2025 4F 6 A
FA3EEIM

[ DA N e 3

Journal of Northwestern Polytechnical University

June 2025
Vol.43 No.3

https.//doi.org/10.1051/jnwpu/20254330447

MIREEXNESIEFREENER AT
AHEERR

AR, FME, FR, KR&AT, AF

(REMFE RS WIS TR, T K% 116026)

W OE. A TR A i £ EANAE G Hh, BT R R & TR 20 R A E 8T oH A
R R AR RN I S T — AP JUAT R A R A sl it CFD 3+ S BBt B 618 AT 2 W
BIRM AR EIMANE T LB ERETORXER, RABZHETET EERKEHRF TR
Mo eI ARIBHRNE ST 25 R B — T WL 73 0 ta b R AL R T fim T AR £ % v JE AL E G
WIL, R A S T AR T AR A AT LT F R T A, 12 % MR LT m L
1 2 TTAEAREASJE F 529 3%, SAEZHIEZ AR 69 2 MRS A Rtk Z R et R KB E,
CAEEE F et R A @R G R A e et TR 69 35 K b B IR B e F TR R KRR 4G R )

*x #
th &4 %2 . TKOS MERFR SRS A
RSN ZE &Pl -+ EZE A2 —,
HAR BBl TAERE 1A AR K520, 38 X5 i T
R BB B0 AR A TR I , R, [RS8 RS
MU REIE A BT R T RO 5 XS 2s & shAILIG & e+
STONERY . FERSSIN Tt B T Tk R
TP — S LA AN A PR 2 9 5 i, S B fin 145 )
S 7R AL I | 28 26 ) A i I S 80 L xfE f 2
St A — g B 22, #1063
RE SR P s e, BEE I T HOR B0 A
N TR B © 22k 8] T AR & 09K, W R gk 42
TN TR B SRl A fin T A 22 1) 52 R, 23 KB 2 3k 22 14 B
A BRI, AR BB PEAS i R ToAw 22 5 R ASHL
Bk R MRS M Z H) A T G R IT A X
M) 2% 2] e ST 28 ) 1 3 AS (ST A A 76 i T
FAR LACTRW A, 38 X 48 T R LR RE A 5 2
B, FIL, XTI TR 22 6 AL B AN

%5 B #1:2024-06-21

E€W A HEKARRARES T H (51906027) 5L T HHITH
ABHIFI H (JYTMS20230160) %% Bl

EE B A L4 R (2000—) B+ #F 584

BIEEE . BMHE (1989—) ,Fl#HE  e-mail : xjli@ dlmu.edu.cn

e YA ) o Y I R B AT R A RSN

T s e AR 2 5 5 IR R AU ABHAS b 40 22 W 24 TR0 T AT
X EHS :1000-2758(2025)03-0447-10

PER MW ST LE AR IR 1 )02 G0, HRiZE0F
GERHE R B U e 22 19 £ A B R Bl P RE Y
A EPERZ I

] ZMA DN T Al 2 %8 e SOHL I BR B AN o s
W58 T R AR B 2003 4E, Garzon 28" 2 T &
53453 M172% (principle component analysis, PCA ) 7535
T O L LT AR A BB I T 7 3d
T 5y BTl FH 52 58 R I B 48 ( Monte Carlo simulation,
MCS) fl 5 Tz B S RE et e . 5ok
Lamb " A 1 T ALY J7 3545 8] T 3 AL B
JUAr] i 22 B AE SR HY I 04T 128 22 DAk A/ N T
i 2210 SR B ST RZ A, FRBRN T Al 22 AN S R
Wl (AT 5 T Jre et 10 PR X, 8 (BB HDLT 23 10 AR
M R & o A, o A 4 W HKCSE CFD
( computational fluid dynamics) , X 3 252 K Ry 32 A,
O3 oA OT Wk B LT RE AT HLSERRI% 7 ikl
HEREA TS, 2009 4F, Lange %514 34t
FEACHLI B 68 S DKt B0 i B S 405 31 1
B Ui 22 , 3 7 YA SR T AR, PRIt T R TR
F CFD JEATANHA E 7 M, 3T SE4AF [ Y 0 56 T
A 2252 M B9 b X i R S84 O T A B ST



. 448 - iode Tk K

¥ 543 4%

AN E AR TR F R i 9 OGS 80, 2 A LA
T 22 5% W 72— Giebmanns %5 i i £F B
T GRS T 2 X6 il i e SPLASC 1y s )
Wunsch 45 i T 3R #x A 2UHE SR BC B A5 0 7 2 9F
S50 W RS HOR  BIFGE T TR E] B i AR R 2%
FA A R R SHLE L i SR RS S B
SEPEFZIA ] PRI T Al 25 AN 2 5 i %) A Y £
AL (HAE T SEAE S T AH Y KA E . Wang
SO T R A RS T 3 A SR A I Y I 2%
e RBGAAR R LRI A 0 i 2 I 6 T
PRI BT T SERCR X MU L LA T
LSBT E R, Ma 258 R T Bezier 15
B 7 ST R A8 TR A O 25 T A o PR
IS T AR ik A X 2300 2R il (non-intrusive pol-
ynomial chaos,NIPC) 7341 1 Hij 5 fill T s 2 % B e <
BUA S BhA 2 S IR, 0 el 450 [l B Al A T
NIPC AT 8 PR3 T, W58 1T 284 5% K R
JE RS PAR A 25 % B R SRR E MR s, Utk
Gh A 2E BT R LA 285 0w 22 1) 52 el I e T
ERREEOLAC ) ATRUE Y SO RO S
D5 AT LA S sl /DA ACH R (AU, T AR 45 )
JETF,

KT BN A= 0 A o B 7 ik, &
FALHE T MCS' ™ FRBE T 51 NIPCHT™ DL
TRBAR RN 120 25 AR Hfs BT A AN Wf 2 40 A 5 SR
PEATEZE AT LA I, X 3550 338 52 i A Sy B I8 1) o 78 2
KOS TR AT AR Mg 200 St 2k
e 45 Ay BT S 1) P B S 0B 4% 1 I 4% P AR RN 4% A
A2 AR, H ORGSR T B A S U
5, MRS B RS, PR R LS T R
R A 1) 25 23 T 308 R S 88 A A P g
22 T EACAR TR G B SR T VR R R A I R S B
AT AR T AT AR AR 3K AT RE 236 AN B 8 M R
ARG B — T, HIK, R & K
AR R SLIROR R S R RE S B i
R4k, TN T A 22 % FE ASHL A B AR P 52 i 1Y)
WEGEIEANE FE 57, MRS E # BE S S R SPLTE R i
THTAURRE TAERE 1 iy BBk e 24k, KRtk i
T 2 % HE e () A TR - E

25 F TR A SC LAY A U i e SLEE
WFEXT G, T ARSI ik A v oA [R) 7 B Ay - 2
JEZ [ AR OGP | B ST T —Fh 36 b 2 1 i L AR]
AN 2 P R BT RSE A A A S L Pl ik v 0 L 22 i [

(I RSB RE R 22 o Bl (o 28 0 2% s o A QB
BRI BEAT AN 52 PR AT HARIEZE T2 70 BT A 4
Fr T A 22368 T MRS RE #8 J5E BR R, de s, AR 3C
ST FhIn T 22 B S BN R S A O AL itk — 20
TR SR 28 0 R SRS E R E S A LB
TEASCT AR BFER L, A5 R 2k — 20 X 5 7 i
PR S R IFIF ST AR UEAS SCA AR 45 16 1 38
PR A SCHRASE5E B A8 TR P 0 T 22 %5
W E R R B i —E S %

1 HARFERITS

1.1 ExMBEERE

FAOM T AR, T TAm 22 VR SEBRTs
B R 2o 5 Bl i BT RV A —
B FR o A il i R | — e S, U R Ak
[l n B3 T h PIFEES S BNI8 TR A E  iIC AL S,
WP A B SR 1 i T A 255 3550 P T TR A DG R 2
FH R IR N

S,.(C,)=58,(C,) +h(C,)n(C,) (1)
Krp, €, e [ -1,1] FoRmtReum A&, 4T
JIER C, < 0, fLFEIMEE C, > 0,

FESE BN Toask B8 b iy AN 2 2R 5 1R A T A
ZN LS i, Jf ARSI T R Y
FEABE B R, i 50 T 22 3 BT A2 34
(B = BT oA, BE A5 RS vt 7 R i 22, i T
TR0 32 B e B bR, R, H R(C,) 1B
TSR ey B2k A P B P o R R N T 25, e
Xh

h(C,,0)=K(C,) X o (2)
A, VC, e K,KRUE C, A RRJUTER, o e
Q,0 FRZEW{Q,F, P} PEIBENLEF, 8 adxt
h(C,,0) #17 Karhunen-Loeve(K-L) J&JF 1] L4
h(C,,0) FRA

h(C,w) = X JAS(CHE)  (3)

K, &(w) BHMER 0 T5 220 | HAHE ST 0y
BEMLAS &, £,(C,) A, 43 BE W 7 2 cov(C,,,
C,,) WRHE R E S R AEME, cov(C,,,C,,) BIE
XA
cov(C,,,C,,) =0(C,,)a(C,,)p(C,,,C,,)
(4)
K, p(C,,,C, ) ARERTRIZ | 2 A fi Z [E] (A1



5530

FLA R, 55 N T A 22 X R WU 1 S Sl PR IR 14 A MRS - 449 -

Kot AR RN
_ (e, l-1c.,h?

p(C.1C.0) = exp| - - (5)
NSl ® RECES St ey
AR AR SCH R = 1,

RIEEE 2 K%K FredHolm R4 5 FE 7T LR 15
(3) P L(C) TN

| covte, Cne e, =asC,) (6)

R A(3) KACA (1) 31 B AT 803 0 T
IR SR 0T LR T A, R RN 69 ,
WIR(3) SRR TR Ny T L 4, e
180 LTS ERE BB A L4

Nki,

F(Cw) = F (C) + X /NS(C)E(w)n(C,)
(7)

12 =#HMRBERE

ESE Tt R LAl L AR RE R T 2R
I 2 T S SR FH P 0 3 R 2 2B N 25 e ok
AL Tl b e i B AR A 22 5t B 3%
THHLRE B2 ) (HB5647-1998 ) i RLAE £ 1 2000 TokS 2
St 7 4 P TR G B R 28 2 A 8 25 JF RS R R R
PLEIBIFFE , X R R FE 2% DX k48 B E A 250 0.06 mm,
- Hp XA BT RE N 228 0.08 mm, RN N
20", 454 30 HENI e ST Rl ML PR R A 25 Dy 8 2
1 1/3,

FESZBRI 7 T f v AR B R R 22 e 0 R
LR R TR 7 B bl R R R A R R R 22
WEZR55A0 BAR HE I 22 7] 8 R o FEAT R oo it A
(B o SR S% A Y pRE, WA HAE AT 2% 2
G VLS TR g TR I AL R E X o 3T
e, Zad B nT LLE i 4 By Legendre 212050 H

(€)= X ap(C.) (8)
X, o RIREBT @, MBI HE B RE o, H i B
Legendre 231,

AR (8) AT 75 21 i vy U2 25 il 1) o2 ¥ A A
22000, FE I R BT A I AT R B O 198 Y
S RAERT GBS X i A (39 1),
- DX A B i . R B BT AR €, ARA(8)
FORAGIRE 2 BEJG BT (4) ~ (5) 2, f e T AUE
FRUMESRAR (6) 2, AR A P J7 22 pR B0 8 AEAE A AR
fEpRg, Wt AT AR 4 ARSI BTECR LT

A3 BTSN sk R SRR T 99% , K L, £
HIF 3 ANREAE AR A T I A AR i R 5 S (7) S i
JUMRTANff 2 PR R B s A, 2% p 38 3 3 o A B, il
it Z WA 2 S B0 R R K, I H RSP
I A S AR BTG 56, A SORF S oo i AR A
Rk O FH T2 7 O I AR R T, O 1 A BE L
BB Re I A a BRE  T 7 A A B
1.3 MRIFRBEITEFZ

AR SCHFFE 0T G2 R 0 75 R S ML 7 i
ST P AR D AR TG, T AR Ry LIS,
BN 10 765 /min, F5 7 FEUMSEANE 1 i,

®1 ESHMELAMSHSH

WS4 Bl

2R E il 0.70
B E/ (kg - s™) 45
IR 30

LS dnd 0.61

TR 4%/ mm 298
FHIRIZ L 1.94

HRBE (/RO 1.165/0.96

I T5 8] B/ mm 0.3

ASCH T EE LA A A% 2 f . Numeca/ Au-
togrid5 LA B, I RIBCT R PR A R PE AR
TR Ta) B AR SO BRI 38 61 E2 25 48 A6 ) 4%, 4
K& AR FME R < H-O4H-H" 4544 , 48 JI0 5 14 36 UE K 7
JESCHE R B 1b) JEoR T RO B T iy 3
S

#n

RE

b) IR

O BT IR
BT e Rk A S sk ]

BUHH 5 P ANSYS-CFX A2 2R AR X 4 b
F T =4k F 51 Navier-Stokes 512 , i A 5l 18
# BSL( baseline k-w model ) Fi#Y 23 [B] B A& =00 2
W Im XU 2, i SR A DAy I v o T R i B T 245 7 4
FRTC T [EARE T 5 111 3 S48 P34 2E A



. 450 - iode Tk K

¥ 543 4%

B oy 2 M V1 bR R G0 R 46 %) S (101 325 Pa)
7% S (288.15 K) VAR AR iS5 1], 42 R ik 2
TEEE 107 B S HERE S BOC A WA I B Ak 1
TSI, THIRGT R T 000 i B2  Jn H P-4
&, Fe BE SRS USSR 1) 3 J5 — 1> T 00 s AR Ay 2
T 5 (near stall ,NS) |, ZREUE A & B TS
FMHEEE TSR E R A EHEARART
10 Pa, A, AR ZECH 0.08%
1.4 SEOGRS R W& K M3 iE

H T X % 0t X 50 A L P T A 52 ), AR SO
FEASML AT T A% TR Sk, IR SR L 5
FERCR AN LR TR A5 R 5 SR g Rk
TIE . H BRI, A SO 59 77,89 7
119 73X 3 DN W MRS AT, B2 R T
XF HEZE S, K] 2a) ~2b) AT LA H B AR 48 2%
5 SIAE R B — 2 M 2, {H AT A A5CR R B L B
TeEMN R R (M) AR SR 25 R LT
— 3, BT AH R A BB 7 v, 59 7 1 89 T MIAS it
BT SRR A 2524 0.3% , L4M,89 Ji AT 119
T3 IR B0 EA B R HE RN SRR R 2R LT
FHIA B S BT GEIR AR MAS B A SCEHE 89 7
DA FIHEA T RE AR, I BE TR A 1 )2 R R i
BN 0.006 mm, XL T v =2,

2 WIS B i AP S
TR FE B0, D AE AT U 5 43 B B S O
SR AL T T B AR R O

7065 0.85 1.05 0.65
M}
a)  BERH

B2 S SRUAETTH A AR

2 AHEESWHIE

21 AHEMHEHTERENX
ASCH| A B ok B AS, VE AT E 2 b
rh i S S M BE O FE AR , M B etk v i e SO
T /m
ASM=[ : a—1))(100% (9)
m,/m,

s oy, B my, 35 SRR T LI 3 2 T8 Y

SR, D m, A R AN T AR 220 R
AT R A5 A R LRI

RT3 AN T Al 25 % B i e SRR T Y
SO T B R R AL R ARG 0 TR 25 0 R B3
SR T AR AS,, 52 3 T80 N A BUE
FE BT EL I A G, FEABUERBURH R R B 5
BRIV E AR, LI AR 25 SR A v] e
22 REBRBENERIEERIE

AN P A W T B R () T B AR B X I 1)
PERES AL, BT A I & . TR AR SCR AT AL
FEUZ Y BP M A BUFEA B2 48 e 4L
RS, WG PREICR FHOUN S T2 pRER, %33 BRI EICH pure-
lin, YIZRPRECH trainlm , 2% 2] BOR B E R 0.01, Y1125
R T 2 000, Y12k HAR e/ NR 22 E R 1077,
A JZBATEBCN 7 B 7 ASARH S A B R
RN BGER . M 300 NEEAS TR R 30 M
SAEAS AU

ASE P E REL () FBTRIRZE (e,,.)
P TE A A8 B ASE RS B2 48 4% (L (10) ~ (11)
N MR RE LS . B3R 45 T AS,, T4
SRVEUE (5 B4 SR B %F LU B, AL 3 i 28 SR mT LR
HOAS, FTTFRES R S BNESRILT BE LR, X
I I 0000 45 SR A A v

Z(xi _xi,p>2
R (10)
z(xi _xa\e)z
i=1
1 & )
ermsz TZ ‘xi_xi,p‘ (11)
i=1

S B x| B s, e, (RTHI(H
t FRRAEA L,
[ o
— HBR{E
1.5¢

§

i

=

B -05

2.5 K is
HIME /%

B3 RERIEENAE RS T AR T



234 LA R, 45 i T 22 5 S ML TR ahia e P2 i B Ao 2 AT . 451 -
T2 MESHMEREITER
3 FEROW - I
S:’ Su‘ Si Sri
9 0 0.030 6 0 0.147 2
A Alz - .g‘.
M.mm%ﬁ%ﬁ;ﬁﬁ ) 0 0.034 9 0.1634  0.5378
] QMC 7 A 1 3 TN B 44 T 3 l 0.0152  0.166 0 0 0.000 3
7. P A 225 IR 24 AR I HC X R [ e S, TR 4 c 0.1901  0.213 3 0.0774  0.301 4
SR T G X 0.0831  0.0913 0.0009 03114
o i 0 0 0 0
of T EEBE ' - 0 0 0 0
f N o3
e Ny T
~ \ 4
5 / \ 02 § S AT LU
\ AN - T = =]}
= K \ o 1) LR85 8 Bt B o i T e R 5 e B
\ 1 NESESS N e JENYN
) \ JE HOE AR 5% K XX 2 NS EO R e R
515 /0'.5 350 AR E R EEAE,
ASy,/%

Kl 4 AS, WEREE H I E

ATLAE Y AS, 15340 3T AR IR AR EIE A 53011
TR I 0T 25 ffT RS e D/ IN R %) s B 9N
FAE], AT LIS BT BEAR Y AS, SHZ
h0.09% , {4 BE D/ NI FEAS AS, PI{E 2K
-0.97% , ffi o % BE M FEAS AS, HIE AR
0.80% ., I, DL HB5647 1 1 % TkS B T,
FORFRE M LT M 5 A BEAME 55 (B T
i 2 o8 LI AR P LA AH Y R B AL, L AR
TR B AR A S B R ALK A i B 28 K i AR e AR
BTN R d5 22 AT RS UE MY U/ N 3.5%

32 HREMES

ASAFE ] Sobol HUBNE 73 M K PEAG it S 806
My EE R HE B RS, FSCHR B A ST R BA ik b
REXT R AT PR ML KA SE e iU, ik,
RSB 20 7 S8, S (0)
KIZJE (8) I RIEFEALE (1) 52K (C) LA
X) HTZPEAR () FIBGERE () SRR
30T .

2 JER T RN TR A 7 AR EL 1 By
R ZRB(S,) MaB REUERE(S,) . 1 B
JE R BERIR A B G S AR S BRI AR F R XA
TR B T4 i 2 R R B R M G R 2
SHILEEH T XA SRR, REES
BT, M5 A XA S B AURR

2) WA R REE, TR R KR E
I T0AS T2 A A T 22 26 F Y 1 B REUE R
05 4 R U R BB AR 22 5K, 33X Ul X LA
IR ST AN S PR i 57 A28 Ak A %o e B
SO T2 5 0 R T 8 86 A2 fb i o i H A - 22
SRR O, IFEA R 23 Sl e B | ik it 2
BRI ET 100 ANFEA S0 3 S8 K B0 A i
KIEFEN B A B KA 100 DEEA ) #E 5 90% 1Yy
FEA AR 52 KA 22 1 46 XHE#R R T 0.2, 1
TS A | T 5% K I T0 e 6 A AR b e KA
I 909 1A AS FL I T g A JEE 38 AH XTI 25 1) 268 %
AR T 0.25, 3 156 B 3¢ Lo 1 7Y 2400 n] g 2 55 AR
5% B T 5 R I ) 225 e DA T e i 7=
AN

3) HRZSH, WAT& 2 B PR iR
£ AR R | IR 22 2 £ L R T e R JRE B A7
B B AA B AR R GRS LA/ 3 1 3k 4k
SR i 2 X6 B At ) S R T DA 22 R, S
HRLS,7 1 W RIS PRS2 3K, A S04,
WA—EL, X AT RE B R A SCAFSE T B AT 6 LR
FEPETTAEXTRCR S S B 5 |, I HLA SCRIFFE Y A
DIAZEET YA IR 12 & o 2y N 11 -9 2 4 s i ]
G I AS SCAS H T2 2P 428 52 ) /Al 2 TE
WY,
3.3 MESHEEXRIZHZmIE

SE A UM AT S S AT I TR 22X R
HIUPE BB S Fsf | 10 A O T AR 52 AR I T KR
BEMRAL DR, 7 SOOI SCHE ST A REAS s B 4
ANEEFANER 3 Fiw, I H A T HL B S B0 ) i 22



. 452 . iode Tk K

¥

5 43 3%

FARPES it ATLAFR ), Case 1 ARG E#E EEA Fir
ST HAREAAZFEATAY, Joh Case 3 FITREMR
JERRRAS e 22 . DAL, AR SRk — 2B WF 5 0 T Al 22
SN E AR Y
x3 HAMILER
LS S TR SNCY

N
Case 1 +0.88 +0.03 +1.97
Case 2 -0.72 -0.06 -1.02
Case 3 +0.06 +1.00 -1.67
Case 4 -0.04 -0.58 -1.38

PRI 4 PMEEAR T Case 3 ML RS T EN
WK (M, =0.71) , BLAE BT 4 A5 70 45 5]
T M, R 0.71 B T 00 SR T He#E

R SCE Ul B, AL 3802 H I 0 i) B 3
WG, TG, T 25 5 300 e PR e P
AN 1% 5 i T O 3 B8 ) T 43 S 3 3l VA
K, UMFEE R T 0L T, 8 # 2 8 T3 %€
AT 0,20% ,40% ,60% ,80% K 100% JC 1t 44
Hhim s KALE (C) IEA IR T 6 M ETE 90%
s L R, 4 JBOR T 4 AN T 5 R
¥ 2Z IRl Sl )i 25 00 (AM,) FEAN TR & 1 1H
THRFIR C WE, iR IA Ay

ﬂ pv.dA
A
ﬂpvszin
A

s p LR RE 5o, Sl 1) T J3E 5 A DA 2 A - Tt
DXIRHEIRR s A, Sk E AR TR
R4 HIHERETUILER
%:WJ A]l4n,0 A‘/l4n,0.2 A]‘4n,0,4 A]‘ln,Oﬁ A‘]‘4n,0.8 A]‘4n,1
Case I 0.014 0.010 0.003 0003 0.004 0.001
Case 2 ~0.008 -0.008 —-0.003 —0.005 —0.005 —0.002
Case3 0.019 0.008 0.001 -0.003 -0.003 -0.005
Case 4 -0.016 -0.005 0.002 -0.001 —0.004 —0.001

(12)

z

LUK B, Y € =0.6 I, BY5E 5 1 i To il o)
i Case 2. Case 3 M Case 4 &, 3 H I Case 1
i, X 53 3 PR SO R ER — 5 &
JEFIZ LAY I THUk S 3 20 et o0 O R
JITHI ) 4 15k Sl i B, e i T Y 7 E
T AR SZ M AR X A/ DN | PR Ok it T O 3 S 2 5 | R B AR
FE M REARAL 3 ) B T e b i DX TR

FEWFALM A ECZ T, i W T R 2 20 8 32 5
KRG ERR EEAR Ak, T8 S T A i DI
DHZERE 2, TR 4 B4R B iiE F il
SR IR S RS I Y AL a5 — B, It ] LA
W, 0 T 22 0 A AR E A A T BE LT AN 32 i T
TR I SEI UL AN, Case 4 A4 1] I 2 (E 1S /&5 T
Case 2, {HHAR Bt A (ELBRA , 3 2 Tl A oA
W Case 4 (915 E # E, N SO X It J& JF
T

5 R TR R 4T L 1Y TG 1 9l )
I, AT LA T DA B S AR X, SR
SEAR AR BNZ AR X A Lk, IR DR A 2
=R, Bk IC A sl T I (REERAE) A,
Wsh 1A I3 M AR ) - T50A Sl A R 5, i
g TIRT R A X i, i sh IR T w7 b
i T =g I Ry W el M =00 S NS Kl P R s
T O 38 3 R R L A A8 2z sl A2 Y R
O ST RNZ R T 22 2 AR B8 107 BRI 2= A ) A
2Bl o — B A% , 3 ERR 12 PR AT 1
[ G B PERE R, B0 13N, S5 AR 1A e T 22 0k F
iy , B2 phy AR AL 1] P T PR 0k A 9 B A AR 1 R
SRSy B 1 = O B0 A0 AR 1) T R R AN 1 T
J B T AR R . sl Sk [ T g v
JZ, B30T 4 AET

Tk 2 ) i

1.2

Bl 5 3ok T 0 R % X ek TGk 2l 1) o 2 7 A1 S I 46 ]

B AR X K AR B, 1 6 R
TS FERZ M E R 22, = RIS
E L

dc,, dc,,
8Vp. = ar or (13)
Rl o FRAINT AR IO IE R e, , &

PRI T R R B r RN T AR, ¢, IE




%34

FLA R, 55 N T A 22 X R WU 1 S Sl PR IR 14 A MRS - 453 -

XH

¢ = P = P (14)
Piin = Pin

e p,, ke R ST s p,, Dt 11 AT

AR
a) Casel

b) Case2

Ele6 WHHEMEESEZ S MBI (M, = 0.71)

Z

a) JRA

b) Casel

KL, 6 V p, $8 B2 R LAl e 25 5 B0 A2 ) He
TIEEE AL, G 6a), Case 1 IR F| 80%
e DI (DI 1) TR g 6 BE S o, T B 8096 - ]
T D388 ( DI 2) Fs g e BE i/ N, X s R R 4% IX.
B R S5 e L R DAY A8 1) s g A A G T AR
ARk, B, B S s B AR I U ( AP
wah LA sh 1) ¥ A i osi 92, 3k i 22 fifk - To0 1)
I,

KT Mg T EA Case 1 K Case 2 7F
99.2%% M- 155 14 JC 2k 40 ik 7 3 12 03 A BT, Ry T b AT RS
LR i 7658 T8 Ui AR X 8 S 7E Case 1 Fl Case 2
TP IR AR LR R, W LUE H Case 1 T FRY
il 1) R A BTSN, BT LA Case 1 A FSUE #3 A T 44
Jil, Case 2 7£ 50% % [w] 5% 4 2 Rif B4 H 186 A Frd
K AEE R 25 BT B 4 DX I i) 48 i) s 3 66 J3E R 7
/N, PR AR Te) BT, it ) B ) R /S A2
[ B/ @ R i R (1) 2y U EE i 2 9
Case 2 WIEREME

%

c) Case2

B 7 99.2% M a5 T 5 40 %l ] BB A3 A = B (M, = 0.71)

T 5 R JEE S A AR R 22 1 0L 5 B iR % AN
[Fi] | JHE Pt T00 DX 358 9 2 AN AN AN 32 B0 428 [ e 0 6 3 1Y)
SEMA , BT TRV 2 R AR Ak B AT 32 3 A )
JE IR0 BE A2 DRIk L Am] i 22 X S 8 )5 i
ARESH A 24, Kl 8a) H Case 38 Vp, /M5
Case 1 A —EAFALL , H 46 B 18 Jin 19 [X 3k L 0
TE 60% ~80% M 15 2 [6] , 1M 80% & LA L X 35k /]
By, Wik, BT 60% ~80% i 2 [i] Ay 1%
Ti] R AT I/ 22 A1 DA AR 2] i 0 X385 114 48 1]
WG 1) IR B AR 1 80% i DA L
DI 2R 1) R (sl 1) S 5

& 9 45 T JR A K Case 3 7E 99% M7 1Y o e

b) Cased

a) Case3

8 W 7 A% ) i AR B 2250 A = R (M, = 0.71)



. 454 - [ A N AN

¥ 5 43 %

YAl ) B A3 AR P, T HAE Case 3 HH7 J Y 0 41K 5k
X#p RN ok, W LI H Case 3 7E 99% M5 T AY
U RE A L SRR TR X R R T AT
2, Case 3 7E I T0J2 2% 1) b [v] 9 2 B IR (AN & 4 r
7R) o H#E Case 4 Fll Case 2 1) 8Ap, 434 nl LI & B,
SRR X, Case 4 ( UL 8b) ) 7 50% M5 LA
N HE SRS MBI A Case 2 B {HAE 509% 1
e A B N R O AR R A ) R AR
T X IR R T 2

otk A1k
R
1.20

0.96
./ 0.72
0.48
/4
-

0.24

0.00

a) JEA b) Case3

B9 9990 Mo G 4l 1) T JEE 50 A3 2 181 (M, = 0.71)

P10 JBo 1 I TS [ SR 88 14 23 A1, T LA i
5 JFERIEETHIEL , Case 4 IR 7T /3 BSBEAT T, X
SEUE AL IR 3 p AR DR S 38, 305k A
T AT 24 Case 4 Wl L Case 2 5 (W 4

/ ——-Case 4

/i
r Vi

B 10 999% M 5 0 i 4 il ) 5 43 A R (M, = 0.71)

SE W

B ) (ERE R AR T Case 2,11 Case 4 3B
TR AT BE -5 AR A G

4 4 &

ARSCAE3 T JUART AN 5 2 I I A5 7R 4 A
B, 07E 7 SR T MRS R AR G B S LA
28 Tl bR HB5647 b 1 9045 2 (U AS BRE N 72 2
% 7 AR ST UM ASHR E PR AL, 78 I Al
X R ASHLE TN T A 22 9 R e g AT T
58, A A LI .

1) FEARSCTIRIAZET N T AR 2E B
etk 99.74% E A7 XA () AR T 5505000 3.38%
M-3.19% ., BIREGEME - YE LT Tt
{8, (25 FEAR BRAF O, 0 1A 25 f 2 ] (AR 48
TH3.19%.,

2) HUBREAHTAE TR SRR e AR B RS R e K
(R SO T i KRB, ORI R 5% K, 3
IR AR o7 | I TRES i IO 5% K R T
LA 1 B RBUE RS 2 R EUE RBEUEA
Z2EE R, XU b SO0 R S ML E A AR
A AT RE 5 R AML LA 48 R AR Ak R 1) AR A S 4
PR AE ARG AR 7 B T AR b 7 AR R R

3) AR SCAFH )RR AL 2 i T 2E 5 i
(), T 5 BT 2B AR 5% i 2 AR e T 5 A
FEHR S RE AW 7 T () A8 ] YR AL 5 M) 328 1777 552 W) - T
W FUEAYIE 2E (A R, i T K U
NV 5 MR R 3 T i £ B 10 )2 0 5, DA T 5 g
IO T 1 3 9

A Jei B T A 1) FEAS SR 0 T A 25 A58 2 oA
Ty e — A0 5 15 P ORI 75 R AL e DA SEIE
AR SCHTAF S5 38 M 4% 20 T 0w 25 5 5 i e
SMURRE MR Z 0] B3 FH M SC &R AR FIN TS
MLt R fit—E 5%,

[1] GARZON V E, DARMOFAL D L. Impact of geometric variability on axial compressor performance[ R ]. ASME GT-2003-

38130, 2003

[2] GARZON V E. Probabilistic aerothermal design of compressor airfoils| D ]. Massachusetts; Massachusetts Institute of Technolo-

gy, 2003 27-44

[3] LAMB C T. Performance-based geometric tolerancing of compressor blades[ R]. ASME GT-2004-53592, 2004
[4] LANGE A, VOGELER K, GUMMER V, et al. Introduction of a parameter based compressor blade model for considering meas-



%5 3 1 FLA R, 55 N T A 22 X R WU 1 S Sl PR IR 14 A MRS - 455 -

ured geometry uncertainties in numerical simulation[ R]. ASME GT-2009-59937, 2004

[5] GIEBMANNS A, BACKHAUS J, FREY C, et al. Compressor leading-edge sensitivities and analysis with an adjoint flow solver
[R]. ASME GT-2013-94427, 2013

[6] WUNSCH D, HIRSCH C, NIGRO R, et al. Quantification of combined operational and geometrical uncertainties in turbomach-
inery design[ R]. ASME GT-2015-43399, 2015

[7] WANG J, WANG B, YANG H, et al. Compressor geometric uncertainty quantification under conditions from near choke to near
stall[ J]. Chinese Journal of Aeronautics, 2023, 36(3) : 16-29

[8] MA C, GAO L, WANG H, et al. Influence of leading-edge with real manufacturing error on aerodynamic performance of high
subsonic compressor cascades[ J]. Chinese Journal of Aeronautics, 2021, 34(6) : 220-232

(9] dEHRE, AR, 2758, 55 M JU i 22060 SHLERE IS MBI 5E [ C /268 L 28 Kl Jyigk & 2 W8 b [EA R 5 =
Ll A5 B+ =JE R RS 4y, 2023
JI Tianyuan, CHU Wuli, LI Qinghan, et al. Research blade geometric deviation affecting the compressor performance[ C] // The
Seventh Joint Conference on Air and Space Power and the 43rd Technical Exchange Meeting of the Third Specialized Information
Network of China Aerospace, 2023 (in Chinese)

[10] fE P, A aA], sKM%OE, 55 B2 % A i 22 52 W DL RE A A s sE R A [0 ], = 3 ) 2 4, 2024,
39. 20220858
JI Tianyuan, CHU Wuli, ZHANG Haoguang, et al. Uncertainty quantification of real stagger angle deviation affecting compressor
performance[ J]. Journal of Aerospace Power, 2024, 39. 20220858 (in Chinese)

[11] MA C, GAO L, CAL'Y, et al. Robust optimization design of compressor blade considering machining error[ R]. ASME GT-2017
-63157, 2017

[12] 25, HIERUIN LTI AR 4 e Sy T SOPL s AR RO AR [ D] st JEatB TR, 2018
LI Zhihui. A study on robust optimization of highly loaded compressor blade-end considering fine-scale geometry deformations
[D]. Beijing: Beijing Institute of Technology, 2018 (in Chinese)

[13] LANGE A, VOIGT M, VOGELER K, et al. Principal component analysis on 3D scanned compressor blades for probabilistic
CFD simulation[ C] //53rd AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials Conference, 2012

[14] SCHNELL R, LENGYEL-KAMPMANN T, NICKE E. On the impact of geometric variability on fan aerodynamic performance,
unsteady blade row interaction, and its mechanical characteristics[ J]. Journal of Turbomachinery, 2014, 136(9) . 091005

[15] PHEar, AR, XIHE. ST PR BRI 7o T 22 < sh R [J]. TR =, 2017, 38(3) : 498-503
LUO Jiaqi, ZHU Yalu, LIU Feng. Aerodynamic sensitivity analysis for manufacturing variations of a turbine blade by an adjoint
method[ J]. Journal of Engineering Thermophysics, 2017, 38(3) ; 498-503 (in Chinese)

[16] LUO J, FENG L. Statistical evaluation of performance impact of manufacturing variability by an adjoint method[ J]. Aerospace
Science and Technology, 2018, 77. 471-484

[17] Z5WiM, wimnfi, i, . 5T NIPC i ESALM i LR 22 At/ (1], LR ISR, 2017, 38(3) .

490-497

CAI Yutong, GAO Limin, MA Chi, et al. Uncertainty quantification on compressor blade considering manufacturing error based

on NIPC method[ J]. Journal of Engineering Thermophysics, 2017, 38(3) : 490-497 (in Chinese)

F/NET, ARIE. BEGIRE T e b BT T LA R 2 S0 AR E AT 0] EBEROR ) 2022, 43(3) : 112-119

WANG Xiaojing, ZOU Zhengping. Uncertainty analysis of impact of profile geometric manufacture variations on turbine blade

[18

—

performance in stage environment[ J]. Journal of Propulsion Technology, 2022, 43(3): 112-119 (in Chinese)

[19] JUY, LIU Y, JIANG W, et al. Aerodynamic analysis and design optimization of a centrifugal compressor impeller considering
realistic manufacturing uncertainties[ J |. Aerospace Science and Technology, 2021, 115; 106787

[20] HE X, ZHENG X. Performance improvement of transonic centrifugal compressors by optimization of complex three-dimensional
features[ J]. Journal of Aerospace Engineering, 2017, 231(14) ; 2723-2738

[21] LIU B, LIU J, YU X, et al. A novel decomposition method for manufacture variations and the sensitivity analysis on compressor
blades[ J]. Aerospace, 2022, 9. 542

[22] CHEN H, WANG Q, HU R, et al. Conditional sampling and experiment design for quantifying manufacturing error of transonic
airfoil [ R]. ATAA-2011-658, 2011



. 456 - W odb T ok ko E R 43 &

(23] mimntg, ZERIM, TRifss, 4. IRAHLM RN CER 22w AN s oA [ ). s s, 2017, 32(9) : 2253-2259
GAO Limin, CAI Yutong, XU Haoliang, et al. Uncertainty analysis of machining error influence of compressor blade[ J]. Journal
of Aerospace Power, 2017, 32(9) ; 2253-2259 (in Chinese)
[24] HEALAS Tl 823 R HBS64T I A RIRHRTE (23 22 50t B R IR [ S]. HB5647-1998, 1999
[25] DOW E A, WANG Q. Simultaneous robust design and tolerancing of compressor blades| R ]. ASME GT-2014-25795, 2014
[26] SPIEW, RRA, 20, 55 I TERZEX R HLHHE 3 1 RE KA e PR B2 9 [ 0] HEBER R, 2022, 43(3) .
141-153
GUO Zhengtao, CHU Wuli, YAN Song, et al. Data mining on effects of manufacturing error on aerodynamic performance and
stability of a compressor cascade[ J]. Journal of Propulsion Technology, 2022, 43(3) . 141-153 (in Chinse)
[27] G PR, In i 28 X4 = SRS AR R [ D], K RiERF R, 2024
LU Qing. Qualitative influence of machining deviation on critical attack angle of cascade[ D]. Dalian; Dalian Maritime Universi-

ty, 2024 (in Chinese)

Research of manufacturing errors on aerodynamic performance
uncertainty of compressor rotor

KONG Lingchen, LI Xiangjun, LU Qing, ZHU Zhengyu, ZHOU Qian

(Naval Architecture and Ocean Engineering College, Dalian Maritime University, Dalian 116026, China)

Abstract; To investigate the impact of manufacturing errors on the stability of the compressor operation, a
geometric uncertainty reduced order model is developed by generating the normal manufacturing error of blade pro-
file and considering the correlation of blade profile. The stability margin improvement of the compressor was then
calculated by using the computational fluid dynamics (CFD) , and the neural network was used to predict the rela-
tionship between the uncertainty input variables and the stability margin improvement. Finally, a large number of
samples were generated by using the Quasi-Monte Carlo method, and Sobol sensitivity analysis was performed. The
results show that although the average value of the stability margin under the impact of manufacturing errors is al-
most equal to the design value, manufacturing errors can reduce the stability margin by about 3% in the limiting
case. The parameters that have the greatest impact on the stability of the compressor are the blade chord length of
the hub section and the maximum thickness of the tip section and they affect the blade tip blockage by influencing
spanwise secondary flow on the suction surface. Furthermore, the results also demonstrate that the decrease in maxi-
mum thickness at the tip section affects the separation of the boundary layers on the suction surface, resulting in ad-

ditional effects.

Keywords : manufacturing error; axial flow compressor; aerodynamic stability ; neural network ; uncertainty analy-

sis

SIB: AR, FHE, BX, ¥ WIREANEANEFAARESRENH T HEEFL[]]. BEIWAFFR,
2025, 43(3) : 447-456
KONG Lingchen, LI Xiangjun, LU Qing, et al. Research of manufacturing errors on aerodynamic performance uncertainty

of compressor rotor[ J . Journal of Northwestern Polytechnical University, 2025, 43(3) : 447-456 (in Chinese)
© 2025 Journal of Northwestern Polytechnical University.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (hitp://creativecommons.org/licenses/by/4.0) , which

permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.





