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Abstract. Gas turbines are important power sources for aerospace and marine equipment. As a key part of the
combined combustion system, turbines operating in high-temperature, high-pressure environments for extended
periods are prone to blade thermal corrosion, which can lead to system failures. Therefore, researching the
thermal corrosion fault diagnosis technology for turbines is of great engineering importance. To address turbine
thermal corrosion, a method integrating dynamic simulation and intelligent diagnostic algorithms was proposed.
A dynamic simulation model was established based on the engine’s operating mechanism with a modular design
approach. The outliers were detected with the standard deviation method and the missing values were filled
with the KNN algorithm. The wavelet packet Bayesian denoising was then used to obtain precise signals and da-
ta, to enable the construction of an identification model for thermal corrosion damage of the blades with artifi-
cial intelligence algorithms. By means of training artificial intelligence algorithms with historical health data and
monitoring the deviations between predicted values and actual measurements from the early warning model, the
early detection of turbine thermal corrosion faults was realized. The testing results of different components of
120 units show that, the proposed method has a precise fault-localizing identification rate of 95%. The high-
pressure turbine thermal corrosion fault early warning tests with different data characteristics in 24 units give an

accuracy above 91.7%. This study provides technical references for the digitized diagnosis of power equipment.
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parameter simulation value contrasting value deviation/ %
environmental temperature/K 288 288 0
environmental stress/kPa 101.325 101.325 0
power turbine speed/ (1/min) 3599 3 600 0.02
power turbine inlet temperature/K 1034 1041 0.7
power turbo expansion ratio 3.96 3.85 2.8
high-pressure turbine expansion ratio 4.59 4.54 1.1
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compressor pressure ratio

high-pressure turbines do work
compressor outlet flow

high-pressure turbine expansion ratio

compressor outlet temperature high-pressure turbine outlet pressure

compressor outlet pressure

fuel oil

y
y

exhaust
_—

air

- compressors

power turbo
exhaust tract
6

intake tract

combustion chamber outlet
temperature —cd

combustion chamber outlet
pressure

4 SR E G

Fig. 4 The parametric measurement point distribution diagram

,,,,,,,, failure data

744l health data

742

740

—_ —_ —
® N °
~ [\ -~
W n “

compressor outlet
temperature / K

,,,,,,,, failure data
— health data
18.25

0 5000 10 000 15 000 0 5000 10 000 15 000
time /s time /s

~
(53
o

COmpressor pressure ratio




1006 N

=

2025 4 5 46 &

2050
3 & 2000
*
521950
EE
1900 failure data

—— health data

5000 10 000
time /s

15 000

62

compressor outlet flow / (kg /s)

66

,,,,,,,, failure data
— health data

0 5000 10 000 15 000
time /s

(a) JESHURSEI S B0EAL

(a) Changes in the parameters of the relevant measurement points of the compressor

B e failure data
%» 1600\ peaith data
o M
o
=
< 21500
—
s <
Z3
O
£ 1400
: e
0 5000 10 000

time /s

15 000

combustion chamber outlet

pressure / kPa

1900
1 850
1 800
rrrrrrrr failure data
1 750: — health data
0 5000 10000 15000

time /s

(b) B AR A SHL

(b) Changes in the parameters of the relevant measurement points of the combustion chamber

,,,,,,,, failure data

failure data
— health data

32000

30 000

high-pressure turbine
do work /MW

28 000

5
2 1140 — health data 2
S .2
£ 51100 2 E5.0
o2 25
- < 8 W
% 21060 £8
[ =] = X
«8 D6
B 1020 . =
0 5000 10000 15000 0
time /s

5000

10 000

time /s

,,,,,,,, failure data
—— health data |

15 000 0 5000

10000 15000

time /s

() B IEIEEAH G R S 8E i

(¢) Changes in the parameters of the measurement points related to the high-pressure turbine

900 failure data
— health data

o
W
(=

oo}
(=3
(=

wer turbine outlet
temperature / K

po

0 5000 10 000 15000
time /s

power turbo expansion ratio

4.0

3.8

3.6

b
N

rrrrrrrr fai

—— health data

lure data i |
/

0

5000 10 000 15 000
time /s

(d) BITREAHOCI S HE L
(d) Changes in the parameters of the measurement points related to the power turbine
Bl 5 350 B b o 25 8 5 ) O

Fig. 5 Reactions of various components of the compressor fouling failure system

DRk i A e I ASS R R R SR A 75 2, G RS 120 i BRI ILAL , T ISR IS 2R ik e oy

A R i o R AR S i 2 RO,



55 8 1] VEEE S5 G ShA 05 B R RE UM A 55 s 109 68 PRI i o TS R AR 5T 1007

3 REE AR b B I A T A

3.1 HiEm4bE

N TR SL 3N 11 R G TAEIRSG , 07 HZ WA A B R A8 oI AR 7 e 3l it 3 8y 1AL
PEAFAE—LEBRIAE AN S 3 (L, DAL, AT 50008 T4k B PRSI 94 T A A 302 I A AR ) SC B A
T 6 R T REA PRSI 2 1 T i R AR R A K0 1 R B B R R Ak BEASCHE v AT RE A T B
R BRSO — B2 AL,

i —

: calculate data mean \
: data i rt o define the K-value :
' ‘ and standard deviation * | i

identification of | g
anomalous data : calculate the upper and
l : ‘ I filter for outliers | ‘ lower bounds of outliers

e Y
the vacancy ’\:> calculate Euclidean » " il d
value is filled distances | select mean fi | ‘ I ata export I

: H
(Coamon J [ il | o )
data noise \,::> decomposition i

reduction

inverse wavelet packet

optimized parameter ‘
: data export ‘ tuning variation
* g

| uncertainty quantification I

6 HdinHinife
Fig. 6 The data governance flowchart
e, S R R A b A AR O (B I AN TR] AR s AT BB T D R R R B SR TR A
Ul s AT 75 R ) S (T LK 0 Wi A 7 A A7 TR I, DR ke, T 8 2 07 LS A ol ) i e B a0 A T
T EUASE I AR SO PR 22 32 1A D00 8030 4 v 94 S5 L. 25 17 0008 Py B {EL AT s v 2 3 ok 00 s e 5 4
(5 22 8] B 25 57 R 2 S L 0 s S Bt s o B i B R 8, PR Z 208 (R LR 5005
X = M’ (15)
o
Horp, x5 i AN B I, o IAREZE. Z oy Rty B AT REGRR IC o 57 (L [R) I, 5 PR AN R 9
o 22 A% A A 9 R S (LA I 1 A
WA, 23 R ER A8 B h ke O 15 5., AT RE gt e 0 it B DR CHC A I P 7 R 2 5l (L A A7 A 2 R S B T
SRR 5 A N 25 SR ) A AL SR PR U RS R 22 T, 75 SR JBGE 24 ) 7 VR X 28 SRAE EA 7 A B UL A 4 P70
FFERE A ECE N B AECE A (L AR SCR AT KNN Bk A7 28 BB IECRD i B0 RS FE ) 7 v | 78 58 4 5L
PR R BN — 5 2 BUE T IC SR B AR U IE 3¢, A2 SR A0 A O (R I T8 2 SR DA 4 Joy el 4 v 2 )
SERAA B B T B H AR R SRR AR R TR B B IREE R o, , Hoh B R
d, WEAXE

/=

i (Ai_Bi)z’ (16)

Hor, A, 5 B, 735 B AP 8 n FORRHIE RS BOE RIS ER IS d, K/ 0 18 H A & Kt
ARG 22 XX kAR RO E A T A T3, AR ROl S O B ) 2 O R S LA s S L e 4 f 4
BRI SIHATINBLE T, T3] FAME F

ARG RIS d, R/ 8 A & S8 RO R R (19) XXk AR ST AU THAE AR 5E
R LA 2 R R R FAR i S L & A AT s AT IG5, T B M F



1008 A R~ G SO | ) = 2025 4 5 46 &

; (17)

SO, PRI s, SRR 55 A0 ARSI oV, S50 § /GBI A p e PTHZH
R 1 52 1/d; FORBEETH BB p YR R AR BRI 24 5017 o 0BT,

YA R T S BB, P 2500 7 RSP A T4 A SR M 0/ 6 Bayes
PR — R AL B G5 5 e WP 0 AR AR 25 /NI LN Bayes 773 , B DL 2
2 BT 05 8Dk N B S B S R R 030 B 5o 0 AL, B0 5 03 T
AR 55 5 A — R B AT L R AR

fo=x v, (18)

MR ITHE R 555 A S A S UMM 110, 22 RS M Gl MM R 25 2 T 2 R A
(L3, S SO R B2 IR S (0155, 6 L Bayes 70 RS ACH AP , 1530 D s KR 1
Y FC T R £ 5 A PR T

SO PR 5D IR AR S MRS A 15 00 209 (0 PR 6 b T BEA B, A
ST R, LA BOH 508 53 W T RE ARG R 2800 T R B LSRR Tt
e B 2 OISR 05 B B R 0 B 5 5 00 B0 B0 T
i B PERITT G, LU B3 A B AT 31 AT O AL

P 7 T | AP BT 520 (R s BAFTHCR B BN 6L Bayes MR 45 ARSI ST T L4
e B 09 BT T 98.8% , /% H T 509 H0MCE IS UL LA R (0 G0 0 S0 6, 1
B TR — B R AL,

] ] ] 1
4 000 ! ! T i i ok
P 4000} TRy i
49.170 50; 492D ’
B 922956 49.170 98f f §49.229 01
E ——
22000 £
o 22000
o
49.1 49.2 49.3 49.4 49.1 49.2 49.3 494
torque torque
(a) PR (b) S {H AL S BHE
(a) Source data (b) Data after outlier handling
i i Tp
4000 ‘moe B i - pEo
i i
49.170 83! i49.229 18 G000
s k5 B
g | =]
g% 000 S 4000}
49.209 91 49.210 59
0 1 1
49.1 49.2 49.3 49.4 49.205 49.210 49215
torque torque
(c) BRIAEIUHMNE Bl (d) M5l
(¢) Data after missing values are filled (d) Data after denoising

7 AEEPER AT
Fig. 7 Uncertainty quantification comparison charts
32 WEUHREER
AR Weibull H 9] XU 475 ( Weibull proportional hazards model , WPHM ) 31 4] £ 1% ¢ #4485 1ol fit) T



55 8 1] VEEE S5 G ShA 05 B R RE UM A 55 s 109 68 PRI i o TS R AR 5T 1009

PR PR 509% FIMLAEHRTCA WPHM Hot FZ A AU A T ill 25 Weibull 7] 5k dEA 48 R H— A~ RS Ry
T RREAT 2B R T 15 4 B 2R 0 B PTG R AR A R A B A O LA G A W B S A G AR AR 4R
B RS B LA WPHM A4 8 B3 4 vl S8 M A3 DL ik A0 1) B Py 25

BRI S RGEPEREA R W B s 8 4R, B BRI A IS T R R R IR E AR S
B8 WAEANFRS A TH T h &8s, B2k BT =50 AR REVLALEIE kAR iR
A e 55 s LA 47 %) At 3 R ) AL ZE 5000 AN & A 0 e A o e 5 g L 2 5 i A S 3 = g R ML AL
FEAEL | BRSSO & O S5O0 B A LR 48 R A — s e | B R S8 F DL 48 [ I % A
L P,

SEREIE A 5 | 75 TS A BRI T OCRRRRAE BB, 117 S XA () A e 8 e B 2 R 1 i IR S 4
AL, wh R TR R AT ST iR e i iR B A | 45 6 0 A v NS5 4 IS sopL iR X IR g8 - Ak
177 — 5N BIE T AERAE SR, v DATHE S IE 5 e R R mpoO BE A9 BROE S R, 38 31080 51 ks ) B 1. [
I, PP A1 B RFIE S BURE NS A R S WL 58 1032 15 IR 25 R B 3. 38 a6 B A0 49 1E 2 05 85 47, BE
iy BT A b 1R AL 38R AW T REAEAE (9 [R)AE , h R G832 A 7 RS P L T A 2 %) SR, 1 e TR e A ot
W s s U S P e e AE SR MR AR ML o 2 I S AR, DRI, S BSOBR S ML) I 1 Ay v S TR R A o g e
RSB,

XoF R 8 A ol PR S A S B AR R R A TR A28 | 2 S5 W HEA T 8B AR B T A A A B R
BRSO RN, A3 e A= s ) SR ARt 5 R 25 8 | B Hh R G TP AR TS AR Il R, IR
ST BE AR SR 2 TR B 306 TT L 78 A0 AR PR A2 DR 25 AR 5 i %) A 00 K090 b I P T I 52 ) A, Sy el 0
75 () R AN A% T b AR AN () 30 R ] 114 25 S5 A0 T IX 0 %o T e AR It e 5, A il R P e B T AR
MR e A R S R IR A I K LE s FR R A iy , PO A W AR i A T I AL .

55 DU A2 WPHM R4 6T W B | 26 205 BRI S BERRAE , 257 WPHM .WPHM J2& —Fh &8 1B Al
TR ELE AT Weibull 4345 A1 EE B XS AR KL ( PHM ) 19 B R85, 18 Weibull 4345 1F A= A7 8] 80805 1
Fhth /A Weibull 20 A 78 AEA7 AT H 25 T Tl R B 18] 22 500 % 2 MR A0 A, AR5 %% 1 R B0 LU S

OV XN AR IR S BRI R S K0, 3 952 Wi RO pR R T AR AN R LR ROR Rk
A1) :B(tjﬁ i (19)
n\n

HK, 51 PHM : WPHM ) PHM K% £ iz RS 5B AR R Ffr Z [ #E R  EAF Rk
SRR TGO T e driE 2 R 3] SE P2 H ULAY PHM BT .

/\(t,X)=)\Oexp(2Xiai). (20)
TR, #E57. WPHM J7 8 B Weibull 4345 F1 PHM AHZS &, TR — MBS R, % FR o WPHM J7 . 3%
)5 REHE Weibull 4376 R CR BRELS PHM (PR &30 45 A AE—g | DA ST A 19 A A7 AR H e 3%

B[ B-1 r
A(t,X)—n[nj exp(l;Xkak), (21)

Hor, BMIERSEL, n FIRIESHL, 1 W], X, N2 AL R G RE I PR &, o, M 5P X, X R ) [E1 5
EX RN e it i

WPHM BFIEELE A T Weibull 43045 FIAEZR A3 A R PE T PHM (P08 8 52 ), i JHL Bl o — A5 R T HL
A FH T4 8 = A AP B0 AT SE PRI , LA T A A ) DR 38 0k S 2 A B 52 i), Sy e 3R T 2 (I A ) S
L8 BT, BRI Ay it 6 A8 bl o i e AR 751,

HeJa , FETFIEELR ) WPHM F5 4547 5820 ) ) m S M T30 R o Wl (%) B s AR AR v | A iR A (1)
PAROR VITPEAF AR T UL BRI R AR ST 0 R Rl BRI R OE 5K 15 43 22 Al B BT 2 0 A A 78 T S
Y6 UF OB A A e o B A TR AE AR U B A A WPHM A BIVRTA535040e s 5is f ml P 4l R,

3.3 HMEIRANER
TE RGN G ARE R A R b, B SR TR AL R | & A B3 10 0 A bl 5 L 47 ) JE A ik o g L



1010 A R~ G SO | ) = 2025 4E 5 46 &

LS AU A T e A ot P AL A 5 o B AR A U1, LS S v ) i e T A A G — 2D R 1Y
PATHR IR T PUE REEREAE AL T IS HYs AT B HE ARG B~ ~ PO T3 i 1 AR SRR R AL e B2 AR
PR B I XHR-IRIR G 30 ) ZR G0 HAB TR AR B AL EE HEA T IR A S0 A S0 AIE | B 52 30 1 X it 8 A b
A P A A3 R A AR G REAS S A B L 52 AR T s o (A e e I R PR B, AT DR T AR SR Rl
FEVEATERERS E TE.

gasturbine :
gasturbine

flow -
run judgments

turbine
expansion
ratio

high-pressure ’ ’

gasturbine flow A gasturbine flow
simulation y | predicted value

e
high-pressure
turbine outlet

temperature

intelligent
algorithm

values

[7] ' gasturbine failure
probability

analysis value

high-pressure
turbine do work

dynamic
simulation

Ry T
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Fig. 9 The responses of the fault identification model to each component during a compressor fouling fault
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Table 2 Alarm accuracy of each component of the power system

model type number of units number of false positives number of false negatives accuracy/ %
compressor model 24 0 0 100
combustion chamber model 24 1 0 95.8
high-pressure turbo model 24 2 0 91.7
power turbine model 24 1 1 91.7
gearbox model 24 0 0 100
propeller model 24 0 1 95.8
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