma.in combust.ion cha.mber 

pressure, P,, (ref. 3) 

Redline Limit = A,) -t- ;\, * P, + Limit, Tolera.nce, 

where the non1iua.l values for t,he coefhcienhs are A0 = -97.3 psi and Al = 1.1583, 

a114 t.he t.olera.nte limit, is 451 psi. 



The final two redlined parauieters were est,ablished to prevent. int.erfa.cirtg of 

t,he hot, gas aucl liquid oxidizer in t,he high pressure oxidizer t,urbopump. A lower 

limit, redline 170 psia was established for the int,ermediate seal purge pressure t,o 

det,ernline excessive seal wear or loss of helium purge pressure. An upper limit 

of 100 psia was established for the secondary turbine seal pressure to detect, seal 

failure. Bobh redlines are activated at. engine start, aud both are based on analytical 

models of experimentma. dat,a and niaiutaiu a 10 psi safety ma.rgin for the worst, case 

operat,ing conditions. 

Monitoriug of the redlined parameters involves a voting logic procedure anloug 

t,he reduudaub sensor measurements of a given parameter in order to prevent a 

prenmture shut,dowu due to a failed sensor. Each qualified sensor chanuel of a 

retlliued pa,ratueter is nionit,ored during every data collection cycle t-o det~erniine if it. 

is wit,hiu it,s limits; limit. monit.oriug is suspended if a channel has been disqualified. 

A sensor which exceeds its limit for three or more consecutive cycles represents a 

vot.e for engiue shutmdowu; a consensus of all qualified sensors for a giveu redlined 

para,meter result,s in engine shut,dowu. 

SSME Flight8 aud Test Dat#a 

The SSME data files are divided iut.0 t,wo separate da.ta t,ypes, CADS (Com- 

tilautl a.nd Dat,a. Sinmlahor) data a.ud facility data. The CADS dat,a, set. coutaius 

up t.o 125 mgiue parameters aud iuclttdes the flight redliued pa,raniet,ers. These 

para,meters a.re ideutified by parameter ideudification (PID) uumbers ranging from 

1 t.o 299. The CADS t,est staud da.ta files ha.ve the same parameter set recorded in 

t.he flight data files for a giveu hist,orical t.ime period and all CADS data files, both 

flight, a.nd t.est,, are recorded at, a ratme of 25 samples per second. 

Duriug SSME t.est,s, additioual cligital data are recorded by t,he t,est stand 

facilit,y syst,ems. This facility data include parameters from bot,h t,he engine aucl 

the facilit,y t,est, st,aud t,hat, test, engineers consider necessary for the cont,rol and 

evaluation of t.he t.est. These measured paramet,ers are identified by PID numbers 

rauging from 300 t,o 1999. The recording rat,e for this type of dat,a file varies from 

50 to 60 samples per second, depending upon the test stand facility. 

Bob11 t,he CADS and facility dat,a files are available from the various test strand 

firings. These include t,he single engiue firings at, t,est. stands Al, A2 and Bl located 

a.t NASA St,enuis Space Ceut,er (SSC), t.est, st,aud A3 locat.ed at the R.ocket.dyue 

fa.ci1it.y iu Cla.uoga. Park, California., a.ucl t,llc AIa.in Propulsion Test, Art.icle (14PTA) 
cl~~sfer firings performed a.t. SSC:. ‘1’11e SSAlE test, bed n.t NASA Alarslti~ll Spaw 

Flight. Center (MSFC) .lL I a 50 ,roduces t.he t,wo t,ypes of data files. Only the (‘:\lIS 

da.t,a files are a.vailallle from SSME fligllt s. 

SSME Digitsal Transient, Model 

The digit.al transient model (DTAJ) which is described in refereuce 14 simu- 

la,t.es t,he Space Shut,tle Maiu Eugine’s performance charact.erist,ics through st.a.rt,, 

nminsta.ge cout,rol (scheduled throttles) md shutdown. The input. describes a nom- 

iual engine; source code and input. chauges a.re required t.o adequately sinmla.t,e 

off-uoininal eugine behavior. 
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Tile model is divided into three tnajor snbprogra.ms: fuel, oxidizer, a,nd hot 

ga.s. ‘1’11~ siulr~lation uses the sinrple Killer time int,egrat.ic)n scheme; a. t*ypical t.illie 
st.ep is .0002 seconds. The CADS para.nlet,ers which are current,ly simula.ted by the 

DTM are given in table 1. Only t,wo flight, redlined parameters are simulated by 

t,he computer model, the HPOT and HPFT discharge temperat,ures. In addition, 

t,he dynamic response of these t,empera.ture sensors is modeled by the DTM. 

The DTL’I has been run on both a. VAX 5800 and an Amdahl5860 to insure that. 

the model did not. exhibit machine specific behavior; no significant difference was 

observed in the result8s. A startup simula.tion of 5 seconds requires approximately 9 

minut,es of ClPLJ t,ime on t,he VAX 8800 and 4 minut,es of CjPU t,ime on the Amdahl 

5860. 

The DTM wa.s obtained through permission of t,he program office at, NASA 

Ma.rshall Space Flight. Clenter. The model used in this invest,igation was current. a.s 

of Sept,eniber, 1988. 

Results and Discussion 

Simula.hion Results 

The DTM comains hea.d and t,orque mult,ipliers which can be varied to adjust. 

the t,urbomachinery efficiencies a.nd thus t,o simulat,e changes in high pressure t,ur- 

bopump operat,ion. C’alculations were performed using an SSME performance code 

and engine t,est, data t,o establish a range for these multipliers which represent one 

st.anda.rd deviat,ion from the test data, (ref. 15). Tl le ranges are given in table 2. 

A low performing HPOTP, for exa.mple, is characterized by reduced efficiencies for 

t,he oxidizer turbine, oxidizer pump, and preburner boost pump. 

Nine t.urbopump combinat.ions were considered in t,his st,udy; t,he cases are 

described in table 3. For each case, t,he engine was throttled from 100% R.PL t,o 

65% RPL and from 65% R.PL to 104% RPL; tl ris is typical of an SSME mission 

profile (see figure 2). The duration of a st,eady st,a.te int,erval of the simula.t.ion wa.s 

short8ened in comparison to t,he corresponding flight int,erval in order t,o conserve 

comput,er resources; a given power level was simulat,ed long enough t,o demonst,rate 

t,hat, skady st,at.e performance had been achieved. 

Al t.hough a.11 of the paramet,ers in t,able 1 were simulated, several were dismissed 

from further consideration for power-level specific redlines for a va.riehy of rea,sons. 

The fuel and oxidizer flowrabes, t.he ca.lctt1a.k~ mixbure ra.t.io. and t,he filC’C’ inject.or 

end pressure are involved in the closed loop cont.rol of t.he engine’s hhrust. a.ntl 

mixture ra.tio a.nd were not. considered for further monitoring by power-level specific 

redlines in this irivest,iga.bion. The sinlrlla.tetl IkTCC cooIa.nh discha.rge t’empera t.ure 

and t.he HPFP inlet, t,empera.ture exhibikd a.lmost. no response t,o eit,her t.urboprtmp 

efficiency varia.tions or t,he power level cha.nges; therefore, t,hese pa,ra,nieters were a.lso 

not. considered. Finally, The ma.in fuel va.lvc (MFV), ma.in oxidizer valve (1cIOV) 

a.ntl coolant. cont.rol valve (CClV) p osit,ions a.re scheduled para.met,ers and a.re not. 

a.ffect.ed by t.he varying t.urbopump efficiencies. The behavior of the 17 remaining 

paralnet.ers is shown in figures 3- 19. 
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pressure disp1a.y a direct, qualit,at.ive response to the changes in turbopump effi- 

ciencies, while inverse qualit,ative responses are observed for the low pressure fuel 
t~~rlmpunip shaft, speed and pump discharge pressure. The devia.tions in the re- 

sponse of the T,I’OTP para.met,ers a.re a. fa.c.tor of three sma.ller t.ha,n t.lie equiva.lent, 
LPFTP para,inet,ers; high pressure t,urbopump perfornmnce changes appear t,o be 

reflected more by t,he LPFTP than the LPOTP. 

The responses of t,he HPFTP parameters to changes in turbopump performance 

are shown in figures 13 and 14. The shaft speed and pump discharge pressure 

show inverse qualit,at,ive responses t,o cha.nges in HPFTP and HPOTP efficiencies. 

Although these kencls may appear contradictory, they are consist8ent with variations 

in fuel preburner chamber pressure. As the chamber pressure increases, t,he shaft 

speed and pump discharge pressure also increase. The HPFTP shaft speed responds 

more t,o changes in HPFTP efficiency while the HPFP discharge pressure responses 

a.re evenly disbribubed for the nine test, cases. 

The simula.t.ed responses of t,he HPOTP perfornmnce paramet,ers are shown in 
figllres 1.5 17. The HPOP discha.rge pressure shift,s display direct, qualitat~ive tarends 

wit.11 respect. t,o HPFTP effi ciency cha.nges and relakively sma.ll invert,ed qua.lit,a.tive 

t,rends for t,he HPOTP efficiency changes. For the PBP discharge pressure, a direct! 

qualit,a.t,ive hrend wit,11 efficiency varia.tions for both high pressure turbopumps is ob- 

served, while the PBP discharge temperature’s qualitative response varies inversely 

with bhe HPOTP and directly with HPFTP efficiency changes. The PBP discharge 

t.enlperature experiences larger variations due to changes in HPOTP than HPFTP 

performance. 

Figures 18 and 19 show the responses of the MCC fuel injector pressure and 

MC!C coolant. discharge pressure t,o hhe nine turbopump efficiency combinations. 

Bot,h parameters display inverse qua.lit,at.ive responses to changes in bot,h high pres- 

sure turbopump efficiencies. The response of the coolant, discharge pressure is di- 

rect,ly relat,ed t,o t.he HPFP discharge pressure since the HPFP supplies t,he coolant, 

t,o all of t,he cooling circuits. The MCC fuel or hot-gas injector pressure is dependent, 

prima.rily upon t.he performance of both preburners. 

The opera.t,ion of t,he SSME is complex and t,he interdependency of t,he va.rious 

conipoiient,s is ext,ensive. Thus, a colnplet,e explanation of t,he engine’s responses 

ca.iinot. he exhrackcl from t,he plot,s. The hrends displa.yed by the sinmla.t.ed results 

are qua.lit,a.t.ivelg consisbent, wit,11 t,lic beliavior of bhe engine. 

Para.met.er Select.ion 

In order t,o select, new parainekrs for power-level specific redlines, t’lie sensi- 

tivit’y of t,hose pa.ra,met,ers to syst.em changes wa.s examined. The high pressure 

turbopumps were selected a,s t.he syst,em mriables for two rea.sons. First., the high 

pressure t urbopunips a.re LK.Trs which exhibit’ perforinauce varia.bilit,y. Second, t.lie 

t.cst history of t.he engine and failure a.nalysis repark indicate t,ha.t. t.he high pressure 

t url)opumps a,re componenbs which deserve a. high pri0rit.y in SSME healt,h moni- 

t,oring efforts. Fort,y- five t,est. firings of t,he SSME ha.ve been classified as failures, 



a.nd 2’7 have had sufficient severity to be labelled as major failures. Breakdowns 

by component of the two failure classifications are given in figures 20 and 21; the 

high pressure turbopump assemblies have been responsible for more failures than 

any other components. 

There are two issues regarding the implementation of the power-level specific 

redlines. First,, the ideal power specific redline would monitor a parameter through 

transient, as well as steady state regions of performance. At scheduled intervtafs 

during the power-level transition, the sensor value would be compared to the per- 

missible operating range at that instantaneous power-level. Sensor noise, sensor lag 

t,imes and difficulties in modeling the transient behavior of the engine are all fac- 

tors which contribute to the complexit,y of the problem. As a first. step, therefore, 

t,his investigation focused on monitoring the steady state behavior of the engine. 

The objective of this health monitoring effort was to recommend parameters for 

new power-level speciGc redlines. However, since power level specific parameters on 

facility data would preclude future implementation in flight, it was concluded that 

the simulated parameter3 should also be available on CADS data tapes. 

Two criteria were esaablished in determining which of the 17 previously se- 

lect,ed parameters -were mccst promising for new power-level specific redlines. The 
first, criterion involves a nor,malization which allows comparisons between parame- 
ters of different illagnit,udes and dimensions. The maximum parameter deviation 

due to the simulated efficientiy variations, over a 1.5 second steady state interval at 

100% R.PL was calculated for each parameter. This deviation was then compared 

to the variation of that parameter during a nominal simulated transition from 100% 

RPL to 6.5% RPL. Th’ ie ra 10 of the two parameters should be relatively small for a t’ 

power specific redline to be feasible. The HPFT discharge temperature, for exam- 

ple, exhibits a larger variation at 100% RPL than during the transition from 100% 

R.PL to 65% RPL; fhus, the current overall redline may be more appropriate than 

a power-level specii;c redline for this parameter. This 9 case simulation has demon- 

&rated a possible nominal operation envelope of the SSME for each parameter. A 

relatively tight, envelope would show the parameter’s invariance to acceptable c.on- 

clitions for SSME operat,ion. In figure 22, two normalized parameters, one having a 

tight envelope, parameter A, and the other having a wider envelope, parameter B, 

are presented to visually demonstrate t,his feature. Table 5a presents the results of 

t,his analysis. 0~11~ t,hose parameters having a ratio of 0.5 or less were chosen for 

furt8her considerat.ion. By establishing t,he cut.off ratio level at, 0.5, only those pa- 

rameters with rellatively tight operating envelopes were selected. This should allow 

for more dist*inct. power-level specific redlines t,o be established, thereby providing 

a more effective monitoring of these redlines through a transient,. 

The second c.riterion involves a noise to signal comparison of t,he paramet(ers. 

The sensor noise deviat.ion at, 100% R.PL was compared to the variation of t,he 

pazameter during a. simulated nominal t,ra.nsit,ion from 100% RPL t,o 65% R.PL. 

The maximum sensor deviation was comput,ed from a. 30 second segment, of a typical 

SSME test, firing at 100% RPL. A 1 ow signal noise relative to the simula.ted signal 

range is desired so that the sensor’s noise will not force the bandwidth of the power 
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sl)ecific redline t,o he too broad. The sensor deviat,ions and ra.tios are given in table 

5b. Only paramet,ers having a ratio of 0.1 or less were chosen for power-level specific 

redline candidates. 

Application of t.hese two criteria resultBed in the select,ion of nine parameters 

for furt,her investigation as power-level specific redlines: PBP discharge tempera- 

ture. MCIC: coolant, discharge pressure, MCC fuel injector pressure, HPFP discharge 

pressure, FPB chamber pressure, HPOP discharge pressure, OPB chamber pressure, 

PBP discharge pressure, and LPOTP shaft. speed. These pa.rameters are feasible as 

power specific redlines because they demonstrated resistance to the imposed syst,em 

va.ria.t8ions and small signal noise devia.tions. Of t,he nine recommended paramet,ers, 

seven a.re a.ssocia.t.ed wit,11 engine component, pressure, one is t,he LPOTP sha.ft. speed 

a.nd tulle nint,h is the PBP discha.rge t.emperat,are. 

Concluding Remarks 

The focus of t.his investigation was to develop a list of promising parameters 

for new power-level specific redlines. Through computer simulations, responses of 

several para.metSers to changes in high pressure t,urbopump efficiency were analyzed 

and compared. Ea.ch paramet,er’s simulat,ed variation and signal deviaGon at, a given 

power level were normalized so that, the charact,eristics of t,he various paramet.ers 

could be compared. The nine selected parameters displayed an invariance to sim- 

ulated changes in engine performance and a low signal noise relative to the other 

parameters. These feat,ures allow closer and more distinct redlines, which may de- 

tect. a failure earlier t,han the current, redline system. They also facilit,ate a possible 

a.pplicat,ion of the redlines through t,he t.ra.nsient, regime. The selectSed pa.ramet.ers 

include PBP discharge temperature, MCI<.! coolant, discharge pressure, MC!C! fuel in- 

ject,or pressure, HPFP discharge pressure, FPB chamber pressure, HPOP discha,rge 

pressllre, OPB cha.mber pressure, PBP discha.rge pressure, a.nd LPOTP sha.ft, speed. 

The pa.ra.met,ers list,ed above will be furt,her analyzed a.nd t.est,ed so that8 spe- 

cific va.lues ca.n be imposed as power-level specific redlines during t,he steady st,at.e 

operation of t,lie engine. The proposed redlines must, then be tested against, previ- 

ous engine firings to establish their ability to detect, engine failure earlier than the 

current. detection syst,em without, introducing false alarms. The issue of imposing 

power-level specific redlines during the scheduled tra.nsient.s must. also be addressed. 

Exteusive ana.lysis of engine dat,a is required t.o det.ermine tile fea.sibilit.>- of such a11 

endea.vor. Implemenba.t~io~~ of power-level specific redlines during t’ransients will also 

require a. good underst,anding of t,he dyna.mic response of the sensors. 
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Table 1. CADS Parameters Which Are Simulated by the DTM 

CADS / DTM PARAMETERS 

Flowrate 
l fuel flowrate 
l LOX flowrate 
* calculated mixture ratio 

Temperature 
l HPFT discharge temperature 
* HPOT discharge temperature 
l preburner boost pump discharge temperature 
l MCC coolant discharge temperature 
l HPFP inlet temperature (LPFP discharge temperature) 

Pressure 
l MCC injector end pressure 
l MCC hot gas injector pressure 
* MCC coolant discharge pressure 
l LPFP discharge pressure (HPFP inlet pressure) 
l HPFP discharge pressure 
0 HPOP inlet pressure (LPOP discharge pressure) 
l HPOP discharge pressure 
l preburner boost pump discharge pressure 
l fuel preburner chamber pressure 
l oxidizer preburner chamber pressure 

Soeed 
l LPOTP shaft speed 
l LPFTP shaft speed 
l HPFP shaft speed 

Valve Position 
l FPOV actuator position 
l OPOV actuator position 
l MFV actuator position 
l MOV actuator position 
l CCV actuator position 



Table 2. EfRciency variation representing one standard deviation from 

the current DTM values for the High Pressure Turbopump Components 

Component Efficiency Variation 

High Pressure Fuel Turbine 

High Pressure Fuel Pump 

High Pressure Oxidizer Turbine 

High Pressure Oxidizer Pump 

Preburner Pump 

-2.2% to -l-2.2% 

-2.6% to +2.7% 

-2.8% to +2.8% 

-1.2% to +1.2% 

-8.2% to +9.0% 

Table 3. High pressure turbopump efficiencies for each simulated test 

case 

I Case 

I 1 

2 

3 
4 

5 

6 

7 

8 

9 
- 

HPOTP 

Nominal 

Low Performing 

Nominal 

Low Performing 

High Performing 

Nominal 

High Performing 

Low Performing 

High Performing 

HPFTP 

Nominal 

Nominal 

Low Performing 

Low Performing 

Nominal 

High Performing 

High Performing 

High Performing 

Low Performing 

12 



Table 4. Qualitative performance of the DTM simulation 

Parameter 

Engine Fuel Flowrate 

Engine Oxidizer Flowrate 

LPFTP Shaft Speed 
LPOTP Shaft Speed 

LPFP Discharge Pressure 

LPOP Discharge Pressure 

HPFTP Shaft, Speed 

HPFP Discharge Pressure 

HPOP Discharge Pressure 

PBP Discharge Pressure 

PBP Discharge Temperature 

MCC Coolant Discharge Pressure 

FPB Chamber Pressure 

OPB Chamber Pressure 

MCC Injector End Pressure 

MCC Fuel Injector Pressure 

HPFT Discharge Temperature 

HPOT Discharge Temperature 

OPOV Posit,ion 

FPOV Position 

T Qualitative Response 

Case 6 

0 

0 

+ 

+ 
- 

+ 
- 

- 

+ 

+ 

+ 
- 

- 

- 

0 
- 

- 

+ 

+ 
- 

Case 3 

0 

0 
- 

- 

+ 
- 

+ 

+ 
- 

- 

- 

+ 

+ 

+ 
0 

+ 

+ 
- 

- 

+ 

:--) indicates a qualitative decrease from Case 1 performance 

(+) indicates a qualitative increase from Case 1 performance 

(0) indicat.es no qualitative change from Case 1 performance 

Case 5 

0 

0 
- 

+ 
- 

+ 
- 

- 

+ 

+ 
- 

- 

- 

- 

0 
- 

+ 
- 

- 

- 

Case 2 

0 

0 

+ 
- 

+ 
- 

+ 

+ 
- 

- 

+ 

+ 

+ 

+ 
0 

+ 
- 

+ 

+ 

+ 

13 



Table 5a. Parameter response characteristics to simulated conditions 

Parameter 

HPOP Discharge Pressure 

MCC Fuel Injector Pressure 

LPOTP Shaft Speed 

MCC Coolant Discharge Pressure 

HPFP Discharge Pressure 
LPOP Discharge Pressure 

FPB Chamber Pressure 

OPB Chamber Pressure 

HPFTP Shaft Speed 

LPFTP Shaft Speed 

PBP Discharge Pressure 

LPFP Discharge Pressure 

PBP Discharge Temperat,ure 

FPOV Position 

OPOV Posit.ion 

HPOT Discharge Temperature 

HPFT Discharge Temperature 

Nominal 
Range 

100% =+ 65% 
AP nom 

1665.11 

1149.82 

1076.72 

1662.03 

2283.06 

80.66 

2012.03 

2094.18 

7536.17 

2217.28 

2933.16 

55.83 

16.29 

8.92 

9.74 

303.35 

156.93 

Maximum 
Deviation 

@lOO% 

Ahxoos, 

APoloon 
APnom 

17.58 0.0106 

19.68 0.0171 

19.88 0.0185 

65.89 0.0396 

126.73 0.0555 

4.95 0.0613 

133.79 0.0665 

164.12 0.0784 

602.40 0.0799 

253.80 0.1145 

409.12 0.1395 

10.59 0.1897 

6.82 0.4189 

6.84 0.7667 

8.82 0.9051 

351.60 1.1591 

191.83 1.2224 

Table 5b. Parameter signal noise compared to transition response 

Parameter 

PBP Discharge Temperature 

MCC Coolant Discharge Pressure 

MCC Fuel Injector Pressure 

HPFP Discharge Pressure 
FPB Chamber Pressure 

HPOP Discharge Pressure 

OPB Chamber Pressure 

PBP Discharge Pressure 
LPOTP Shaft Speed 

LPOP Discharge Pressure 

LPFTP Shaft Speed 

LPFP Discharge Pressure 

HPFTP Shaft, Speed 

Nominal 

Range 

100% + 65% 
AP nom 

16.29 

1662.03 

1149.82 

2283.06 

2012.03 

1665.11 

2094.18 

2933.16 
1076.72 

80.66 

2217.28 

55.83 

7536.17 

Signal 

Noise 

0100% 

ASmoo% 

0.058 0.0036 

44.57 0.0268 

38.18 0.0332 
80.49 0.0353 
74.79 0.0370 
74.22 0.0400 

89.25 0.0430 

121.48 0.0550 
80.98 0.0750 
10.26 0.1300 

387.60 0.1700 
8.27 0.2260 

2463.40 0.3300 
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Figure 1. - Space Shuttle Main Engine Schematic. 
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Figure 2. - Typical Space Shuttle Main Engine 104% Mission. 
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