58 % 44 B % X @ K ¥ ¥ K Vol. 58 No. 4
2024 4F 4 F JOURNAL OF XI’ AN JIAOTONG UNIVERSITY Apr. 2024

XA AK-MCS RIS R EESS Fa0w
o ke ] &2 114

LR BAR. BKE. ki
(P % 38 R IR 5 3 0 TR B 710049, 75

WE. AHEREAENETFTREEERIEPORERT RN, Z6F BRI PR BT 4E 4
ey SR e Rl A, B3 BMERESEZEN. RN EIHFILLLRELA L ZHFFEME
S FHEAK-MCS) , BET HJE % R IRA R TR I & F G TURAR AR, 5F -4 84K
B AT ERETTEEIE, BT 2R EWHAERARTHS T ERISHAE, TR
TERRABNE TR AERAESHFSTERFEAI KA, FREREAN LENRTXTF
ZFAMH 773.518 MPa, K B B4 4 0.004 73, B3 Ao b T B E 3R EBTHHE A
WL AEHTRMER A 1.177X10" B, & F4H 8X10° A4 T .33 E TG X AMES
0.043 1,7 T3 EH 0.956 9, RAESMEREN . F oy FH R T EWN AT E @ 4% fik B
NASHE R, ARERETT AKMCS L AR ETHERSM P m RS feh TR P/ A
o X RAR T R e A E I,

KR RABIRE TDF I ARARTEFS; R LT TER

FESES. TKOS XHEFEESE: A

DOI: 10.7652/xjtuxb202404010 X EHHS :0253-987X(2024)04-0107-10

Research on the Method of Low-Cycle Fatigue Life Prediction and
Reliability Evaluation of Gas Turbine Discs Based on AK-MCS
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(School of Energy and Power Engineering, Xi’an Jiaotong University, Xi’an 710049, China)

Abstract: To ensure the performance and reliability of gas turbine discs in practical work,
comprehensive consideration is given to various uncertainties associated with the discs during the
service of gas turbines. Reasonable quantification is achieved through probability representation,
employing the active learning Kriging surrogate model and Monte Carlo simulation (AK-MCS).
A disc life prediction agent model is established, considering the hybrid uncertainty of the gas
turbine disc. The low-cycle fatigue life of the disc is reasonably evaluated. This is followed by the
development of a comprehensive disc low-cycle fatigue life reliability analysis flow as well as the
completion of the disc low-cycle fatigue life reliability evaluation and sensitivity analysis. The
research results indicate that the maximum equivalent stress value of the disc is 773. 518 MPaj; the
maximum strain value is 0. 004 73; the local danger point is located at the corner below the third

tooth surface of the wheel groove; and the predicted life is 1. 177 X 10* weeks. Given a design
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life of 8X10° weeks, the failure probability of the disc can reach 0. 043 1, with a reliability value

of 0.956 9. The sensitivity analysis results show that the main parameters affecting the fatigue

life include the contact pressure of the wheel groove tooth surface and the disc speed. The

research results demonstrate the application advantages of AK-MCS in the disc reliability

analysis, providing methods and reference data for the design of gas turbine discs in engineering.

Keywords: gas turbine; disc; active learning; low-cycle fatigue life; uncertainty quantification;

reliability
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Fig. 1 Process for predicting fatigue life of wheel discs

using local stress-strain method
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Fig. 2 Flow chart of reliability analysis for low-cycle fatigue
life of wheel disc based on AK-MCS
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Fig. 3 The certain type of gas turbine disc model
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Table 1 Mechanical performance parameters of GH4169

HfH
20°C 400°C 500°C 650°C 750 °C

28

BPEME E/GPa 205.0 175.5 168.5 142.0 130.5

AR 1 0.321 0.339 0.344 0.355 0.381
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Fig. 4 Boundary conditions and grid generation of turbine disc
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Fig. 5 Schematic diagram of wheel groove tooth surface

and contact pressure
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Fig. 6 Radial size and fitting temperature field of turbine disc
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Fig. 7 Equivalent stress and strain distribution cloud map of disc
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Fig. 8 Cloud map of local equivalent stress and strain

distribution in the groove of turbine wheel disc
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Table 2 Nomenclature of material parameter for the

turbine disc

=
sy %5
T, T, T, T,
E/GPa E, E, E, Eq
M M M2 M3 Hd
O‘h/MPa Op1 Op2 On3 Obud
Uo,z/MPa 00.2.1 0o.2.2 00.2.3 00.2.d
HEAX N
Eg - E7
E. = E; : (T, — Ty
td 2 + ]—x2 — Tg d 2
M — M2 _._%(Td - Tz)
3 2
(28)

Oha = Opz T L;Ej :f}z (Tqy — Ty

00.2.3 — 00.2.2
00,24 = Oo.2.2 T ﬁ(’f‘d —T,)
3 2

VLT, Ty AR (B o 18T 9 45t T 4R (e 75 2
JEy B fE B s Ty T BB S5 7

200 0360 . . 41026 1220
2 8 = :
200 N |
E N o, A A R
o 0355) 4 :\ ’ -
— | 11180
160 - ; o | S
g T T, S £
) 20350 72 R INUCESH S
S0 P h S 1160 S
120 | P !
034k 1 L {1008
0/: A 11140
100 - : ; ;
g0l oasol—t i+ v o 1 lo2 i
475 500 525 550 575 600 625 650 675
g/
B9 e HRFER A GHA169 Ak S B 1 il

Fig. 9 Interpolation of GH4169 material parameters at

local danger points on the turbine disc
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Table 3 Standard for collecting mechanical performance

parameters of turbine disc (p=0.01)

28 HEA I {E
E,/GPa 175.5
E,/GPa 168. 5
E;/GPa 142.0

7 0.339
1z 0. 344
iz 0.355
o,/ MPa 1197

A4 EFHRERTHESKRERFE(0=0.01)

Table 4 Standard for collecting fatigue performance

parameters of turbine disc (p=0.01)

S FEA Y (E
o1/ MPa 1224
&f 0. 13

b —0.07

c —0.63
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Table 5 Standard for collecting load parameters of turbine

disc (p=0.02)

28 FEA I H
n/(r s min ") 3000
Py /MPa 80
Py, /MPa 364.3

MR R 3~5 /R B SRAEDR U, i B AR i 4%
i N S BAE R  BE R AL AR G 1 X 107 4 A AR R
A8 5[] B 38 2o 7 T8 ST O b R T A A XD PN O R
20 LW IR A SHCRFE AR VTR REALE

WA AEAS SR 4 58 WG , 78 MATLAB £l 2% I
W g SE I ANSY'S #5938 L 58 i 20 40
ANT) T 0 e A i B T E AR SR IO A 0L T R e
W A2 %t R 4 0 BR R T3 . R 3T U ek B
AK-MCS %% R 48 GH4169 IKJ59% 55 e N Jr #i it
FAF R TO0T 1 56 84K 8 95 57 77 4w, 1 00 1R
Kriging R AL

Bl SR AR AR A R AR 0 TR0 A
525 AR E 8122 U B RA R A6) 8 %
TEAE A [ 2% > oREL(E L 78 BUA BE AR B YN a5 9 E AT
WA, BOE PR AWM Ea N Sl 8 X 10°
JE A R P O R R P i St £ A1 10 By
TN R LR S 4., (U () > 0,997 iF, — 3 A
T 332 ANKEA B, AK-MCS PEAL FEA S 5Ch 352,

0.048
0.047 }
0.046 -\\

0.045  \

A
0.044 +

0.043 +

0.042

0.041 - . '
0 50 100 150 250 350

200
FEAl
B 10 e 35oME 2 i U S5l 2

Fig. 10 Convergence curve of failure probability

300

11 JERs TR L 2R 2 AK-
MCS QB 545 5] 1Y) 37 7 5 8L 9% 57 % A 43 i
T, Hob, B FRR & TS B 0 B S gE R,
AT LLR I, 385 758 8 1 7 i 43 A R AR 3R 3 o (] 4R
rh T AN X B EL b TR] 0 i ] T A 0 A 43 A Ry
R TR AT AT REAE 5 6 B 2 43 A AR R PR R
XECE 2 R0 A PR L (LogNormal) X 7 iy 43 Aii it

http: // zkxb. xjtu. edu. cn

A FFELS T LogNormal #14 #iZk .

16

B /5 A S
4t A ——LogNormalfbl £ i1 £&
2} / \

06 08 10 12 14 16 18 20
EPRA At /10°

11 BT A A

Fig. 11 Life distribution of turbine disc

PR Fe £ 77 i (19 0 A sl i X (8) S kA
LA 5 AT HE BE A B AN OC 2R VT A5 B8 - 48 A 2k S8
RICTRERE S R i oA . TR 12 JBR T R
AR E 5 i 0 AR R 18] 12 O - 4
BEAEA [ 75 i BUIEL T T 02 9 2R ROME 3%, T 4 2 58
R,

100

80

(=)
(=)
T

o JAMER
— BRUMiL

RIEE%
5

20

06 08 10 12 14 16 18 20
TR AR 4 /10°

(a) 2 B A 53 A

100 ~

80

LI E )3

— R BVl 2k

20

06 08 10 12 14 16 18 20
BT AR /1074

(b) Al 5 JE /3 A7
Bl 12 35 V4 Ak R RN 2 I W] i i 43 AT
Fig. 12 Failure probability and reliability Degree distribution

of turbine disc




o544

BFEF LG R AK-MCS BIRR TR MRS S0 57 77 i B B vl 5 1 DA 115

2.4 RYESH

AR Sobol R HUEE 43 k%t ki 46
FEI 14 FPBEVLE A ST T 2 )5 R BUE 55T 5
ASB TGOS 3~5 M RFEFRME—EL,

B 13 & 14 WA T B R 86T 14 Fh
FEHLE A S S & S, A3 AT o i 58 50 3
el AS B, 3T 2 B 0T 2 04 8 5 7 o Y ) B
A A, G 5 o R B e K S Py » FLUKUE: 05 Py
n W S, & S, THAZE R i T A S5 X R
9% 55 77 AR A U E T AE
1wt

I 705 P RE 2 B

0.4

E E, E; # t, H; 0, 0; & p ¢ n Py Py,

Kl 13— Sobol” # %k
Fig. 13 First order Sobol’ index

0
E, E, E; W, t, H; 0, 0y & p ¢ n Py Py,

[ 14 Sobol” B 45 %k
Fig. 14 Sobol’ total index

TE 4 e S5 VEREZ B o0 T b X 58 35 19 9%
55 A A R R W] B T es HARZSH L
X2 P 4 SR 9% 05 A7 A R A AR AR D . R A
F4 98 57 77 iy AT A PRI 5 ob L 0 B B0 T AT L 220 M R
BHE A n B S O R

3 4% ik

ARICAHERUR TR E PR BTN R, %
JESEBR T 00T BBl B9 22 T0IR & A B0 E TR N R 0

http: // zkxb. xjtu. edu. cn

i B PSS Pk AT A BT A s 3 T S g2 AR AL
P T — B R R AR R 55 75 A vT FEE S BT iR
T, 58 BT R AR AR AL A A 9 95 5 A ml S
VA B REUE S Hr, R AT,

(1) X 56 £ 0 8 Pk 45 0 o0 BT 9 25 SR R W, 7
3000 r/min [ T35 L 56 45 W 7 %8 14 5 B0 ) X
(10 43 A I O LS 3 X1 1T 1 [ o Ak 7 AR T AR
B S 1) 17 g 4 v, R R e K A RN ) R 773, 518
MPa, f: 3 A8 {5 4 0. 004 73, Ja) 3B & For 07 T 50 Al
95 3 ARG R R IR f A

(2) 385 [ R 58 I T 22 IR 1 22 1k TR 2R A
SRR AR AL FEAK ) 98 57 7 A 0 L B FF ml
SEMEVEAN AR RGBS SR O 1,177 X 10" A,

(3) A H i AL MR S HE ML 4S5 T AF I 14 Bl 1) b1 Rk
JRE B FA M EANH E E H RL DURRE AR T T
BTy CHUER R AR L AE 14 B REALAE SRR N A
i AK-MCS X B R 55 45 S8 i (1 45 4 43 1
Xt F AR A LB T B S, KA 28
] £ | (B 1] T 22 A 2R LogNormal PR
fii o WUCN{ S 8X10° Ji L if% V-5 ik 1) B8 0.
043 1, A[FELE N 0. 956 9, R % AC BHLAR AU )5 35 1
B £ 75 o TOOI0ORS B2 A [ L R o TR

(4) 38 33 XF 52 ) 56 5 95 55 75 A 1 i A S 80T
R K BLERAT 25 2 B0 56 B 19 9% 57 77 i 52

Wi 5z WY 2. G w2 i 9 57 7 i e R B i A S RO B
Rl K7 T Ak s A
S E k.

(1] #7de, KM, suRT, & BRI RE

AT AT RROT A [T, AESh ) T, 2021, 36(9):
195-200.
YANG Zilong, ZHANG Dapeng, YUAN Tianyu, et
al. Study on strength life analysis process of gas tur-
bine disk [J]. Journal of Engineering for Thermal En-
ergy and Power, 2021, 36(9): 195-200.

(2] FBHTAT. E&%, mq. 5. iz K3 PUA i v
BOHR R [T, MUz 244, 2023, 44(7): 1-18.
ZHENG Xingian, WANG Junying, HUANG Weina, et
al. Uncertainty-based design system for aeroengines [J].
Acta Aeronautica et Astronautica Sinica, 2023, 44 (7).
1-18.

[3] BAI Bin, BAI Guangchen. Dynamic probabilistic anal-
ysis of stress and deformation for bladed disk assem-
blies of aeroengine [J]. Journal of Central South Uni-

versity, 2014, 21(10) . 3722-3735.




116 [ T I N 4 o558 %

(4] BBeT . B, MM, %, ﬁﬁ*)ﬁé*ﬂi%éﬁzﬁjﬁﬁﬁﬁ [15] DOWLING N E, CALHOUN C A, ARCARI A.
BB 07 AT R B RO Ay [T, WAL Tl R Mean stress effects in stress-life fatigue and the Walk-
#z. 2021, 39(6): 1312-1319. er equation [J]. Fatigue & Fracture of Engineering
HUANG Xiaoyu, WANG Pan, LI Haihe, et al. Fa- Materials &. Structures, 2009, 32(3): 163-179.
tigue reliability and sensitivity analysis of turbine disk [16] BBk, Mz & shHL 5 £L A% 9% 55 55 4y B 07 B #f
with fuzzy failure status [J]. Journal of Northwestern 5% [D]. W#Es. TR K%, 2016.

Polytechnical University, 2021, 39(6): 1312-1319. [17] BEZH. KkI5, 2. o5, 450 /WM ] 5 it

(5] AR, fieil #hE5, . HET Kriging SUR 9 YUk I el [MO. P9 PIL Tl 2 R L 2019,
it &L Bttt [T WALE AR, 2017, 59 [18] SACKS J, WELCH W J, MITCHELL T J, et al. De-
(3): 44-48. sign and analysis of computer experiments [J]. Statis-
JI Chunjun, XU Hao., SUN Qi. et al. Multi-objective tical Sciences 1989, 4(4): 409-423.
structure optimization of a fast disassembling connec= 197 SOBOL' I M. Global sensitivity indices for nonlinear
tion impeller disk based on Kriging model [J]. Chinese mathematical models and their Monte Carlo estimates [ J].
Journal of Turbomachinery, 2017, 59(3); 44-48. Mathematics and Computers in Simulation, 2001, 55

[6] ECHARDB, GAYTON N, LEMAIRE M. AK-MCS: (1/2/3): 271-280.
an active learning reliability method combining Kriging [20] S2am, BIR%, WA, & & R4 WL A K
and Monte Carlo Simulation [J]. Structural Safety, ERA S R BRI (1], BBT, 2020, 49(2)
2011, 33(2): 145-154. 148-151.

L7] WEN Zhixun. PEI Haiging. LIU Hai. et al. A se- PENG Jiangiang. LU Zhenjia, ZHANG Hongtao. et
quential Kriging reliability analysis method with char- al. Study of large high temperature superalloy forging
acteristics of adaptive sampling regions and paralleliz- for turbine disc in heavy duty gas turbines [J]. Ther-
ability [J]. Reliability Engineering & System Safety, mal Turbine, 2020, 49(2): 148-151.

. ioé?m? 1;“;;?:;‘*}( LA O [20] % 3 BLEE H B RO T 56 % 20 5. s %

<V, .E ., ABDEL , et al. Cross- N . I
validation based single response adaptive design of ex- SHOLELTTFIRPRVRCER 0 R0 [V, s Atss
Tk AL 2010,
periments for Kriging metamodeling of deterministic ) e . .
computer simulations [ J]. Structural and Multidisci- L22] MEE %ﬁéﬁkﬁ]ﬂ{%%%%?ﬁfﬁ%%ﬁﬁﬁ [DJ.
plinary Optimization, 2013, 48(3): 581-605. FIA: BB R 2005‘

(9] XIAO Ningcong. ZUO Mingj. ZHOU Chengning. A [23] Wil RIS, MoLIE, & IR0 5% % &
new adaptive sequential sampling method to construct TR BT R AR AR BT A BT L), MR,
surrogate models for efficient reliability analysis [J]. 2022, 43€2): ?720.

Reliability Engineering & System Safety, 2018, 169 LU Yixin. LU Zhenzhou, FENG Kaixuan. et al.
330-338. Probability analysis and reliability based design optimi-

(107 F 5545, 84 UF £ 9% 250 A5 48 4 5 T 4 b 4 zation methods for low cycle fatigue life of turbine
Wi (D, MRS . WA AR EFE T A2, 2018, shaft [J]. Journal of Propulsion Technology, 2022, 43

(11 R, 2 S Aa T B IR 56 01 9295 45 f U 55 7% (205 8220
MEAMHT D). WA . L FRHE K, 2020, [24] FOUR, B, BT RRQ AT 50T R

[12] ECKER A. UNTERWEGER H. Fatigue design in ST BB RO L1 A i 2021, 42(12)
penstocks-comparison of the nominal stress and struc- 218-230.
tural stress method for common details [J]. CE/pa- JIA Beixi, LU Zhenzhou. LEI Jingyu. Parameterized
perss 2021, 4(2/3/4): 1126-1134. simulation platform of turbine cooling film blade life

[13] MANSON S S. HALFORD G R. Correction: practi- reliability analysis [J]. Acta Aeronautica et Astronau-
cal implementation of the double linear damage rule and tica Sinica, 2021, 42(12): 218-230.
damage curve approach for treating cumulative fatigue [25] EORHF, WIRCED. K oh HLES H AT 4% ok B3 30 0g K i
damage [J]. International Journal of Fracture, 1981, AIMIL et Bhas i, 2017.

17(4): 35-42. [26] T 4 E&. fias & 3 B 5 55 5% 57 7T 52 4 i B2 A0 23

(147 F 8 L. Mi2s K 30 LI 5 5 6 5 6 19000 2 T 52 o F Br (D] pedh: Rk A2, 2010.

78 [D]. KiE. RiEM T K%, 2017,

http: // zkxb. xjtu. edu. cn

(G R




