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Failure modes of space shuttle main engine high-pressure
fuel turbopump

LIU Shi-jie, LIANG Guo-zhu
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Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

Abstract: A summary analysis for space shuttle main engine (SSME) high-pressure fuel
turbopump (HPFTP) failure modes was given, while the failure problems and correspond-
ing solutions of HPFTP critical components were comprehensively analyzed. The study
shows that: (1) there exist significant differences in the failure modes among the HPFTP,
the expendable liquid rocket engine hydrogen turbopump and aero gas turbine. (2) The im-
portant failure modes affecting HPFTP life are turbine blade fracture and the thermal me-
chanical fatigue of thermal shield system. The turbine blade fractures are induced by the high
temperature creep deformation and high-speed centrifugal force. The HPFTP start and shut-
down transient effects seriously affect the turbine blades as well, which should be considered
in the turbine blade life prediction. (3) Sub-synchronous vibration, which is mainly caused
by the bearings and the pump interstage seal, is a critical failure type encountered during the
preliminary design phase of SSME HPFTP. (4) The failure of lift-off seal, a proprietary seal
failure mode of SSME HPFTP, is also an important part of HPFTP failures.
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Fig.4 Stress intensity factor as a function of the engine

speed for a 0. 127 mm crack length

w0} F
0.40 /

K FE a/mm

10000 15000

0 5000
KR

50127 mm ZLY R 5 R S HLI IR M X 5

Fig.5 Crack extension as a function of the number of

cycles from 0. 127 mm initial crack length



X 7S PR KL 3 2 S L s TR i 48 2R B0 i IR A6 5 615

JE R 73k B B H (K2 14,52 MPa(m) ).
K5 Al R S0 B 0,381 mm B, R 48 0t
TEAE L) F312000. i HCF F LCF By 3 [F] 4F
WAL R BT RAR . T S 2
JRUE M 2480y 8 i BEE BF 58 2 JF L B H Al
B N SEBR TR P IR AR I e AS S v R 04 25 B 5
i Bl e it 5l s Rt R gy R, — A
5B B

Abdul-Aziz"" BF 58 8 58 i R 2 T80 1 [H)
F L 25 T X A i AT AT 55 98 26 40 A B A
() 25767 1 10 0 [RT 6. 3k 2 ey 791 D AS A A B T R
A %e I e AR =X 5 IR L B ) T 9 CAn g 3l 6
HLd 2 S 5 o A ot L AT LAAE Ry i 48 0 R )
WAL ) 2 a7 3% E A7 00 5 I R iR B R 55 A 1Y)
Al

SCHRL36 145 T ARSI 5e it i e 1 R ) 4 A
A Ty vk S EUE TR Oy s il AR R
1 ) AR AR AR AR i R R S B =
AR AT N N-S 7R o A4 R 5l 45
RWE. 1 Hmsent 5 — 4 M ik gh i 7E

2000

1500

1000

RE/C

500

Astfal/s
(a) R BIBES

40

30
g
= 20
o

10

0 10 20 30 40

fs i) /s
(b) KHLbES

800

600

400

200 +

J£F1/MPa

200 " . .
28 29 30 31 32 33

A1 /s
(o) IRFEHE O RS

TREEH F5E15/10° (t/min)
(3]

0 10 20 30 40
FiF(a]/s
(d) P f
E6 it AT IEeR S H0Y

Fig. 6 Mission cycle used for analysis

STS-93 {155t th B icd 2L L0 7R Bl J5 19 43 A v 4
HE UG R ) il 23 A 0 LS B A A R AR AR
ST BB B LBl 7. Davis Al Clough™ $§
WE R 5 e B () D 3 B A EE4E
XFF A B RS . AT X 1 g fe

L

[ 1
ol——gr—1 1|
E

MEVT 2L

& 7 HPFTP i J A 14 0 £ R 2L
Fig. 7 HPFTP firtree lob crack

b SRR



616 o = 3

PRI 30 %

IR AT T AL NS A F Bl 212
T 3 ) 3K B A3 BT 8 B AN [ A I 2 BE 4 )
T AFTEASTR] (1 i S A Sk S R i R A
SR . T I e 5 e S Aok (b e b i AR % )
S IR A2 ke o R Sy 22 M . A5 KR 35 i oz AN AN 5 i
SR OG0 5 F A B Al IR O, R R
I A2 il 0O [5) 25 & A 1 B 20 i e B A e R 1 g
By . g A 48 AN b A 12 A A
BN IR BESE Ty i R i A 1 B A A Al 1)
BT AR 2 Al IR 1 .

SCHRLL3 ) ibs &8 0 R 9% 95 A5 dw B AT 1 0 iE
g5t TR e G I A R 57 (LCF) W 2 5 8 ]
P95 (HCE) Wr 2y N R (A5 — & 19 72 HCF I
SLLEA 25 i e v AR 0 B A0 SR B HCF
Wt 2R 23 2 e T A A A T R 5 R
S H T R R bR 2 M R AL 2 o
AR, O R s %6 i AL B 95 1 Hie 5
I A, FEUE 52 W 108 48 i 7 10 31 A5 i 1 2 22 1A
2 (AR Sy Aoy A2 0 FL Ae s N7 58 BE R
0 HE AK S5 X 03 58 R i 1 A2 A AR SR AR A
WE, i im e F 5 HPFTP infe - i A 1R
Z AR Cln i B Ve A 05 2 R TE m R T
TAEEE 1 HLAC 2 SO 18 56 i BRBL AR 57 1F
1T 7 He B 2 B WF 5 s I SCAS I X3 38 X6 i 25 K
P EE B LA 57 AH G BIF 58 SCHR i 4T 4y
7. SHI 20 F] F & 1E /9 Chaboche A< 45 71 FI
Kachanov 5 /5455 51 % %2 7] ¢ [& (directionally so-
lidified) 5 fiy 85 L 5 485 19 4% 1) S Pk R A7 17 36 AN
AR IT 4 Br. XF 4% 1) S 1 i R 482 7E Chaboche
BERY LA Bl A 4 B ik it S8 30 Y. BF 58 iR
XoF B it B R 4 SRR O 1) 4% [ S M AR A A
PR AR 1T R BT 95 A 8 %5 7% . In-Hwan %5
X BT A U 2 I U R S R R B AL
9 55 1R RE HEAT IR T 5, OF 58 R W ol T 4R B 7 O
JE B T 1) R B A 1 AR gk L (A R S A
FE AR Bl 47 U4 J2 4 BN A8 O A TR AR A L T IR 2
T BT PR 2 S Ve B TE AR AR il R Y
TMF GAMLICIE 75 ) 75 fir. Yongseok %5020 5 iy
B 3P Uk = 5 A B B TR 2 B GTD-111 i Jy ik
1 VAT g R W] O MRt R 7E S AL T
1) TMF J5 fig % AR R A AL T /9 TME 736, X
S PR A [) RHAAL TR o i 5 e o ol R g i T A R Y
0585 708 S80NE & T S A ST e e g | 7 R L 7 U5 T
X0 s Q@ [ AR AL T TE B iR 2 R i TMF
3 fir BE HH A FAB B IR 2 1 TME 73 4 K O

R 7 0 F AR BR R (0 M LR R R
J TMF i BB 5 3 2 06 42 I8 B TMF
5 AT TEAIE s O T 3B 2 2 0 I LA B
T H s O S T R e 5 T kAL 5
SR 0. H 0 2 1 R R 5 BLLGR
T 2 A U5 e 5 R B AR ) T
A A B ) B SR B AN T R T
NicAl {5 fk 50 S5 ] 4™ B e o ) 2 e
PS5 9. Sadowski 505 4 S H B 502
R AR R 0 AR 713 4 &0
T3 H SV 5 M ) 2% B B TE 4 4
S I e A B 4 5 L Y
T 53 A 1D 5« B P 2 5 4 L O B
B L B U B . 4 SR H W LA
5 e A A 2 O B T S a
FWE 25%. 1 T T B 5 5 0 H 1 B AR
TN K I ) TME 75 fr b 48 25 W 1
i % B ML HPFTP (o] 5 & (11 L A7 7 B 3 % 4
# . Robinson 2677 [ 8 R B R 50 T 0 46 1
Fr 3 1 AR 8 0 T LB 4 1 T4 2
$ 0 H ALK R 22 4 I GG T X
SR/ BOBURE X 5 0 ek A T E AT T 4
7 4080 B3 JTT NASTRAN #4153 86 10
HETT 437 00045 B 6 R0 3 e py 25 (1 78 M o T
o FFV R 5 0 A5 TR TG 437 L BT 3 40 7 B o
ST IEH 5 5. XA 2 S A I (0 e
5% SCHRCAS T4 th T X5 48 4 0 MR 1A [ i Ak
B CH I WAL 5 0 2 A 0 S 3R A £ A ST
TR M SR 72 B I H 450 51 2 0 4 B80S
U, 9 245 592 W 6 L b A1 M B2 72
1 2 T LA . A U O
U 5 0 A I ) S R 5 1A S L SCk 37
19510 Bt 2 58 R 2 T A 2 %4 1 T B B
AT 5 B R AT T AN B B . AT
L 5 5 R B T 5 L 2 T L B 4
i L T T 356 U M 9 B g O ) TMF
S0 By L 12 I F S (3 T B 0 2 9 4
PR 35 0 T R e LA L
G A I AR O R I B 5 7 24
BT 7 MR I 0 R 5 05 DL O R LS
S « LU 3R 5 4R 0 1 TMF % i
T 0 R K e B LR R B 5 TR
B 1Y 3
2.2 HPFTP M 5RM BT HEEER
HPFTP R 3 2085 04k 1 1 I SR 19



X 7S PR KL 3 2 S L s TR i 48 2R B0 i IR A6 5 617

ST 1 T Y | i i e S XA B e A Y
A1 PeE . | R AR (HPFP) i b4 %
) 2 2% I A 1 9% 57 24 80, INHE X 2608 R2 A
FEHEAT 750-245 K B R BLAE AR — F e b A
gL PP, 1984 4F Robinson ) ] NASTRAN #k
XS ICEAT TR Iy A AR A R R B R 0 AR
(8 R RE T PR Ry = (D ey 198 A7 A it 8 0 B T
AR s @t B & AR T e, X 4k 8 [n) 35, 52 i)
TR E KRB0, Hoh ) B i 8 (FE K
#J 20000 r/min B} fie k3 ZU5) J& 51 R % 14k 8
(fFEE N %, Biges " BF5 7 HPFTP WKk [l 5 g %
[5] R, AF 9 e IRLTE 5 Y e R 38 1) K 24 4 e o 1/
4 I KA v R Bl AR Biggs Z I O& T 4] Atk
WK RAL HPFTP By Ik [m] 25 Jid 5% In] st © &8 A
WG AT FSE 1 Matchew!™? 45 Hy 38 fin %l i il 7
SCERAE AR 5 LA K A BB 9 ) 2 5ok 14
R Y PH e M R GEW RS T7 ik m] DL HPFTP i
[ 25 i . Becht 251058 37 SSME HPFTP #4 55
KA T B 5 e 1 3l 2 o B R B R A 2R D]
5 B AR A Rl A S PR B P AR Y B
00 1] g 2 B0 e A W TR AP IR Bl 1 A E A
FIFTE AL BB T R A R IR A ik 2l )
[, & ] HPFTP ¥ [6] 25 % 2l 45 32 1 46z I 3% ¢
{15 SSME J¢ ¥t b & A 33 F R T 23 %. it
2R BRI L 0 Jery S5V 451 T3
B AR ) A5 REBEWTE B HIRE LU L 5%
T3 712 RO I 3l FR R 8O Xy Bo
B H R 2 A RN U (AR — PR e T
AR 5 B 11 A0 AT 5 0 o 9k N % 2 BRI T
YEHE AL, & R A o) — &% Bl
S — G AR A T AR AL 2 b N 2 ) 2 )
o HPFP — ¢4 KEL-F % 3 4k & A= 31 1
J (lock tab) 2240 ™" & 8. B4 & A 7 4 I
H LR L 3X AT BE A B AR 2% TS B g R 1. SR 1]

N Lk U fih

B

HCFZ4L

K 8 KEL-F %5 &8 i 244
Fig. 8 HPFTP KEL-F seal lock tab cracks

2 5t (1R I I ) A AR 2R M L AT B Rk i
T[] 480, 1t L3 2 51 3 7 AN B e M L % 1a) % dt 4%
AROIECR

[ \

b

9  HPFTP Z¢[u] i 156 50 4% &
Fig. 9 HPFTP interstage step seal

I HPETP 3R [R) 25 41 8 [n) B 4 43 7™
o g i) % b 1 25 A B R 5 R kA R sh i
KN K Z— ,Black 5 Jenssen™ fff 57 T 3 2%
B0 B TR B ) R R R LR W25 R
I AV . SCHRL59,63 ] SSME HPFTP 4[]
25 B AR OC ) LR T T ANBIE ST 45 T oA Al 7 e
AR L 5 NI 0 25 i 2% ] B o 28 285 s 11 3 T A
S5 HE BT A 2. Groda il Prabhut®Y % ix il
[F1] oy Aefs 750 %8 5 119 W 5 BHLJE &R Bk AT T Bl i
SEL I HAA T S R R S R S S
ORI R < B B 7 Bl ) 2 e R A R AR O
RGBT AR K. SCRRE65 1% I 58 ML 2%
[ R R I P R A T T R % B A TR 2 | e
B B G R R U BT T . O HL
TRE N T RS R AR 5 OB E
B — 7 T TR R IR X 4R e R S B
BEARHE A& AR AS S Joe A 300 7 0 s @ % BB Xy el
AR R i T 1 B 2 W R TR AR i s
AR B BL P RE. T BOR i R RAT L (MS-
FO Xt 31 TE %5 358 386 i 5% 7 % 8 56 48 1 1Y)
FerEii AT T o5 0F B8 g 7% 3L R & L it
B LRI T R TE 2 BB % B B T 8 o
Rk 5 i BELE 2 B 00 e % L AT R B LG RO %
AR, AR X X F 42 & HPETP 2 1k, AR
HPFTP #E 3 B T E M 4. Kwanka ™ X} 32 57
W RRE AT TR A 5T 48 AR
[0 R AS 5 %8 = PR A % T L A2 %% R B2
Rk (9 52 ma, o HLF8 W O 2 R 4 (swirl
brakes system) Xf fif g £ 7 M 0] 2 AR A AL Y.
Childs Fl Ramsey™™ 7 A [ 1A A 3 K Wi L
S5 TUE RN TC TURE 3 AN IGO0 N 8T HPFTP % it
56y, 2% L 3 B T ) 8h FR B8 T LAAT R B A i
HRRESIFAS S RGN FRARIES & H
BB R B 10 iR il 2h R GR B XFER



618 i = &

AN

%30 &

ﬂ%ﬁﬂiﬁi’/ﬂ# Y%Yllfrﬁ'ﬁj]{ﬁﬁ:

L
%%”j}mw
—— JJUUUUUUU

I

P10 i I 3l R GE Ak F 1A

Fig. 10 Configuration of swirl brake system

LiSh (]

JE AT LA 2 BRI B i AN ER E T

SCHRL69 % HPFTP () 2% 0] % 35 1 g 17 £kt
AR R MBI ) 5% - Bl 0 2F R M LI AR L 4
SRR 6 % B (knurled seal) 8] DL KR & %%
T By LR E V. AR VEAl % B 0 B AR v AR
E TS B 2 R B R T IR B S K R A
P Bl B RO o S [R] B 4 VR AR % B A TR
PE R AE AR /N,
2.3 HPFTP & BFEZER

SSME HPFTP ()7 Bk %l /& #¢ HPETP i %
5 TRAT R I R ) B R TR BR AL
R B AR £ B R g Bl O B A0 R il R A R
P BEGCEE . TR i VR ARl R 2 IR R B HL ALY
Byt sk m ks, B 11 & SSME il & it 5
[ 4

(a) TRERFR TEE R

(b) HPFTPYR K=& i i

K 11 SSME HPEFTP # & ik &
Fig. 11 Bearing failure of SSME test gibson'™”

X SSME HPFTP %l 7K i 5t 7] B 47 1 53
BT s i BB 5 ] ] S8 b o b2 CANSSD 4 fish 1y g 4 0]
) FH Bl & B )y A B B2 )P (shaft bearing thermal
model, SHABERTH) 357 15 2| HPFP Py XK 4l
AR R )% 26 689 N. F| Al SINSHA i Jyf——
BAE 22 43 0 B #% (systems improved numerical
differential analyzer, SINDA) 5 SHABERTH
1 5 T P X IRl R I 3 £ R B Al R Y
Hertzian £ fiil 2 5047 150480 CRI P 497 4% 45 fk ik 7
2 i DX S G B I ) 4 i 1 g A 2 0 DL Ok B E

R TR Bk TR Bk iy 0A e 2 T i) 1 9T 1 = R
(river-mark) ¢ P , 33X $8 T4 X fif oy 3l K 5|
147 1 AT M B A 228 M (8 [a) i AT sl /0 b 7K
R BB A 2 gl i 2 8 ickE. B 12 2
HPFTP i & a5 1) 24 80 B 4 i

(a) BRI “TWHE” RO

(b) EREHREBIED

K 12 HPETP §li&iR 5%
Fig. 12 HPFTP bearing test

AR A AR B R AR A A R O
A G1 T SSME FRER il 7R iy i A 2 4 1 G
R i TR EE 2 — oA 2 B O R, K2
KR ROE BT R T AN R A R 5 L AR
R AT BRI A BAS FA AN DT 6T 5 S50 R 45 2R T 2
A SCHRLT3 3R A 2 3 WL R BT A
DU R SO 15 3 R 2 B AR D 0 o8 B0 %
BN T 203 B b K A S LIRR AR 2E4T 1 1Ak
B AL 23 1 T 6 ZAH GBI 2R IEUN - D
TRIR B AE )2 R £S5 BN AR
0 S R IR BETT DL A R 2R RE T 2R s © 7R
LR IR B BE T I 2T 5 2 I8 b R 14 g A Gl
TR TR e LU I P I E 0. 35 LN s @l AR SR 28 5
FLAT T AR 9 78 005 D il 7R DR $15 22 10 8 1 B2 2L
ARG BT TR A AR B A s © X il R
{63 AT B IR A BA ) T 5 B 300 B gk S Gl
TR R0 © Rl RAE AR A 0 T AR 03 2% 1
I JBE X R B B8 R SR AR R ZR RS (9 82 . B
A WA KT R SAILBE AR 1 2 S+ Bk Al 7 0 R R Jil
HRAE LT TR R e e L A i R W AR Sl
B 7 4 i e AT A P A2 B AT A EE .
X PR B s Bl 7R O 3l S AL B BEAR P 45 5 1 La
A CTEORS ph O A Sy e 2R R R R AR 1 R 4 A
ARPEAT T B o B 5 IR BF 5T 45 2R 2 WA B
Bl 0 e e 5 2 oy B R SR 8 5 0 0 U
5 Bl 2 A B 140 2 50 o) Sy i 7 2 A A AR 8 T
It R T 0 P ) O el £ T e T o O R B T Bl
TRARAIE. Santos S5 R ) SCR 322 e 1 %0 38 3
b RO A Bl P I R R HEAT TR S T Ik ik T



% 3

X 7S PR KL 3 2 S L s TR i 48 2R B0 i IR A6 5 619

DA PR R v gl 25 VR B ARl R AR TR R A R L
1 19 4 52 Heid 72 Butner 2607 £ %) SSME i %
I Bl 7R R B R 1) AT IR A A R) B T AR T
K A il R BBt IR A A kL A AR
Tt s il R R Rl K R P TR 6 Tl R R 8 P S 2D T
ity i) 75 2 AT 1 T AT 2 5 0 I I AR A Y
BH e 2 BRI 3 2 50 WF 98 30 48 8 Bkl 7R R T B
BT AT R s PN A Bt 28 - R A A R Y
G RO SCHRLT7 120 B 1 1M1 i RS 0 804 X0 i
A Sl i T 2 R P R 1) B2 ) IF 5 6 BT T R X
R R A8 A0 R U R R e AR /) (EL U
R E X AR A Ry (AN 4 86 MR I WESE N
PRI HR I BRI T — 1 2 % TRk 7 iR
By IR — A 43 A D PR 2 e R B
s FE S A BRI vk ST ok R S LR
ST B A B 1 R HIORE B R Bl R TR L  R
R T ARG AL AN B ) A B, BF 5T 45 R 3R W]
TE )3 2l B Bl 7R R S 14 1 8 0 A8 AR Sl Al R Y I8
DX T RGN S R VA B R . =
S F 2 P 2l o i 5 2x % AR WA R SOk 79 17
I3 M T R S AL R S LA AN [R] I 4 Y 4
B ARAE 1 X & S LAY B 52 K /i & s L
SAR S P ) A A AT A B S 4R A G
P14 T30 I G ) 2R 5. SCiR £80 1433 1) FH 7 i i L e 3
I3, LS R 3R 5] SSMIE 3 s 46 v 6 ¢
(HPOTP) il 7K e [ I 25 5 3 JH 31X 26 J7 1k X 4l
ARIEAT TR AG I AR R AN R S Al D
T YEAE T B TOIRZS B GRS SR m T DL RO R
RCIRZS R B it - SCRR 81 14T ot Jalt 7K itk e 12 i 412
T —FR A R IR £ 7 T MR B ) O .
T5 1 3 B T Al R S R I R R 4T
K. Georgoulas 5% Hi H — 7 4 1 114 4 7 g
R 75 3 o FHIE 5 SR S0 A 3 A A R Bk i A2
(Rt AR AT IR SR 5 T 2 3 A 5 43 i 7 Cempir-
ical mode decomposition) Fl & /R 1A -7 28
(Hilbert-Huang transform) X} & % 4 % #F 417 i
V. Z J5 FIZAOHE X 2 4 00 4% AT I 2k LA R
PN S AR AR 18 52 45 5 % 07 18 6T ] 28 e IR 25
T o Bt R R TR AR AT AT b AR R R Dk AT
LA Ay T i O feT AR K Sl AL HE A 3B 4 ) e B
K $2 it 2 2%

2.4 RYREEHSRETHBERER

HPFTP 450 & 4. i e 5 = ) TAEA 55 A
D 2 T S 811 e 7o o 1 - = e n A O

HPFTP BA7 — S8 55 ok 1 & 1) % B 45 s 3l
Bl g 2 L 18] 13 R TR .

LOS-748

OS% 5t
OS##HHF
?é&/ )
E ¥ d i/ 4%

K13 Bl b B 2 S A A R
Fig. 13 Lift-off seal configuration

J B S % B AE A2 78 SSME fa o TAE
B 7 Lk i % i e R HE A9 VR HE AR B B L
4SS 2 2 I 2 T | 8 L R 2 5 | A ik
U » A S A 75 7 25 | kS P . SCRL83mIFSE T
TR B B S 2 iR sl R 0 ) I A A A 3h )
NTER R VB RRY O g 3h e B % B XA IR
] 25 T 3 Ik sl 9 A g i & T MR 1 2 4l s @ 14 A e
BEWEWERE N B HPFTP AR 8 B — 2k, B 1k
By I TR 2 B B B A R D8
ATl 1) 5 56 9 B B2 S /) 4 = AR Y I EE 5 @
e HPFTP TAER Bt b 3 & 0 A7 A6 1 45 )
By I 15 % 5 1) U0 MBS R T A A R T S R AR IR 4
W IRl 26 7 Bk 2l 23 51 8 S 2l bR B % B 2L k.
HPFTP A5 2 5 i i 450 245 1 7 8 20 b
%% 5F R 2 G Y S | DR R Y JL R B AR
(53 BT 285 3 < 2 o RRHIAR A I B R T BRSO L 1%
WA 2 B A M 1 5 0 2l R S 9 T T R RT R R
BUBE AR 2l B 452 L 1A R it o s i 3 R B 5 | A2 19 XoF
T H At 5 B RS AS X A BIF ST L A SCRRCSS T 8 411
A 25 ) A 0 1) O A T B2, S Pt xS
AU BR ] 2% R X (Bl 28 2R % 5
S8 GIEMGHEAT T 40 A 248 X S BiF 58 25 5 n] LA
R AR B2 %, i T EANTA R HPETP ()5
LIRS A SORAE I — B R, & F SSME JL
by 235 5 A O ) 1T L 227 SCHRL 65,86 ).
2.5 HPFTP FUMAZ= & fRiTH

A& T Ye s & HPFTP 1 i 19— AR 8 22 1)
NN SR W D O =i [ S R S 1 )
HPFTP ik 58 W2 £. STS-106 1457w i
BT — ML HPETP 4% 5T 75 U 5| 2 i il s
LA 14.



620

=
H¥
&

Eiid 530 4

SRBHREE TR TR 2 B4

{ TikEaE
R

i e L B

[ 14 HPFTP MUk % 2% s 4
Fig. 14 Contamination in HPFTP fuel preburner

NASA 1001 F W5 H 78 AL K AT 8% 5310
B R TR UL 2 B4 T KA P
RIS UR 5 4 A, K Xt RAT % 1 Atk
M S50, Gt K AT 2  JE k FN 42 ik 4% Kaminski™®”
XF SSME 2% Jii V5 4 45 il i M 5 45 1 T M
SSME il 1 fin T 31 457 F 4 65 4 4 B B 1 2% S 42 4l
PR NS AL BT 8 1Y 2% BT 9 2 T SOk 88 Y
JLBETE )L S % SSME [y 4 . n] #2 7
2G5 5 3 G Al i S 5 i 4 — D) S ok g 5 Y
RUFR.

3 & it

OrHr S T E AN TR /AL HPFTP i
BEAL 20 A BF 58 T AR, 15 2 4548 O SSME
HPFTP i Bt 215 — v o A s e s AL
i B A UL 2 R T A 1 i A A TR AR R 22
5 QW HPFTP 75 fiy (14 H 28 Fa 81 502 i 5
I W 2R e A AR G 07 RS0 TR R I Y T 2R
e P 7 i 5 70 A I e T R B s T 5
HPFTP Ji3 3l 5 ML I 25 240 %k 0 5 M R i 52 i
QAR E R T B T A7 il P I 6 200 R X 2
W& @ HPFTP &k [A 4 4k 2 7] 1 &2 SSME
HPFTP Beit40) 9 1 i 19 — A 2 2 i 50, &
EER TR 5 A G A B SR I @ B
B4 B 28 HPF TP & A7 2 B 10y il i i o o o2
HPFTP g et 2 10 5 2 4L o0

PAA SO HPFTP 32 B i i 2 4 o 5
i » 2 — 25 A7 B X 3 T JE S R AL BRI ST L E
Liazaa (VNG 468 oall & Fak PO SoPVAibE S
R AN I Ry T TR AR KT A BB e e A ) A A8
FHBEFE 4 AT A7 .

S 3k :

[ 1] Meisl CJ. Life cycle cost considerations for launch vehicle
liquid propellant rocket engine[ R]. AIAA 86-1408,1988.
[ 2] Williams W C. Report of the SSME assessment team[ R,

[3]

[4]

[5]

L6]

L7]

[8]

L9l

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

NASA N93-21645,1993.

Sackheim R L. SSME 0523 incident investigation [ R J.
NASA 1.2:019296,2002,

Karns J J. Space shuttle catastrophic failure frequencies fi-
nal report (revision 1)[R]. NASA-CR-25809,1993.
SR AR SRR L YRR K R Sl L R A K R
SAMFLCT /v B i 4 1998 4RI & HEdE S B SO, 1
A E A4, 1998.:278-284.

Early D. SSME FMEA/CIL redundancy screen[ R]. Wash-
ington DC:B300-0302,1999.

Clark D F. Failure mode,description and effect[ R]. Wash-
ington DC:B300,2001.

Paster R D, Stohler S L. SSME evolution[ R]. ATAA 89-
2618,1989.

Jue F H. Space shuttle main engine: thirty years of innova-
tion[ R]. California, USA; NASA-46693,2002.

Biggs R E. Space shuttle main engine the first ten years
[M]//Doyle S E. History of liquid rocket engine develop-
ment in the United States. Springfield: the AAS Publica-
tion,1992.69-122.

Rickman D K. ALS liquid hydrogen turbopump [ RJ.
NASA-CR194646,1993.

Van Hooser K. Space shuttle main engine relentless pur-
suit of improvement[ R]. Huntsville, AL; Marshall Space
Flight Center: M11-1028,2011.

Blair J, Ryan R. Lessons learned in engineering [ R J.
NASA/CR-216468,2011.

Rocketdyne Propulsion and Power. Space shuttle main en-
gine orientation [ EB/OL]. [2012-9-10]. http: // large.
stanford. edu/courses/2011/ph240/nguyenl/docs/SSME _
PRESENTATION. pdf.

Newell ] F, WKurth R E, Ho H. Composite load spectra
for select space propulsion structural components [ R]J.
NASA-CR-179496,1986.

NASA Lewis Research Center. Rotordynamic instability
problems in high-performance turbomachanery [ R .
NASA-CP-3026,1989.

Pool K V. Space shuttle main engine structural analysis
and data reduction/evaluation: Volume 4 high pressure fu-
el turbopump inlet housing analysis [ R ]. NASA-CR-
183667,1989.

Becht D G, Hawkins L. A,Scharrer ] K, et al. NASA Lewis
Research Center rotordynamic instability problems in high-
performance turbomachinery [ M ]. California;: Lewis Re-
search Center,1991:191-202.

BB AT, 28 1 L AR AR R R B B A AR AR
W RG], E PR R4, 2005,27(3) :40-44.

XIE Guangjun, HU Haifeng, QIN Guojun, et al. The
health monitoring system of turbopump for liquid rocket
engine[ ] . Journal of National University of Defense Tech-
nology,2005,27(3) :40-44. (in Chinese)

Cikanek H A. Space shuttle main engine failure detection

[J]. IEEE Control Systems Magazine,1986,6(3) ;13-18.



X 7S PR KL 3 2 S L s TR i 48 2R B0 i IR A6 5 621

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[36]

[37]

[38]

[39]

Agogino A, Tumer K. Entropy based anomaly detection
applied to space shuttle main engines[ C] // Aerospace Con-
ference. Big Sky, MT.IEEE,2006:7 pages.

Moore N R,Ebbeler D H,Newlin L. E,et al. An improved
approach for flight readiness certification-methodology for
failure risk assessment and application examples: method-
ology and applications[ R]. NASA-CR-194499,1992.

Hale J] K, Wood B K. Operational life improvement of
SSME high-pressure turbopumps[ J]. Acta Astronautica,
1987,15(12) :1009-1018.

Chyu M K. A performance/loss evaluation of SSME
HPEFTP turbine[ R]. Washington DC: Alabama University
Research Reports 89N21735/0,1988.

National Aeronautics and Space Administration. Liquid
rocket engine turbines[ R]. NASA-SP-8110,1974.
Hartong A R, Rooney B D. Near-term RLV options[ R].
ATAA-2004-5947.

Heppenheimer T A. The space shuttle decision: NASA’s
search for a reusable space vehicle[ R]. NASA/SP-4221,
1999.

Furst R B. Space shuttle main engine turbopump design
and development[ R]. ATAA 75-1301,1975.

Glover R C,WKelley B A, Tischer A E. SSME failure data
review,diagnostic survey and SSME diagnostic evaluation
[R]. NASA-CR-178993,1986.

Cikanek H A. Characteristics of space shuttle main engine
failures[ R]. ATAA 87-1939,1987.

Hopson G. Atlantis STS-104 space shuttle program SSME
flight readiness review[ R]. Washington DC: Space Shuttle
SR&.QA Assessment,2001.

Sujata M, Madan M, Raghavendra K, et al. Identification of
failure mechanisms in nickel-base superalloy turbine blades
through microstructural study[J]. Engineering Failure A-
nalysis,2010,17(6) : 1436-1446.

Abdul-Aziz A, Thompson R L. Thermal-structural analysis
of space shuttle main engine (SSME) hot section compo-
nents[ R]. NASA-22404,1988.

Abdul-Aziz A. Structural evaluation of a space shuttle
main engine (SSME) high pressure fuel turbopump tur-
bine blade[ R]. Washington DC:N96-27186,1996.
Abdul-Aziz A. Assessment of crack growth in a space
shuttle main engine first-stage high pressure fuel tur-
bopump blade[J]. Finite Element in Analysis and Design.,
2002,39(2) :1-15.

Hudson S T. Rocket engine turbine blade surface pressure
distribution: experiment and components[ R]. ATAA 2000-
3239,2002.

Hopson G. Discovery STS-103
SSME flight readiness review[ R]. Washington DC: Space
Shuttle SR&.QA Assessment,1999.

space shuttle program

Davis G, Clough R. Blade tip rubbing stress prediction
[R]. NASA-CR-184100,1991.

Carter T J. Common failure in gas turbine blades[ J]. Engi-

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[54]

neering Failure Analysis,2005,12(2) :237-247.

SHI Duogi,» DONG Chengli, YANG Xiaoguang. Constitu-
tive modeling and failure mechanisms of anisotropic tensile
and creep behaviors of nickel-base directionally solidified
superalloy[ J]. Materials and Design,2013,45:663-673.
In-Hwan S, Dong-Keun L, Yongseck K, et al. Assessment
of the characteristic of thermal barrier coating applied to
gas turbine blade by thermo-gradient mechanical fatigue
test[ J]. Procedia Engineering,2013,55:210-213.

Yongseck K,Dong-Keun L, In-Hwan S, et al. Microstruc-
tural analysis of TMF failure mechanism of GTD-111 ap-
plied to gas turbine blades[ J]. Procedia Engineering.2013,
55:204-209.

Sadowski T, Golewski P. Multidisciplinary analysis of the
operational temperature increase of turbine blades in com-
bustion engines by application of the ceramic thermal bar-
rier coatings(TBC)[J]. Computational Materials Science,
2011,50(4) :1326-1335.

Robinson J K, Teal C A, Welch C T. Space shuttle main
engine powerhead structural modeling, stress and fatigue
life analysis: Volume 1 gas dynamic environment of the
SSME HPFTP and HPOTP turbine [ R]. NASA-CR-
170999,1983.

Robinson J K, Teal C A, Welch C T. Space shuttle main
engine powerhead structural modeling, stress and fatigue
life analysis: Volume 2 dynamics of blades and nozzles-
SSME HPFTP and HPOTP [ R]. NASA-CR-171000,
1983.

Robinson J K, Teal C A, Welch C T. Stress summary of
blades and nozzles at FPL and 115% percent RPL loads
SSME HPFTP and HPOTP blades and nozzles [ R |.
NASA-CR-171001,1983.

Robinson J K, Teal C A, Welch C T. Summary of investi-
gation of unshielduler events and special tests[ R]. NASA-
CR-171002,1983.

Myers D D, Fletcher J C. Aerospace safety advisory panel
[R]. Washington DC;NASA 1986 annual report,1986.
Stallworth R, Wilson C, Meyers C. Compendium of frac-
ture mechanics problems[ R]. NASA-TM-100393,1990.
NS - IS ZE. IR EE R ME U SR AL I 57 / 875 728 sl 3 5B A
ST s 3 1247 2007, 22(3) 1 419-424.

SUN Ruijie, YAN Xiaojun. New characteristics of fatigue-
creep tests on serration of turbine blade[]]. Journal of
Aerospace Power,2007,22(3) :419-424. (in Chinese)
Dong-Keun L,In-Hwan S, Yongseck K, et al. A study on
fatigue life prediction of Ni-base superalloy[ J]. Procedia
Engineering,2013,55:631-635.

Dominic R J. Turbine blade friction damper study[ RJ.
NASA 85N22798,1985.

Muszynska A, Bently D E, Franklin W D, et al. Influence of
rubbing on rotor dynamics [ R]. NASA-CR-183648-PT-1,
1989.

Wilmer G E. Turbine blade tip and seal clearance excita-



622

{1 530 &

[55]

[56]

[57]

[58]

[60]

[61]

[62]

[63]

[64]

[66]

[67]

[68]

[69]

[70]

[71]

tion forces| R]. NASA-CR-171534,1992.

Moore J H. Turbomachinery design quality checks to avoid
friction induced structural failure [ R ]. NASA-0046248,
1999.

Arakere N K,Swanson G. Fretting stresses in single crys-
tal superalloy turbine blade attachments[ ]J]. Journal of
Tribology,2001,123(2):413-423.

Robinson J K. Investigation of the HPFTP first stage im-
peller crack[ R]. NASA-CR-171281,1984.

Vance J,Zeidan F,Murphy B. Machinery vibration and ro-
tordynamics[ M]. Hoboken, New Jersey: Wiley &. Sons,
Inc. ,2010.

Chileds D W. SSME HPFTP interstage seals:analysis and
experiments for leakage and reaction-force coefficient;Part
I [R]. NASA-CR-170851,1983.

Matthew C E. Solution of the subsynchronous whirl prob-
lem in the high-pressure hydrogen turbomachinery of the
space shuttle main engine[ R]. ATIAA 78-1002,1978.

Jery B,Brennen C E, Caughey T K. Impeller forces on cen-
trifugal pump[ C] // Proceedings of the Second Internation-
al Pump Symposium. College Station, Texas: California In-
stitute of Technology,1985:21-32.

Black H F,Jenssen D N. Effects of high ring seals on pump
rotor vibrations[ R]. ASME Paper 71-WA-FE-36,1971.
Chileds D W. SSME HPFTP interstage seals:analysis and
experiments for leakage and reaction-force coefficient:Part
I [R]. NASA-CR-170851,1983.

Groda D R,Prabhu B S. High-pressure annular seal leak-
age and rotordynamics with application to turbomachinery
[J]. International Journal of Rotating Machinery, 2002, 8
(6):403-411.

Hendricks R C, Steinetz B M, Braun M ]. Turbomachine
sealing and secondary flows:Part 1 review of sealing per-
formance, customer, engine designer, and research issues
[R]. NASA/TM-211991/PT1.2004.

Darden ] M, Earhart E M, Flowers G T. Comparison of the
dynamic characteristics of smooth annular seals and damp-
ing seals[J]. Journal of Engineering for Gas Turbines and
Power,2001,123(4) :857-863.

Kwanka K. Improving the stability of labyrinth gas seals
[J]. Journal of Engineering for Gas Turbines and Power,
2001,123(2) :383-388.

Childs D W, Ramsey C. Seal-rotordynamic-coefficient test
results for a model SSME ATD-HPFTP turbine interstage
seal with and without a swirl brake[J]. Journal of Tribolo-
gy+1991,113(1):198-203.

Murphy B T, Scharrer J K, Hawkins I. A. The SSME
HPFTP wavy interstage seal:Part [[ rotor dynamic analy-
sis_ R]. ASME Publication DE-VOL. 18-2,1989.

Gibson H G, Thom R, Moore C, et al. History of space
shuttle main engine turbopump bearing testing at the Mar-
shall Space Flight Center[ R]. NASA-M10-0338,2010.

Gibson H G. SSME bearing and seal tester data compila-

[72]

[73]

[74]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

tion, analysis and reporting and refinement of the cryogenic
bearing analysis mathematical model [ R]. NASA-CR-
210139,2000.

dok ERAR B FFIR 45 BT IR SR T Bl R SR BIF 5T
LI, A EHLE TR ,2002,13(7) :620-623.

GU Le,WANG Liqin, LI Xiujuan, et al. Study and review
of liquid hydrogen/oxygen turbo-pump cryogenic bearing
technology [ ] ]. China Mechanical Engineering, 2002, 13
(7):620-623. (in Chinese)

LRy R0 B, AL KT R 2 AL IR Bl ) Bt
[J]. #li7& ,2006(6) :10-12.

MA Meiling, DENG Sier, LIANG Bo, et al. The cryogen
bearing design of liquid rocket engine[ J]. Bearing, 2006
(6):10-12. (in Chinese)

Lu D.Zhao W, Lu B.et al. Static characteristics of a new
hydrodynamic rolling hybrid bearing[ J]. Tribology Inter-
national,2012,48.87-92.

Santos E N, Blanco C J C, Macedo E N, et al. Integral
transform solutions for the analysis of hydrodynamic lubri-
cation of journal bearings[]J]. Tribology International,
2012,52:161-169.

Butner M F, Murphy B T. SSME long life bearings[ R].
NASA-CR-179455,1986.

Dwivedi V K,Chand S,Pandey K N. Effect of number and
size of recess on the performance of hybrid: hydrostatic/
hydrodynamic journal bearing[]]. Procedia Engineering,
2013,51:810-817.

FHT DA IR/ e TRl R — K R S LR A e
BRI T RGBT [T, A28 2 315 2006, 27(2)
258-261.

BAI Changging, XU Qingyu, ZHANG Xiaolong. Dynamic
properties analysis of ball bearing-liquid hydrogen tur-
bopump used in rocket engine[ J]. Acta Aeronautica et As-
tronautica Sinica,2006,27(2) :258-261. (in Chinese)

Meisl C J. Rocket engine vs. jet engine comparison[ R].
ATAA 92-3686,1992.

Breithaupt B S. Space shuttle main engine turbopump bearing
assessment program[ R]. NASA-TM-108447,1994.

Yang Y, Yinxia L.,Guang M,et al. A hybrid feature selec-
tion scheme for unsupervised learning and its application in
bearing fault diagnosis[ ]J]. Expert Systems with Applica-
tions,2011,38(9):11311-11320.

Georgoulas G, Loutas T, Stylios C D, et al. Bearing fault
detection based on hybrid ensemble detector and empirical
mode decomposition[ J ]. Mechanical Systems and Signal
Processing,2013,41(1/2) :510-525.

Elrod D A. Investigation of SSME alternate high pressure
fuel turbopump lift-off seal fluid and structural dynamics
interaction[ R]. NASA/ASEE N90-19400,1989.

Clark D F. Failure mode, description and effect: loss of
containment in the pump with leakage into the turbine
[R]. Washington DC;B300-0302,2001.

Chupp R E.Hendricks R C, Lattime S B, et al. Turboma-



EORR ] X 7S PR KL 3 2 S L s TR i 48 2R B0 i IR A6 5 623

chinery clearance control [ M ]. Cleveland, US: NASA flight readiness review[ R]. Washington DC; Space Shuttle
SR&.QA Assessment,2000.

[86] Hendricks R C, Tam L T, Muszynska A. Turbomachine [88] Keegan W B. Terrestrial environment criteria handbook

Glenn Research Center,2007.

for use in aerospace vehicle development M]. AL, US;
ics issues in inherently unsteady flow systems with small NASA Technical Standards Program Office,2000.
clearance[ R]. NASA/TM-211991/PT2,2004. [89] Kaminski K E. Space shuttle contamination control re-
[87] Hopson G. Atlantis STS-106 space shuttle program SSME quirements[ R]. Washington DC. ; SN-C-0005,1998.

sealing and secondary flows:Part 2 review of rotordynam-
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Table A Failure modes analysis of HPFTP

R4 R AL F A KRB %ﬁﬁﬁj
) - iy of B N 3R J% B 5 1 4
(ﬁiﬁf%iﬁ Rt i 2 PR " 2 2
IR ) 1 26 N 2 2
B/ 03 58 il R SR I R 6 6
2L g 6 6
10 & 2% B Je 1R A By [ A7 18 FOnE g 2 2
(fishmouth seal) 4R WA R TSR T 2 2
BRI AR A 1 1
il i B2 5 | 2 2
A5 / 4 0 1A A A 55 JELA B 5 3 3
3. EEREH BB A R k3l 2
(=4 RAZR R 1 1
ENIES A 1 1
B A 2 ik B2 B 9 7
ik FUDN 9 [ 2% 4 5 i 8 7
F/U % & 1R %L PN S 1 1
W% AN 6 6
G6 1 2 W B R AL LI Y 3 2
- -2 5% 45 43 TR B 3 3
A F PN i P 55 3 3
W2 2 3 I VK i 1 1
iR SUDN L S N 2 2
R TR 2 1
KEL-F % 3 {45 {43 BRFERIE 3 2 2
BB B/ IR S0 B 98 55 75 i 1 1
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1 2 3 N
G5 i 25 B 2 5 AR BE 2 2
G5 i 24 8 B i foh — W 1 1
R U ! 1
517 2 J5 IR A i 3 3
BRI SR T i 1 1
Fd 2 3 SRR R S 1 1
bl e s — W 1 1
5. WA A — G R A= RS IR 4 3 1
ok SR 3 5 FEE A e 1 1
et T 2 2
I S i 5 5
W B 85 /A JE 08 5 95 1 1
AR B 25 (FPB)
‘%iﬁ;; SR SRR A ! !
5 L {6 0 4 559 55 2 >
b 24 VI 5 1 1
— g LB 25 4 1 1
%ﬁﬁiif% Bl e S e 12 1
By S s A A S 8 8
WA AR i A R 5 1 1
8. 44 bR K K By SAfE KT TAE 1 1
EL3018 IR EE B O 2 2
2y P R 35 35
ARG (linear cracks) [l 1 1
9. WRFEA M/ 10 2 RO B 0 95 2 2
i 12k By 3 B R A 2 2
15 LR R B 1 1
10. S S 14 YK 7] 4 5 3l i 1 1
R SURLE N W R /A 1 1
— gt 4 8 %) JR 6 33 5 6 6
peor — W 2 2
- 35 J A B 2 2
b BURA R 75 1 1
4L 5 IR A B 1 1
i PR B 5 5

BRI A 1 1
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B R A B ot S A 1 1
o S;if* I A A Y B I I 35 2 2
P Pe3h 1 1
B 6 4 R Z s 5 5
AN HE 2 S 2 B A B B G 58D 5 5
AN AE B F BT it st 7E UCR A004585 1 1
A FEEFS B KR B2 5 47 47
14. 3Z#R (struts) Hy e JEAE 34 9 57 14 14
R P F fl 3 3
2L A5 4 25 i Ak e 11 3 3
15. 44 sg B JE AT 9 9
16. #24£L L Y B R 8 8
17. 4 i A 45 1 1
BLEL PN 1 1
o B e JE 108 B 98 55 5 5
1;; ;ﬁ?g ey T 3 3
R AL L N 1 1
e /ML 1 1
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('T/A manifold) RPN JR | 1 1
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2. BEME A 5l MEA 4 1 1
A 0 JE 51 LA TR R 2 2
JE 451 JE R A 1 1
21. RHFERAE 2 B 7 i A S 45 TRk K 1 1
JEE 451 TRAZ R 1 1
22. HRE 4 (scoring) 2SI VIE=7 1 1
e AL 1 1
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HEZ V% BB Y 1 1
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29. BB H Hy SR 5] R 1 1
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oY 5] (59 W7D (SRR 2 2
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(blacking pin) A2 AR 8 8
SRR (ASD % & = ik
R WA A 3 1 2
32. Pes W 24 I B AR 24 2 2
TS T T R Y 2 2
EL32 16 BE 51 1 A5 9 55 1 1
2o B R 2 2
34, T3 16g WRAEE B R R A 2 2
3T ERes fun=1 ENEe 1 1
35. A 824 Y/ =2 ASI il B 13 13
36. Sauereisen #1 B} R ASI R 4 4
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YR EERA B Hh T g 4 3 1
37. SRR A
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P Sauereisen J&—Fl i = R 4L AR 5 T IV AT B B s AST (augmented spark igniter) o 55 K O 3 5 B
T/A (turn around manifold) , [A1 5% 1 4% ; FPB (fuel preburner) , 88k} R iR =



