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Abstract: Aiming at the problems in the reliability assessment of liquid rocket engine, such as insufficient

utilization of test data, strong subjectivity, and insufficient correlation with design improvements, a two—line as-
sessment method on reliability was presented to improve the accuracy of reliability assessment results under limit-
ed test information. In addition, the weak links of engine could be identified from the perspective of risk control.
This method used two main lines for reliability assessment. Firstly, taking the engine component test data as in-
put, a reliability model was established based on the engine working sequence and engine failure mode, and the
probability of component failure was brought into the reliability model to obtain the prior information of engine re-
liability using uncertainty propagation method. Then, the engine test data was used to obtain the sample informa-
tion of engine whose life times was considered to follow a Weibull distribution. Subsequently, the Bayesian meth-

od was used for information fusion to calculate the posterior distribution of engine reliability. This method expands

*

KRB 2019-09-17; f&ITHHEI: 2020-02-20,

TEERE: WA, W, PR, DRSO R K & it E-mail: tanyhcasc@163.com

BREE: & @, Uit &L, FRSEIHRATREET AR . E-mail: ht708@qq.com

IR WUk, 22 filf, PO, . P XN IR AR CET R S AT SERE A SRR TR [ ], HEEROR | 2021, 42(2):

421-430. (TAN Yong-hua, LI Jian, HE Yuan—jun, et al. A Two-Line Assessment Method on Reliability of Liquid
Rocket Engine[]J]. Journal of Propulsion Technology, 2021, 42(2):421-430.)



422 ot

#HoR

2021 4

the amount of data for reliability assessment, identifies the key component failures of the engine from a risk con-

trol perspective, and improves the engineering application value of reliability assessment.

Key words: Liquid rocket engine; Fault diagnosis; Reliability model; Reliability assessment; Data fu-

sion; Risk control
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Fig. 1 Evaluation scheme of two-line reliability assessment
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Fig. 2 Implementation process of reliability assessment for liquid rocket engine

22,1 FET AR 0 & AL AT S5 P
PLE SALIY T AR T &R, R H =R 44 77 41 1A
TR 5 e R AR S R I G AR 1Y Ty S A AT R A
R DL e 4 Ve A A 3R e sh AL TAE AR A
Fo A 7 30 1B v ] J5 2 i a8 TR Sk TS 4 4
B A AR TR AR A TR R R N S 5 A T )
WHCR ., @B R EELHNANEN - (DFER
il e X K B 0 43 AT (FMEA ) 80 R 2243 BT 19 b 72, R
FHIA 90 5 38 2R 25 A 10 O 2, F — 28 18U & sh AL
2 B B AR X (2) A4 R 4 i A 2 A ML T
PEIE] ) B 5 5C R
222 FEFREMLELN K ShHLFR AL AT 5 P PEAL
IS B 2 A B s B A A T, X % B 4 O
TEUN Y FMEA , 4 18 R 5] 25 0 20 1 1 32 2 i e i =X
Xof 2 AR, A i e A g 1 B R A =
5 S5 AR B IR 1T U S5 43 AT O RIOHL B B L5
LR 1 o0 T S PR AR AE B o MR ol e e A o o ik
I E g R RO e K I S A, B
SR R ST TR A E BRI 3K B A X e AR 2
W H R o 8 I AR 45 0 A I e AR v A T S
FRAF B, 45 A BB A 02 | 36 BGE 4 19 50T ] 58 Pk
AR B Can 48 B0 A6 A IR A A L E S A3 A R
J1uBE Ty s iR A R BOR A ) L T A AR AL A 0 g R
e B B Y & A M R T U R R S, D T
R G BHL B R B T 43 B 5 12, R P U B R A
= F 1 it B A S DU IE S5 2k TR ATAE 55 Ak

P A G DR T 4
2.2.3 TN E A% 1 R R fiR B

A AR R R AR I S O R Bh L4
A 1 2 B REAR , DARRE AR X R AR R A
R AR T A P AR R AR Y R B R OC R R T 5
R B AN B 2 PR AL G As T BE ML 7 5K, 4l
AN 2 R AE TR T AN AR P A B TR ) )
PR R0 25 i SRR AS A M S 40 A, O o 4% 5 R
Oy RAEA  ARAT K S HL AT S ) 2 S0 A SR A A
2.2.4 T REHLIR A B0 1Y A R AT R DA

MR % Sh AL ALY R 42 i 1] 5 2 75 2 308 ) T
(R0 | R A% GEVEAS J k1) 38 2o 48 191 Wy ik
SE AT IR Ay A AR S 80 m 5 4R F5 4w 1H 55 & 8
BIL A T A PR DA 25 SR 1 S & sh LT S a8 i A
B Al TS XS TR TR

t
. ("

R=e (1)

R, =exp|- X (2r+2)] (2)

2£t,”
s R R AT AR SR T, R, T EE T X A 3
N RN 55 0 8], r 2 R 808, 1 R 56 i AR A I 1K
WFR, x; R B AR T R Ry B9 R J7 401
2.2.5  HET DUM-HTE & Sh AL AT FEE AR SRS
BEXF e i (5 B o8 B E AL GBI B e LA H 3R
JLHE G O, T DLt T EEE £ 28 MCMC (Markov



a2k 2

— T X R AR KT K B AL AT S A G XLER A T v 425

Chain Monte Carlo) J7 7™, 5% Metropolis—Hasting%:
L Hp
L8| R )7 (R,)
7(R|) = (3)
N L(8|R )7 (R))

Hopar () R A FE B ML 4 848 )5 1 ] S ) 56
Gy AR L LCe ) 38 5 B IR 42 B AR AR 1 LR eR Bk
" (R} & NHLH) AT SR e 56 o0 A o H 3R 15 Kk 3
HLEY AT HE 8 R B MLt 42 5080
2.2.6  HET XU 9 & 2 AL 55 8 5 U

B & B WL 2 A e e A =™ i 5 AT e
D7 A5 BB, 45 B R sh LA &8 4 B K o = 110 32 4
5 F R S, R A X AR R E B TR O kP,

A

%mzﬁaﬁfi?if“””””ﬁll ..... n(4)

K Qg qoy oees q,) 0 & BIAIL AT S AR Y i 5
Ja BRI RE R R B, ¢, B D IR R AR,
n oA BRSPS SR B R B A R R R AR X Y T
BB N R e RO R BN 09 0 R AT HE R
YE Ry & sl L 3 28 R 48 = %) XU HE )7 2%, HE 7 B &
A, XU A o

3 EBISH

DA W AR KT e sh AL R B, b B T R LR O
Al 5 ¥k 0 S it i B 5 O ik OF i 0t 5 0 G VAR O ik
(% L 23 BT, U BH SR A O vk 1 3 P S A s .
3.1 EHILHELRE
3.1 BT TAER R4 & shbln] 58 1 AR

Pl 3 BT 7 R WA K i R B AL AT RE PR R
3.1.2 T RELELNY K shpLER AL 1 v] 5 P PE AL

SR FH 3 5% SOHL B 19 2K st AL EB AL 44 7T & 1 DT A
T3, VEAR & Sl WL 25 350 4 1 e e A =X % A A R
fl 5 XS TE, A0 VTR o QI 5 5 s 1t 2 At A
B, 3 BT YRS O T SR R AR R 0 4R i 1 I 6
P14 0 U SR L R T SO i R R AR G T
o B U 9 K A MR
3.1.3 BTN M A 0 1 AR R i B

SR FH 3 1 AN 0 5 M A% 496 04 50 B A B kL DA
K SNHUAT 55 0l 5 BE7 B S 56 40 A5, 0.7 BAR BE T 2
ISR R 0.982142 , HAE 2R 43 i fh £ UL &L 4.
3.1.4 BT RN A B Y A 2R T R DA

ARG 25 B RS E m — Ml 1-3, & 4
7 A AR, Kk Bl BIL R R B R T

Table 1 Assessed value of component failure of a liquid rocket engine

Serial No. Component Failure mode Probability ( point estimation ) Probability (0.7 lower confidence limit)
1 T, 1.15x10™* 9.17x107*
Thrust chamber
2 T, 2.93x107° 6.67x107°
3 W, 7.27x1078 2.04x1077
4 Turbopump W, 6.64x10713 2.24x1078
5 W, 4.87x107 3.57x1073
6 F, 1.21x107° 4.36x10°%
Generator
7 F, 1.90x1071 7.58x107!!
8 Q, 5.98x107* 3.95%1073
Starter
9 Q, 1.05x10°13 3.70x10713
10 FM,, 1.70x107% 9.90x1078
11 FM,, 2.61x107 4.54x107
12 FM,, 4.70x107% 8.20x1078
Valve
13 FM,, 1.23x10°° 2.14x1073
14 FM;, 2.53x1071° 5.38x1071°
15 FM,, 2.79x107° 6.36x107°
16 Z,, 5.97x1071 1.90x10™"
17 Z,, 9.25x10713 2.38x10712
18 Parts Z,, 2.14x107° 6.68x107°
19 Z,, 4.20x107! 9.24x107!!
20 7, 6.51x107 1.67x107%
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Fig. 3 Reliability model of a liquid rocket engine
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Table 2 Test time and results of engine development stages

Accumulative total

Serial No. Test time/s  Test samples No.  Test result Test type . Development stage  Maturity of engine
of test samples
1 900 8 Succeed
Ground test 9
2 520 1 Failure Early m=1.5 3~5 level
3 300 3 Succeed Flight test 3
4 900 7 Succeed Ground test 16
Middle m=2.0 6 level
5 300 3 Succeed Flight test 6
6 900 6 Succeed Ground test 22
Mid-late m=2.5 7 level
7 300 6 Succeed Flight test 12
8 900 5 Succeed Ground test 27
Late m=3.0 8 level
9 300 10 Succeed Flight test 22
Table 3 Additional samples information for each development stage of the engine
Serial No. Parameters Early Middle Mid-late Late
1 Parameter of shape m 1.5 2.0 2.5 3.0
2 Number of failures r 1 1 1 1
3 Life characteristic values n/s 3898.84 3600.06 3100.26 2733.18
4 Point estimation 0.978882 0.993080 0.997091 0.998678
5 Interval estimation( 0.7 lower confidence limit) 0.949269 0.983204 0.992920 0.996780
Table 4 Results of reliability assessment for each development stage of the engine
Serial No. Development stage Results(0.7 lower confidence limit) Rejection ratio/%
1 Early 0.977377 36.95
2 Middle 0.990558 38.82
3 Mid-late 0.995250 52.18
4 Late 0.997551 65.50
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Table 5 Ranking results of importance of major failure modes of each engine component

Serial No.

Failure model

Serial No.

1 2 3 4 5 6 7 8 9 10
Q, W, T, FM,, FM,, T, FM,, 7y, W, FM,,
Relative probability importance 4.79x107! 3.91x107! 9.22x107% 2.10x1072 9.86x1073 2.35x1073 2.24x1073 1.72x1073 5.83x107 3.77x107
11 12 13 14 15 16 17 18 19 20
FM,, 7, F, FM,, Z,, 7y, Z, W, Q, F,

Failure model

Relative probability importance 1.36X107 5.22x107¢ 9.66x1077 2.03x1077 3.37x107® 4.79x107° 7.42x107'° 5.32x107'1° 8.42x107"" 1.52x107"!

Table 6 Comparison of reliability assessment (0.7 lower confidence limits) for each development stage of the engine

Prior results of reliability

Weibull assessment

Two—line results of

Serial No. Development stage assessment result reliability assessment

1 Early 0.949269 0.977377

2 Middle 0.983204 0.990558

3 Mid-late 0982142 0.992920 0.995250

4 Late 0.996780 0.997551
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