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Abstract: In view of the cracks in the rotor blades of the turbopump of a domestic model of liquid
rocket engine during the test run, the ANSYS fluid-thermo-solid coupling method is used to carry
out 3D finite element simulation calculation for the blades, and a modified design scheme of
adding a shroud on the top of the blades is proposed. In the strength calculation of the original
model, the influences of flow, heat transfer, transient temperature field and rotational speed at
key time points under start-stop conditions are considered, and the stress distribution during
blade operation is calculated. It is determined that the reason for the cracks is that the impact
stress caused by some intake air is too high during the start-up process, and the high-cycle fatigue
safety factor of the stress concentration area of the leading edge of the blade bottom is too low.

The simulation calculation for the modified design scheme is carried out, and the results are as
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follows: At the back arc of the blade bottom, the maximum equivalent stress of the blades in the
modified scheme is reduced by 2 MPa compared with the original model under steady
comprehensive loading. After startup for 0. 35 s, the maximum equivalent stress of the improved
model blades decreased by 2.73%, and during the shutdown process, the maximum equivalent
stress decreased by 0.53%; the high-cycle fatigue safety factor of the blades in the modified
scheme is greater than the required value 1. 4; the number of low-cycle fatigue cycles of the blade
is 22, one less compared with the original model, but still meets the requirements. After the
modification, the engine can support safe flying of the rocket several times, proving that the

modification scheme meets the design requirements.

1% 556 &

Keywords:
life; shroud

i 0 2R R R KT R Bl AL B S B TR A L A
PR R R AR BE 3 o KR SR AT 0T
P 5 e 1 R 32 L e s R B ) 0 5 AR
ZAF S BT DL R S BLI R R 22 D e e R T L

SCHRL2 IRl ST 1 s 58 Bk 8l T A R L Sy i 544
oI T2 114 5% 7o 288 Ay o G A 3l A 2 R R 1) R T d
XA A IR 3 % Ve e AT VAL . SCERES P A
X3 A B HIL R R T R A T R R O AR YT L R
A Bl s R AL R/ e e L e AR R 2R
WA IPTT R T % B 45 S B e BT A
PERE P AT AT 5T . SCHRLA T 36T CFD oA SR F S,
ST TT I T AR KR A Sl BL I B <3l I 1k
LASIR I

BT A K K Bl R A AR A e
i LR i e kA W AR S, D i E SR BT AR
(LA » 8 08 10 4 5% 1 R AT 25 I 20 <8 L 58 L ik 3
S IROTIE S A A AR RS I T Ry
AR 3 R 0 1 RS TR T A % i A
i A R TR0 TF RO 5 KO R S HILR 4 T oL
Wk 250 3l A% BB TR BE 37 L B i A A OC B
POARE R AT ANSYS Ji A [ # & A7 FROCIH R 7% .

KU BB 43T Lo B B 5 o0 B 2 2 R
SCR I ANSY'S 384 [R5 15307 315 D Ui i &
GPATIE . G R R 3 B R S S AT BR X
i 1 B 8 B R A 0 M AR R AL L 38 T S — R I
125, GRAEIS 8] 2 58—, SO %08 T )8 15 T 0045 R i
I 1) B O Bl AL AR B A TR S A AR S R 5
P WU H 1 0 A e 225 T RS TRl LA e R 7%
JE A7 K 19 A 1] 8L B 9% ] LAl o 3 0 00 k™
P A A LA G A T B B A R RO A v B AR
2 IR AUR R 22 T [ A s U1 A 45 23 A 1 1o AN
JEARA I L A SCLE T R e 7 A2 B A L

http: // zkxb. xjtu. edu. cn

turbine rotor; rocket engine; fluid-thermal-solid coupling; high/low-cycle fatigue

B ANSYS Jit $4 B A 31 B 5 B — E AT HE
1 #5807 i S B A

1.1 ZWMEFHE

AR SCAE R Uk AT AR e B S A S
LR L ST ok e RS i R S P LR R SR =
AR5 R A AL B 0 Dy aR e R e T
G DL NN DA EREEZ BN R 10 N1 3/ N == D | B9 3
1% B3 7= A B A5 5 — AT A B S SR AL Focus
I BB & HH AR YE R P LMS Test. Lab 17 X}
AR BARTE 5 #AT /A G AR A R .

S VLRI RE A8 /A2 7 1 LC-04 A J ik
i S 98 AR O . 1R R CL-YD-305A
RS ARELE M . 1% 15 18R 1 f K R
60 000 N, R JE Ky 3. 89 pC/N, 52545 v {5 J (1Y
] B B A% S A O PCN 2 ®] A2 7 1Y 333B30 AU fi
A g SR T L =0 R B2 O 100 mV /gy TAE
MBE R —18~66 C 5L g = FREEIR N 16 °C
1.1.1 3R E 5 FaifkiE

T e i R AR S KR & B L S SRR A L A TE R
A B R A2 U5 B0 1) e v R R A R S R
B 1m0 SRR B 4 B S BUR RS M 7 A
W97 R

AR SCVE B8 %6 M 78 S5 88 R BR IR 57 10 B AT
9 55 R SR B, SR A Goodman f& 1E 20 20

ot = 6{1*%} (D

On
P oy AARXSFRIE IR B I 57 W BR 5 000 N 9 55 70
BrF-24 0 ) 500 % FRAG R B 98 55 B BR 5 00 S B4 L
PUHrsR e . S 07 & 4 RBOTH A

O—1.eff
— oLt 2
n Oa )




%8l

BRI L S R KR DR B WL e A R R BE SO T A A T 75

BV A B I AL X

THEE 23 2R FHRA Ak 3o Whe P B8 2 5018 0 P 1Lk
RESHUE . PRSCIE BE 2 B0 Ry b ek 4 ) 38 s M 1) 25
TR AE S B0 32 B AL A S5 A T IR BR o BT 7 5
JZ o JJEREE S fE EAR DM o AW AT ¢s
B WO PE RE S B MR SE BRI 25 TS BUE . iR Fe 5%
TR Ry GH4586, #4 KL GH4586 i
AN WH I T2 PR RE AN R 1 BT

& 1 A# GHAS86 Wh3UA o Bo A 09 7 5 M A

Table 1 Mechanical properties of material GH4586 agree-

ment parameters and acceptance parameters

ZH RERE/ C RN EE B I e
20 =920 981.0
o‘o.z/MPa
800 =750 825.0
20 =1 250 1424.0
m)/MPa
800 =850 955. 0
20 =12 21.0
8/ % -
800 =15 26.5
20 =15 21.0
o/ %
800 =20 30.5

1.1.2 ARJAJE % & 6 ik th

VA T R B HILAE I 2l R0 G ML 7 A= 1 I 1] 4
IO ) R RIS R AL AR A B R N,
R JRV 982 55 75 iy S 1A Rk 7R 2 A 8] 95 55 Bsf 38 1) ) 2 38
T L0 PR A SO AR o T R 108 e R AT AR
JEV 9 57 75 i 1) 00 15

N A% F i iU B F Manson-coffin 24 20 & Hi &
EA R HEATAR A 9% 57 75 A 115 R

Ae

5= %(ZNf)"Jre/f(ZN;)" (3)

o’ MR TTOR T R A I R B KA 50 N
% 57 5 4R s ¢ BRI 57 S8R R B N Sl R K
TEIR UK E SRy MR SRR B s N 55 1M R B

K EM TN R=— 1. 0052 brit 58 it
e, B ) H I R AN 4 T — 1L Gk Fl Morrow 8 1E B
RN H #4718 OE

£ =T BmONY HSCNDT @D

X o AR
1.2 BEHEHERE
L2.1 A B 4% A BALAL D
AR SCAR 8 X I i e e 1 A (i e A B b 1
TOEE0 T 4 ] 60 7 1) 108 48 % 1 ORI L 9 45 U ER A5

http: // zkxb. xjtu. edu. cn

RIS ZE S AT X L B 05 VRN T 3 e R T S 1Y
0 JE AR S 9% 55 i o THSLAUE RSB AR ] 1
B, b i 3h A s R g3 A Bl i ANSYS
Workbench ' ) Modal £ 3t | Static Structural £
YAl Transient Structural BEH,

— AR
o Lot pm s ||
Wl A AL : IIEIGS
MR
~ - TR, R
o] £% K. aw & 1 b
(I e T L iyl

N R x|

[ Faah-Busiz-XebL TstRi a3 |

[ wremsesi swonbi |

BT i i T A Tl R A 0 e [
Fig. 1 Flow chart of turbine rotor fluid-thermal-solid

interaction numerical simulation
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Table 3 The modal dynamic frequency of the original turbine

rotor simulation calculation
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Table 4 Simulation and calculation of modal dynamic fre-
quency for turbine rotor with thickened blade

shroud
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model
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Fig. 5 Deformation,strain and stress of the original blade Fig. 6 0.35 s blade equivalent stress and temperature
steady state comprehensive loading distribution during startup of the original model
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Table 5 Blade stress values and rotor power at five calculation points during the startup phase of the original turbine rotor model
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shutdown conditions of the original turbine rotor
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Fig. 7 Equivalent stress distribution and temperature distri-
bution of 455 s blade during shutdown of the original

model
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Table 8 Stress comparison between the modified model and

the original model during shutdown

i [a] 38 JRIREIRL AR N AR
/s /(remin ') W Sfi/MPa Jif }j/MPa LB/ %
451 8 949 480 495 3.13
452 4 802 676 700 3. 55
453 2 885 790 810 2.53
454 1655 863 878 1.74
455 0 939 935 —0.53
2.5 MABshIRARRAES FaiTfh

2.5.1 JRAKEA B3 T HAK I HF AR
ARSCHEHC T B AR B #0305, 0.35 s
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Fig. 10 Equivalent stress distribution and temperature distri-
bution of 455 s blade during shutdown of modified

model
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Table 9 Calculation of high-cycle fatigue safety factor in the starting process of the original model

Jash)E 0.30 s

B35 0.35 s BahE 1.07 s

= Pr s Lo gl Pr s Lo gl Pr L Lol gl

Gmax/ MPa 784.0 864.0 766. 0 859. 0 800. 5 903.0
Guin/ MPa 657. 8 737.8 653.0 746.0 644.9 747. 4

R I 35 /K 1 069.0 1 069.0 1 065.0 1 065.0 901. 0 901.0
0./MPa 63. 1 63. 1 56. 3 56. 3 77.8 77.8

o,/ MPa 852.0 957.0 854.0 959. 0 938.0 1058.0

o1 =0.50,/MPa 426.0 478.5 427.0 521.5 469. 0 529.0
TR 1. 03 1. 23 1. 27 1.38 1.38 1. 50
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Table 10 Caleulation of high-cycle fatigue safety factor for

0.30 s in the start-up condition of the modified

model
55 fE P
SR Jin Rl B bR Jin Bl e JR IR
LAY FE Y HER R
Gmax/ MPa 828.0 864. 0 743.0 784.0
Omin/ MPa 706. 0 737.8 621.0 657. 8
BERFIRAEE /K 1 063.0 1069.0 1063.0 1069.0
6./ MPa 60. 6 63.1 60. 6 63.1
o/ MPa 960. 0 957.0 855.0 852.0
o6-1=0.50,/MPa 480.0 478.5 427.5 426.0
YR 1. 59 1.23 1.42 1.03
%
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Fig. 12 The maximum strain at the blade crack at 0. 35 s

after the start of the modified model
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